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Preface

The urgent challenge of climate change demands for a fundamental shift towards
a low-carbon economy, built on clean, secure, and resilient energy systems. As the
global energy landscape rapidly transforms, energy storage is taking on an increas-
ingly central role. Additionally, growing geopolitical tensions have made national
energy security and the reduction of reliance on fossil fuel reserves more critical than
ever. Energy storage systems are becoming key enablers of renewable energy integra-
tion, grid stability, electrification, and energy autonomy. However, as the deployment
of renewable energy sources continue to grow, the intermittency of many of these
technologies, particularly wind and solar, poses new technical challenges. Traditional
storage solutions, typically centered on a single technology, often struggle to meet
the diverse and evolving demands of modern energy systems. From fast response
times to long-duration storage, from scalability to sustainability and cost efficiency,
there is no one-size-fits-all solution—no silver bullet technology—that can address
all requirements.

In this context, hybrid energy storage systems emerge as a promising solution. By
combining the strengths of diverse storage technologies—electrochemical, thermal,
chemical, mechanical, and superconducting magnetic—hybrid systems can offer
tailored performance characteristics and synergistic advantages that individual tech-
nologies alone cannot achieve. Whether at the material, device, or system level, the
hybridization of storage unlocks new possibilities for flexibility, resilience, and effi-
ciency. This integrated approach enables optimal matching of storage capabilities to
specific use cases, ranging from grid support, renewable energy smoothing, industrial
continuity, heating and cooling applications, or electric mobility infrastructure.

The recognition of hybrid energy storage systems is gaining momentum among
policymakers, researchers, and industry leaders alike. In Europe, the transition to
a decarbonized energy system is inseparable from the broader goals of energy
independence, climate neutrality, and economic stability.

Beyond policy and planning, hybrid energy storage is finding real-world relevance
across sectors. Microgrids in remote regions depend on hybrid storage to boost self-
sufficiency and reduce dependence on unreliable central grids. In transportation, the
rise of electric vehicles demands fast, intelligent, and flexible charging infrastructure,
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something hybrid systems are uniquely positioned to support. Within industry, hybrid
storage not only ensures reliable backup power during grid disturbances, but also
enables the recovery and reuse of waste heat from industrial processes.

This book offers an in-depth exploration of hybrid energy storage systems, tracing
their development, configurations, and practical applications through a series of
compelling case studies. It is a journey into the heart of one of the most promising
enablers of the clean energy transition. We hope it inspires new research, guides policy
innovation, and encourages technological deployment in pursuit of a sustainable and
resilient energy future.

Trondheim, Norway Dr. Roberto Scipioni
Karlsruhe, Germany Dr. Maria Elisa Gil Bardaji
Perugia, Italy Prof. Dr. Linda Barelli
Karlsruhe, Germany Dr. Manuel Baumann
Ulm, Germany Prof. Dr. Stefano Passerini
March 2025
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Overview of This Book

This book offers a comprehensive and novel perspective on the integration of various
energy storage solutions to tackle the challenges and opportunities of a successful
energy transition. Recognizing that no single technology can simultaneously meet all
performance, sustainability, reliability, and cost requirements, this work advocates
for the strategic deployment of hybrid energy storage solutions tailored to specific
applications. Through a detailed series of case studies, this volume demonstrates
how combining technologies can deliver balanced, high-performing solutions that
are both economically feasible and environmentally responsible. The book examines
five key application areas: Industry, Grid, Off-grid, Transport, and Buildings.

For each application, a curated selection of case studies is presented to illustrate
the practical implementation of hybrid energy storage solutions. These case studies
explore the key drivers behind system adoption and identify the technology-neutral
requirements of each application. They examine how hybrid configurations meet
these needs, followed by detailed technical, economic, and sustainability assessments
to quantify both costs and accrued benefits. Where applicable, the studies also outline
deployment timelines and highlight key implementation challenges. Taken together,
these case studies offer more than a snapshot of current technological capabilities:
they serve as a foundation for assessing the broader potential of hybrid energy storage
in driving the energy transition.

But can these expectations be ever fulfilled? This book tries to give a first answer
to this critical question by combining the perspectives of technology developers with
those of system analysts, hybridizing energy storage that could contribute to short-
and long-term storage in different application areas. Moreover, the perspective anal-
ysis of the potential sustainability challenges and the opportunities of these emerging
technologies in a future decarbonized economy are provided. In this way, the reader
gathers knowledge not only at the technological level, but also on a systemic scale.

vii
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Industry and Power Generation

Preface

Hybrid energy storage systems have gained interest in recent years to cope with the
unstable and poorly predictable generation of renewable energy sources. In this part
different energy storage and generation systems are concerned due to their potential
to outperform single energy storage systems in certain situations. Chapter “Industrial
Application of High-Temperature Heat and Electricity Storage for Process Efficiency
and Power-to-Heat-to-Power Grid Integration” explores the potential of thermal
energy storage (TES), considering its coordinated management with electrochemical
energy storage and renewable energy sources (RES). It covers various TES technolo-
gies, including sensible heat storage (SHS), latent heat storage (LHS), and thermo-
chemical energy storage (TCS), each offering unique benefits and facing specific
challenges. The integration of TES into industrial parks is highlighted, showing how
these systems can optimize energy management and reduce reliance on external
sources. District heating is also addressed by demonstrating the economic and envi-
ronmental advantages of a multi-energy management strategy over single-energy
approaches. Chapter ‘“Repurposing Coal-Fired Power Plants Integrating the Use
of Second-Life Batteries, Flywheels, and High Temperature Molten Salt Storage”
further explores a HESS consisting of a thermal energy storage section but derived
from a pre-existent coal-fired power plant. In this use case, thermal energy storage
is used in place of the coal combustion chamber, coupled with second-life batteries
and flywheels. This chapter is also connected with Second Part, Power Grids and
Renewable Transition, since the system proposed and its operation control is devel-
oped to provide auxiliary services to the electric grid and power smoothing and
storage for PV and wind generation. Finally, Chapter “Optimizing Renewable Power
Systems: Hybrid Gravity-Battery Energy Storage System for Wind/PV Integration
and Load Balancing” deals with hybrid energy storage systems combining gravity
energy storage (GES) with high-power electrochemical energy storage, which have
gained interest in recent years due to their potential to outperform single energy
storage systems. The chapter focuses on the integration of such a hybrid Gravity/
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Battery storage system with wind and PV energy generation, including an energy
management system for the overall optimization. Reliability and efficiency in the
utilization of renewable energy are enhanced by the integration of forecast models
into the study and the hybridization of energy storage, which enhance the renewable
power system’s optimal operation and design accuracy.



Industrial Application )
of High-Temperature Heat Speshee
and Electricity Storage for Process

Efficiency and Power-to-Heat-to-Power

Grid Integration

Antoénio Coelho, Ricardo Silva, Filipe Joel Soares, Clara Gouveia,
Adélio Mendes, José Vicente Silva, and Jodo Pedro Freitas

Abstract This chapter explores the potential of thermal energy storage (TES)
systems towards the decarbonization of industry and energy networks, considering its
coordinated management with electrochemical energy storage and renewable energy
sources (RES). It covers various TES technologies, including sensible heat storage
(SHS), latent heat storage (LHS), and thermochemical energy storage (TCS), each
offering unique benefits and facing specific challenges. The integration of TES into
industrial parks is highlighted, showing how these systems can optimize energy
manage-ment and reduce reliance on external sources. A district heating use case
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also demonstrates the economic and environmental advantages of a multi-energy
management strategy over single-energy approaches. Overall, TES technologies are
presented as a promising pathway to greater energy effi-ciency and sustainability in
industrial processes.

Keywords District heating * Industry decarbonization + Microgrids + Multi-energy
systems - Thermal storage

1 Introduction

The industrial sector plays a major role in global greenhouse gas emissions, high-
lighting the urgent need for its decarbonization to halt climate change. In the first
quarter of 2024, industrial emissions in the EU reached 669 thousand tonnes of CO,
equivalents, nearly three times the emissions produced by households during the same
period (Eurostat 2025). One promising approach to address this challenge is the inte-
gration of high-temperature heat and electricity storage systems, which can enhance
process efficiency and support the transition to RES. These systems allow for the
storage of excess renewable energy, which can be converted back into electricity or
used directly for industrial heating processes, thereby improving process efficiency
and supporting grid stability by balancing supply and demand (SETIS 2023; Pompei
et al. 2023; Akar et al. 2021). This chapter explores the mid- to long-duration appli-
cations of these storage systems, focusing on their role in power-to-heat-to-power
(P2H2P) grid integration.

The motivation for this chapter stems from the need to address the dual challenges
of energy efficiency and sustainability in industrial operations. By leveraging TES
technologies, industries can optimize energy use, reduce emissions, and improve
resilience against energy supply fluctuations. TES technologies are being utilized
in various industrial applications to supply thermal loads and incorporate RES. For
example, industries are using TES to store solar thermal energy, which can be used
to meet heating demands during periods of low solar irradiance. Additionally, TES
systems are being employed to capture and store waste heat from industrial processes,
which can then be reused, thereby reducing overall energy consumption and emis-
sions (IRENA 2020). This is particularly relevant as industries seek to balance the
increasing demand for energy with the imperative to reduce their carbon footprint
(IRENA 2020; Energy.gov 2023; Sun et al. 2023).

Achieving these objectives requires the optimal management of TES, which in
industrial settings often involves the integration with Combined Heat and Power
(CHP) systems. CHP systems can simultaneously generate electricity and useful heat,
and when combined with TES, they can store excess heat for later use, enhancing
overall system efficiency. This integration allows industries to better manage energy
loads, reduce peak demand, and improve energy security (Benalcazar 2021).

On the other hand, the maturity of TES technologies varies, with some solutions
being well-established and widely adopted, while others are still in the development
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or early deployment stages. Sensible heat storage, using materials like water or
molten salts, is a mature technology with numerous industrial applications. On the
other hand, advanced TES technologies, such as thermochemical storage, are still
being researched and developed to improve their efficiency and cost-effectiveness
(Ali et al. 2024).

Multi-energy management, which involves the coordinated use of various energy
sources and storage systems, offers significant advantages over single-energy
management. By integrating TES with other energy systems, such as electrical grids,
gas networks, and RES, industries can achieve greater flexibility, resilience, and effi-
ciency. This holistic approach allows for better optimization of energy flows, reduced
operational costs, and enhanced sustainability (Coelho 2023; Gliicker et al. 2024).

Following this introduction, the chapter focuses on specific applications of TES
in industrial processes, including cogeneration, biomass gasification and hydrogen
production. Subsequent sections present a methodology for optimizing P2H2P
systems, discuss a practical use case, and consider the broader implications and
future directions of TES integration in industrial settings.

2 Thermal Energy Storage: A Brief Overview

TES is an emerging technology that stores thermal energy from diverse sources,
such as industrial waste heat, concentrated solar power, or electricity generated from
RES, for future heat and/or power generation applications, as illustrated in Fig. 1.
These systems can provide mid-to-long-term storage duration, from weeks to months,
and can present remarkable low-cost energy storage and high round-trip efficiencies
by employing suitable materials and proper insulation systems. These systems can
be used in space and water heating, cooling, power generation, and peak shaving
applications (SINTEF 2018).

Heat
exchanger e R
Solar — m —— Heat
H TES

ﬁ r Wind /
Superheated
/ﬁ\\ @ steam

Turbine  Generator

Grid

Water L i| — Power

Saturated steam

Fig. 1 Schematic integration of a thermal energy storage system
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TES systems can be classified into four groups according to the operating
temperature:

Cold TES—T < 20 °C

Low-temperature TES—20 °C < T < 100 °C

Mid-temperature TES—100 °C < T < 300 °C

High/very high-temperature TES—T > 300 °C (high), T > 500 °C (very high).

Solutions for all temperature ranges are needed to meet industry needs. Although
most global heat demand is for low-to-medium-temperature applications, several
hard-to-decarbonize industry areas, like cement and steel production, require very
high temperatures, typically above 1000 °C to operate IRENA 2023).

Like any other energy storage system, TES systems can be described in terms of
the following parameters:

e Capacity—presents the total energy stored in the system, generally in kWh.

e Power—defines the amount of heat transferred per second for the storage medium
in charging or from the storage medium in discharging, generally in kW.

e Efficiency—quantifies the amount of energy retrieved compared with the energy
given to the system, thus accounting for heat losses during storage, commonly in
%.

e Storage period—defines the duration of storage, which can be given from seconds
to months depending on the type of storage.

e Charge and discharge time—outlines how much time the system takes to charge
or discharge, usually in hours.

e Cost—states the cost per unit of energy stored, typically in € - kWh~!.

However, considering its applications the following specific characteristics are
also relevant, its temperature range for different applications and the characteris-
tics of its materials (e.g. density, specific heat and thermal conductivity. The next
sections characterize the most relevant types of thermal energy storage technologies
for industrial applications.

2.1 Sensible Heat Storage

Sensible Heat Storage (SHS) is extensively utilized due to the practicality and
simplicity of its underlying principles. This method stores energy by varying the
temperature of a storage medium without inducing a phase change. Figure 2 illus-
trates the typically linear relationship between the amount of heat stored and the
system’s temperature. Heat is absorbed and released through radiation, conduction,
and/or convection processes.

The storage capacity of a material is primarily determined by its specific heat
capacity, which is the amount of heat required to raise the temperature of 1 kg by
1 °C. A material with a lower specific heat capacity must reach a higher temperature
to store the same amount of energy as a material with a higher specific heat capacity.
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Fig. 2 Linear relationship -

between the amount of
stored heat and the system’s
temperature, demonstrating
how temperature increases in
direct proportion to heat
stored

Temperature

Stored Heat'

For example, 1 kg of water (c, = 4.18 kJ kg~ °C~") stores approximately 200 kJ
when heated from 20 to 68 °C. In contrast, 1 kg of air (c, = 1.005 kJ kg=! °C1)
must be heated to around 199 °C to store the same heat.

SHS systems utilize the specific heat capacity to store heat in a medium by raising
its temperature. The quantity of heat stored is given in (1),

Ty

Qstored,SHS = /m cCp dr (1)

Ti

where Qgiored, sHs 18 the heat stored, m is the storage medium mass, c,, is the specific
heat capacity, and 7; and T the initial and final temperatures, respectively.

Table 1 provides an overview of the most used materials for this technology, high-
lighting water as the most effective SHS liquid-state material due to its low cost, abun-
dancy, and high specific heat. The primary characteristics of widely utilized solid-
state thermal storage materials, such as sand-rock minerals, concrete, fire bricks, and
molten salts are also detailed.

Molten salts are currently the state-of-the-art in energy storage for mid to high/
very-high temperature applications such as concentrated solar power. With a storage
cost ranging from 4 to 20 € kWh™', these systems can operate in the salt’s thermally
stable liquid phase, between 250 and 600 °C, having a storage energy density of
ca. 200 kWh m~3 (European Commission 2023). However, TES systems based on
sensible heat face significant limitations compared to other available methods. These
limitations stem from the materials used, which typically have lower energy density
and poor thermal conductivity. This complicates the device design, particularly in
terms of efficiently extracting stored energy, as well as in impractically large storage
units. Additionally, the variable outlet temperature, in the case of electricity produc-
tion, can result in unused thermal capacity when the outlet temperature falls below
the turbine’s operational threshold.
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Table 1 Liquid (highlighted in blue) and solid-state materials (in orange) utilized in TES systems
(Alva et al. 2018; Bauer et al. 2021)

Material Temperature Density (kg m~3) Specific heat Thermal

range (°C) (kT kg=!'°Cc™1 conductivity
(Wm~! K™

Water 0-100 998 4.18 0.6

Thermal oil 12-400 900 2.00 0.1

Molten salts 250-600 2160 0.85 7.0

Sand-rock 200-300 1700 1.30 1.0

minerals

Reinforced 200400 2200 0.85 1.5

concrete

Silica fire bricks | 200-700 1820 1.00 1.5

Magnesia fire 200-1200 3000 1.15 5.0

bricks

2.2 Latent Heat Storage

Latent Heat Storage (LHS) involves phase change materials (PCMs) with high energy
density, high thermal conductivity, and small volume change to provide a constant
outlet temperature at the melting or vaporization point. The phase transition can be
solid—solid, such as the crystalline form transitions in iron; solid-liquid, consisting of
amelting-solidification process; or liquid—vapor, where vaporization occurs. Figure 3
illustrates the characteristic plateau in the temperature profile during phase change,
representing the constant temperature at which latent heat is absorbed or released.
Although the liquid—vapor transition usually possesses higher energy, it involves
a huge volume expansion, which precludes technological implementation. On the
other hand, solid-liquid transitions encompass an average 10% volume expansion
with a significantly higher energy density than sensible heat systems, making them

Fig. 3 Temperature profile
showing the plateau during
phase change, where latent
heat is consistently absorbed
or released

>
>

Temperature

Stored Heat'
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the focus of study in latent-TES systems. The heat stored for a liquid-solid phase
transition can be determined in (2),

T T
Ostored, LHS :/m'cp,s'dl—i-m-hf—i—/m-cp'] . dr )
T Ty

where ¢, s and ¢, ; represent the specific heat capacity of the solid and liquid phase,
hy the enthalpy of fusion and 7}, the melting temperature.

PCMs can be organic (sugar alcohols), inorganic (salts, metal alloys, etc.), and
eutectic mixture materials. Sugar alcohols appear as promising PCM candidates
for mid-temperature TES applications for their high specific heat storage capacity,
non-toxicity, non-flammability, and absence of corrosion to the insulation mate-
rials. However, the low thermal conductivity (ca. 0.5 W m~! k~!) and reduced
thermal endurance with 7;, over 150 °C present significant limitations to their
implementation.

On the other hand, inorganic materials can withstand high temperatures with
greater thermal stability. Molten salts (e.g., nitrates, carbonates, and chlorides), which
are especially used in the liquid state for sensible heat TES applications, can also
function as PCMs for mid- to high-temperature TES systems. Besides a high specific
heat storage capacity, they are generally low-cost, thus contributing to a high specific
heat storage capacity per unit cost. Nevertheless, molten salts are largely affected by
their low thermal conductivity (< 1 W m~! k"), high volume expansion ratio, and
high levels of chemical corrosion to the shell materials.

Finally, metal alloys have been gaining attention for their superior energy density,
given by metal’s high densities. Thus, more compact TES systems can be achieved.
In addition, metallic PCMs present high thermal conductivities and very low volume
expansion ratios during phase transition. The challenges here are related to high
chemical corrosion exhibited by the liquid metal alloys, which force the use of
ceramics over the structural materials of the storage units.

Tables 2 and 3 present the PCMs candidates considered for integration into the mid,
high, and very high-temperature TES. Organic and salt PCMs were grouped together
in Table 2, while metal alloys are presented in Table 3. Metal alloys containing lead
(Pb) and cadmium (Cd) were excluded for their threats to human life and environment
(EPA 2000, 2011).

2.3 Thermochemical Heat Storage

Thermochemical Heat Storage (TCS) operates through two primary mechanisms:
chemical reactions and sorption processes. In chemical reactions, energy is stored
as the heat of reversible reactions, while sorption processes involve storing thermal
energy either through adsorption (physical bonding) or absorption (dissolution of a
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Table 2 Organic and molten salts PCMs for mid and high temperature TES system (Takahashi
et al. 1988; Nomura and Akiyama 2017; Liu et al. 2022; Tye et al. 1976)

Material Melting Latent heat | Density Energy density | Thermal
temperature | (kJ kg™ by (kg m=3) | (kWhm3)? conductivity
&) Wm~"K™

D-mannitol” 167 316 1520 133 0.7

Pentaerythritol®® | 186 285 1399 111 0.1-0.5

AlCl3 193 290 2440 197 (Not found)

NaNOs + KNO3; | 222 110.7 1712 53 0.55

(60/40 wt%)

LiNO3 252 379 2400 253 0.51

2Considering only latent heat
bOrganic material (sugar alcohol)
“Solid-solid transition

material). TCS technologies can accommodate a wide range of temperatures, from
as low as 0 °C to as high as 900 °C, and typically provide storage durations ranging
from several hours to days and potentially up to several months (EASE 2023).

This technology is recognized for its high energy density, as it stores large amounts
of energy within compact volumes by converting heat into reversible chemical bonds.
This capability makes it well-suited for long-term storage, with minimal energy
losses over extended periods and reduced heat dissipation compared to other storage
methods.

Despite its potential, thermochemical storage faces several significant challenges
compared to more established technologies, namely the high cost of materials neces-
sary for chemical reactions, which impacts the economic competitiveness of these
systems. Also, the slow reaction kinetics observed in some thermochemical processes
does not allow for rapid absorption and release of energy, affecting the dynamic
response of the TES. Finally, the complexity of system design—requiring precise
control over temperature, pressure, and chemical conditions—contributes to higher
operational and maintenance costs. Integration with existing energy infrastructure
is also demanding due to the need for high-pressure vessels and sophisticated heat
exchangers.

3 Integration in Industrial Parks

Integrating TES systems into industrial parks plays a pivotal role in enhancing energy
efficiency, reducing emissions, and facilitating the transition to RES. TES enables
the storage of excess energy—such as waste heat from industrial processes or surplus
electrical generation from renewable sources—for later use in heating, cooling, or
power generation. This allows industrial parks to optimize energy management by
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balancing supply and demand, reducing reliance on external energy sources, and
improving overall system flexibility.

Below are key applications where TES can be integrated into industrial processes

to maximize energy use efficiency:

Concentrated Solar Plants (CSP). As already implemented with molten salts,
TES systems in CSP allow the storage of the harvested solar energy during the
sunlight hours. This capability enables CSP facilities to maintain continuous
electricity generation and dispatchability, enhancing grid stability and reliability.
Cogeneration Plant Integration, where TES allows excess electricity generation
or heat to be stored for later use, enabling the dispatch of thermal energy when
the cogeneration plant is offline. This approach enhances energy reliability and
ensures that industrial processes continue to receive power and heat as needed,
even during periods of reduced generation.

Biomass Gasification process depends on the supply of superheated steam at
temperatures as high as 800 °C, which is crucial for converting biomass into
syngas. However, achieving such high temperatures presents considerable chal-
lenges, including increased operational costs and safety concerns related to
high-temperature operations and equipment durability.

Peak Shaving Applications for Electrolyzers. Alkaline (AE) and proton
exchange membrane (PEM) electrolizers require a stable direct current power
supply to ensure high efficiency and purity of the H, produced. TES can be used in
peak shaving applications to ensure the constant power supply of this equipment.
In this case, thermal energy in the form of superheated steam can be converted
to electrical energy using steam turbines and generators, thereby increasing the
operational efficiency of the electrolyzers during high-demand periods.
Integration with Renewable Methanol Plants. In renewable methanol produc-
tion, integration with industrial park energy systems can occur in multiple ways.
For instance, thermal energy can be supplied to both gasification and distilla-
tion units to improve the efficiency of methanol production. Additionally, steam
turbines may be utilized to power the entire methanol plant or specific units within
the facility, reducing the reliance on external energy sources.

Hydrogen and Oxygen Purification via Temperature Swing Adsorption.
In hydrogen and oxygen production from electrolyzers, purification can occur
through temperature swing adsorption (TSA). This technique involves the adsorp-
tion of water from the gas streams using an adsorbent bed. To regenerate the
adsorbent, heat is applied at a constant temperature, creating a significant thermal
demand. The required temperature for regeneration ranges from 100 to 300 °C,
depending on the adsorbent material employed.
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4 Power-to-Heat-to-Power Grid
Integration—A Methodology to Optimize P2H2P
Systems

Industrial parks typically integrate multi-energy resources and multi-energy
networks, as represented in Fig. 4. Decarbonizing industrial parks needs to consider
both electric resources (like photovoltaic panels (PVs), batteries, and heat pumps)
and thermal resources (like CHP systems and TES). Two energy networks may
also need to be considered, namely an electricity network and district heating. The
industrial loads (to consume heat), the CHPs (to provide heat), and thermal storage
systems (to provide heat) are connected to the district heating. The CHPs are also
connected to the gas network (to consume gas) and to the electricity network (to
provide electricity), while the thermal storage is connected to the electricity network
(to consume electricity). The PVs, batteries, and heat pumps are only connected with
the electricity network.

The industrial park energy resources (see Fig. 4) can be operated in a coordinated
way as a multi-energy microgrid (MES), in order to minimize the energy-related
costs, considering participation in the energy markets (electricity, gas, and carbon).
Figure 5 presents the main steps involved in the optimization of the day-ahead bidding
process, minimizing the energy costs of the industrial microgrid.

In this chapter, the Iberian Energy market operation was considered. It was
assumed that the industrial park operator (I0) will act as a price-taker. This way,
the IO submits demand bids (electricity, natural gas, and carbon) at cap-prices, and
submits supply bids (electricity and secondary reserve) at floor prices during the
day-ahead phase of the markets. The day-ahead phase occurs in the day before (d-1)

' Buildings
Combined heat Thermal storage thermal load

and power

Industrial
» thermal load

Fig. 4 Multi-energy resources
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Fig. 5 Scheme of the methodology with the sequential steps, energy markets, resources, and
networks considered

of the trading day (d). During the trading day (d), the IO needs to deliver the market
services that were bought/sold during the day-ahead session.

The objective function of the optimization problem is to minimize the net cost
of trading energy services in the multi-energy markets (electricity energy, secondary
reserves, natural gas, and carbon), as in (3). The system cost can be divided into
four terms: the first term is the net cost of buying and selling energy and secondary
reserves,, f,E , the second term is the cost of buying natural gas, ftG, and the third cost
are the costs of buying carbon allowances £,€ + f €.

. E FA
min ) 1 + £+ fE4sC 3)
teT
Buying energy Buying natural gas ~ Buying carbon allowances
Selling energy

Selling secondary reserves

S = AEEEA =B (UE +DE) + (WPEPDE — 3/ EgVUE)ar @)
16 = 3B AL+ (1 OV UC — 2P09PDE ) Ar )

£€ = pc02 Z(PftliP,E 4 UJSHP,E.(th _ Df,HRE _¢f’)aC02’GAt (6)

J€n

fCFA — )“COZ 'A+,CO2 (7)

According to the rules of secondary reserve market, the upward secondary reserve
band must twice as much as the downward secondary reserve band offered (Iria et al.
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2019), as described in (8).
UPr=2DP* VieT (8)

Constraint (9) and (10) define the carbon allowances that the IO needs to buy from
the heat produced by the CHPs.

A+CO2 _ A —.CO2 Z Z[( pCHP.H | thHP,H.¢lU CHPH ! ).aCOZ*G.At]

teT jeJ,
_ FAC02 (9)

A+,C02’ Af,COZ Z 0 (10)

To facilitate the readability of the chapter, the rest of the formulation will not
be fully presented. Instead, we provide an overview of how the bids, resources, and
networks were modeled.

The electricity energy bids were calculated considering the consumption from
heat pumps, batteries, thermal storage systems, and inflexible loads, and the injection
from PVs, batteries, and CHPs. The natural gas bids were calculated considering the
consumption from CHPs. The carbon bids were calculated considering the emissions
of CO, from CHPs. The upward and downward bids were calculated coidering the
flexibility provided by PVs, batteries, heat pumps, and CHPs.

A large set of constraints have been considered for the energy resources, which
are related to their operational limits and technical characteristics of the following:

e PV—Ilimits related with maximum and minimum power and available reserves.

e Heat pumps—Iimits related with maximum and minimum power, thermal
characteristics of the building’s thermal loads, and available reserves.

e Batteries—limits related with maximum and minimum power and capacity, and
available reserves.

e Combined heat and power—limits related with maximum and minimum power
and available reserves.

e Thermal storage—limits related to maximum and minimum power and capacity.

See references (Coelho 2023; Coelho et al. 2021) for a detailed description of the
constraints considered.

In relation to the electricity and district heating networks, they each have their own
formulation. The electricity network is modelled using a non-convex formulation of
the branch flow model (Baran and Wu 1989). This model considers the branch power
flows, and the limits of voltage and current. The district heating is modelled using a
hydraulic and a thermal model (Cao et al. 2019). With these models it is possible to
calculate the mass flows and temperatures of the pipes and nodes of the network.
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To optimize the mathematical problem considering the restrictions of the multi-
energy resources, markets, and networks, we decompose the problem into sub-
problems using a distributed algorithm, the alternating direction method of multi-
pliers. By doing this, we will have three main sub-problems: one considering the
restrictions of the markets and resources, another one considering the restrictions of
the electricity network, and another one considering the restrictions of the district
heating. This way, the problem becomes easier to solve as the sub-problems are
smaller.

4.1 Day-Ahead Dispatch of a MES: The Case
of the Manchester Microgrid

In order to illustrate the benefits of an integrated energy dispatch in a MES, the
Manchester microgrid case is describe in this section, considering real data from a
university campus’s multi-energy microgrid, which features both electricity and heat
networks, as shown in Fig. 6.

The data for the networks is available in (Martinez Cesea et al. 2020) and includes
network parameters and inflexible load profiles for electricity, gas, and heat in the
buildings. In the electricity network, the voltage limits were set between 0.9 and
1.1 p.u., with the slack bus voltage fixed at 1 p.u.. For the heat network, the mass
flow limit was set at 40 kg/s, the generator supply temperature was fixed at 85 °C,
each load’s outlet temperature was set to 70 °C, and the ambient ground temperature
was defined as 7 °C.

Fig. 6 Electricity and heat networks of the study case. Adapted from Martinez Ceseia et al. (2020)
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Table 4 Resources’ parameters

Resources Power (kW) Capacity (kWh) Efficiency COoP

PV 750-1500 - - -

Battery 100 250 0.9 -

Heat pumps 750 - - 3.45

CHP 5000 - 0.35 (electricity) -

0.45 (heat)
Thermal storage 375 750 1 -

The Distributed Multi-Energy Resources (DMERs) can be connected to the elec-
tricity and heat networks. The DMERSs connected to the electricity network are PV
systems, energy storage systems (ESSs), heat pumps (HPs), and CHPs. The CHPs are
also connected to the heat network. The district heating flexible loads are connected
to the heat network. Table 4 presents the resources’ parameters.

The buildings connected to the HPs and district heating system are maintained
within a comfort temperature range of 19-23°C between 7 and 18 h, and 16-26 °C
for the remaining hours of the day. Real outdoor temperature profiles were used in
the simulations performed.

The electricity market data considers the energy prices, secondary reserve prices,
upward and downward tertiary reserve prices, and ratios of upward and downward
mobilizations (Fig. 7) (ENTSO-E 2025; REN 2025). The gas market data considers
the gas prices (63.07 €/ MWh) (MIBGAS 2025). The carbon market data considers
the price of CO, emissions (82.3 €/permit) and number of free allowances (2.8).
The data chosen is from 15 of January of 2023.

4.1.1 Results Analysis

For the analysis performed two bidding strategies were considered:

e Single-energy (S) strategy: under this strategy, separate dispatch problems are
considered for the electricity network (S-ELE) and for the heat network (S-HEAT);

e Multi-energy (MULTI) strategy: where according to the optimal dispatch problem
described in Sect. 1.4.1, all DMERs and both the electricity and heat networks
are operated with a coordinated strategy.

Figure 8 presents electricity (energy), gas, and upward and downward secondary
reserve band bids. The two bidding strategies exhibit similar patterns in the day-ahead
energy market (electricity). Both demand (positive values) and supply (negative
values) bids are primarily influenced by PV production and market prices. The aggre-
gator predominantly places supply bids during forecasted PV generation periods.
Additionally, higher demand bids are placed around 4 and 23 h when prices are
lower.
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In the day-ahead gas market, the two bidding strategies also show comparable
bid placement patterns. Gas bids are mainly driven by prices and heat requirements.
Most of the gas is procured to fuel the CHPs, which provide heat to meet the needs of
prosumers connected to the heat network. Heat load requirements are more stringent
between 8 and 10 h, leading the aggregator to purchase more gas during these hours.
Conversely, from midnight to 7 h and from 23 h onwards, gas bids remain relatively
stable, indicating that the aggregator is primarily meeting the gas and heat load
requirements expected from the CHPs during these times. This pattern is clearly
seen in the SINGLE strategy, while in the MULTI strategy it diverges slightly.

The two bidding strategies also present a very similar placement of upward and
downward secondary reserve band bids. It is possible to observe that they have higher
values in the middle of the day, as it is the time the PV systems can provide more
reserves.

Figure 9 presents the result of the optimal dispatch of PVs, batteries, CHPs, and
thermal storage systems for the SINGLE and MULTT strategies. Analyzing the PV
and CHP generation, we can observe that they both have a similar profile in the
two strategies. Nonetheless, in the MULTI strategy the PVs produce more electricity
while the CHPs produce less. In relation to the batteries, they have different profiles,
but they are used throughout the day in both cases. The MULTI strategy presents
higher values of charging/discharging while in the SINGLE strategy their behavior
exhibits a more flatten curve (up until the end of the day). Finally, the profiles of the
thermal storage system charging/discharging have some differences in each strategy.
In the SINGLE strategy, they are in a cycle of charging/discharging throughout the
24 h period. On the other hand, in the MULTT strategy, they are used right at the
beginning of the day to charge (as prices are lower), in the middle of the day and at
the end of the day. As we can see, the thermal storage systems, which are charged
by electric resistance, end up using the overproduction of electricity by the PVs.

Figure 10 presents the upward and downward reserve bids offered by each
resource. In both SINGLE and MULTT strategies, the resources that provided more
upward and downward reserve bids were the PVs, followed by the CHPs and
batteries. It is also possible to observe that in the MULTI strategy, the PVs and
CHPs provided more upward reserves than the SINGLE strategy, while batteries
provided less upward reserves. In relation to the downward reserves, the PVs and
batteries provided more downward reserves while the CHPs almost did not provide
any reserves. This way, in the MULTI strategy, it is possible to observe a better use
of flexibility available in the system and integrated between the electric (PVs and
batteries) and thermal (CHPs) resources. This is because in the SINGLE strategy,
the ratio between upward secondary reserves and downward secondary reserves of
each resource is clearly influenced by the secondary reserve market rule stating that
the upward reserve must be twice as much as the downward reserve. This shows
a limit imposed on the resources which are not able to provide full potential for
their flexibility. On the other hand, in the MULTI strategy, it is possible to observe a
different distribution of the upward and downward reserves offered by each resource,
indicating better use of the flexibility available in the system. This ends up increasing
the reserve bids offered to the market and thus, the profitability of the system.
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Table 5 presents the cumulative costs obtained for the two bidding strategies
(SINGLE and MULTT). The costs of the SINGLE strategy are the sum of the costs
of strategy S-HEAT and S-ELE. Positive values represent costs and negative values
represent income.

The results in Table 5 show that the MULTT strategy produced the most profitable
outcome. The MULTT strategy outperformed the SINGLE strategy with 28% lower
costs, which allows concluding that a multi-energy aggregator exploits better the
flexibility of DMERs than single-energy aggregators.

The electricity energy cost is negative for S-HEAT, suggesting it might be bene-
fiting from some form of revenue or cost reduction in electricity. Conversely, S-ELE
has a positive cost, indicating higher expenses related to electricity. The SINGLE
strategy has a higher electricity cost than the MULTI strategy. Gas energy costs
are highest for S-HEAT, reflecting higher gas consumption from the CHPs. The
gas cost for S-ELE is significantly lower, due to reduced gas use. In this case, the
SINGLE strategy has higher costs than the MULTT strategy. Regarding the costs
associated with secondary reserve bands and activation, the S-HEAT strategy shows
lower revenues than the S-ELE strategy as it has less resources participating in
secondary reserves. Comparing the SINGLE and MULTI strategies, we can observe
that the MULTI strategy has higher revenues from participating in secondary reserve
markets. Carbon costs are incurred for all strategies except S-ELE, as it does not
consider the CHPs. The MULTI strategy has slightly lower costs than the SINGLE
strategy.

In conclusion, the MULTI strategy ends up benefiting from lower costs/higher
revenues of gas energy, secondary reserve participation and carbon allowances.
Nonetheless, the main factor is the provision of secondary reserves which are higher
in the MULTI strategy. As previously stated, this occurs due to a better use of the
multi-energy flexibility available in the energy system, benefiting the aggregator.

Regarding the use of TES, the MULTT strategy demonstrated a more strategic use
of thermal storage systems by charging during low-price periods and discharging
during high-demand times, effectively leveraging PV overproduction. Economically,
the MULTT strategy was more profitable, with 28% lower costs than the SINGLE
strategy. This was achieved through better exploitation of multi-energy flexibility,
leading to lower electricity and gas costs, higher revenues from secondary reserve

Table 5 Costs of each strategy

Resources S-HEAT | S-ELE SINGLE | MULTI
Electricity—energy (€) —420 687 267 199
Gas—energy (€) 5068 128 5196 4810
Electricity—secondary reserve band (€) — 300 — 2282 | — 2582 — 2969
Electricity—secondary reserve activation (€) | — 32 — 257 — 289 — 247
Carbon (€) 241 0 241 233
Total (€) 4557 — 1725 |2832 2026
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markets, and reduced carbon costs. Overall, the MULTI strategy’s superior perfor-
mance was driven by more effective use of available flexibility, enhancing reserve
bids and overall profitability.

This case clearly demonstrates the significant advantages of implementing an
optimal MES management strategy. It not only enhances the integration of RES,
reducing reliance on carbon-intensive alternatives, but also delivers substantial
economic benefits.

5 Conclusion

In this chapter, TES systems were first analyzed to highlight their potential to enhance
energy efficiency, reduce greenhouse gas emissions, and support the transition to
RES. The analysis covered various TES technologies, including SHS, LHS, and TCS,
to assess the advantages and disadvantages of each solution for storing thermal energy
from sources like industrial waste heat, concentrated solar power, and renewable
electricity.

The classification of TES systems based on operating temperatures was discussed,
addressing the demands of different industrial applications. Despite its simplicity and
practicality, SHS faces limitations such as lower energy density and poor thermal
conductivity. On the other hand, using PCMs, LHS offers higher energy density with
constant outlet temperature discharge, which is crucial for power generation and heat
applications requiring precise temperature control. Finally, although TCS presents
the highest energy density and long-term storage capabilities, it faces issues due to
high material costs, slow reaction kinetics, and low TRL state of the technology.

Furthermore, the integration of TES systems into industrial parks was examined,
demonstrating their role in enhancing energy efficiency by storing excess thermal
energy for later use, optimizing energy management, and reducing reliance on
external energy sources. Key applications include concentrated solar plants, cogener-
ation plants, biomass gasification, electrolyzers for hydrogen production, renewable
methanol plants, and TSA for gas purification.

The chapter also highlighted the economic and environmental benefits of a multi-
energy management strategy, including TES, as demonstrated in a multi-energy
microgrid use case. This strategy showed significant cost savings and increased
revenues compared to single-energy strategies by leveraging the flexibility of diverse
energy resources and enhancing the integration of RES.

Future research directions were identified, including exploring the role of aggrega-
tors as price makers in energy markets, incorporating stochastic approaches to model
uncertainty, and integrating optimization frameworks into energy system planning
tools. These advancements could further improve the efficiency, sustainability, and
economic performance of TES systems in industrial applications.

Overall, TES technologies offer a promising pathway to achieving greater energy
efficiency and sustainability in industrial processes, supporting the broader goals of
decarbonization and renewable energy integration.
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Abstract The chapter explores the transformation of coal-fired power plants into
sustainable energy facilities through the integration of advanced storage systems.
Historically, coal-fired plants operated with inflexible schedules and slow response
times, making them unsuitable for modern grids reliant on renewable energy. Re-
purposing these plants into Thermal Storage Power Plants (TSPP) replaces coal-
fired combustion with molten salt thermal energy storage, leveraging existing infras-
tructure to store renewable energy for electricity generation. To enhance flexibility,
second-life batteries (SLBs), repurposed from electric vehicles, are integrated. These
batteries, despite reduced capacity, provide cost-effective, sustainable energy storage
for medium-term demands, extending their lifecycle through optimized conditions.
Flywheels are also included, offering instantaneous power output to stabilize the
grid while reducing SLB degradation. The resulting Hybrid Energy Storage System
(HESS) combines TSPP, SLBs, and flywheels under a centralized control scheme.
Flywheels manage short-term fluctuations, SLBs address intermediate demands, and
TSPPs provide long-term, stable power. This system improves efficiency, minimizes
degradation, and ensures grid stability. Case studies and examples demonstrate the
potential of this model, highlighting its economic and environmental benefits. This
innovative approach aligns with global decarbonization goals, offering a pathway to
modernize energy systems while repurposing obsolete infrastructure effectively.
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1 Introduction: Requirements of the New Electric Grids

In the current climate situation, there is a global shift in the way electric power
systems are structured. The traditional model, which relies on centralized generation
facilities, is being replaced by a distributed approach that utilized renewable energy
sources with energy storage solutions to mitigate intermittency.

Historically, thermal power plants have operated according to a fixed daily
schedule. In particular, coal-fired power plants are able to provide flexibility services,
including: partial load following; non-spinning reserve (meaning that they can be
brought online within hours if needed); voltage support, by means of reactive power
supply; inertia provision to stabilise the grid; operation at partial load, although it can
increase wear and tear on the plant. However, these conventional coal-fired power
plants are being shut down due to environmental reasons. Moreover, they have some
flexibility limitations due to their slow ramping rate and long start-up time, which are
associated with their inherent thermal processes, which are slower than other types
of thermal power plants, such as natural gas, as well as hydroelectric plants.

The new paradigm of electricity generation gives rise to new considerations in
relation to the operational requirements of power generation plants. These must
be met in order to ensure reliability, efficiency, and stability, while also enabling
integration with renewable energy sources and compliance with grid codes (Martinez-
Lavin et al. 2022). Furthermore, the provision of greater flexibility to the system will
result in a more economically viable power plant.

Gas turbines, small hydroelectric plants and energy storage technologies with
faster response, such as batteries, flywheels and supercapacitors, are better placed to
provide flexibility services. Combining a coal-fired power plant with one or more of
these storage options would enhance its flexibility and security.

This chapter explores the potential for repurposing coal-fired power plants by util-
ising thermal energy storage in place of the coal combustion chamber. Furthermore,
an additional energy storage system based on second-life batteries is integrated to
provide new auxiliary services, extending the concept of repurposing. Finally, in order
to implement the performance characteristics of second-life batteries, extending their
lifetime, and achieve even higher system flexibility, a third energy storage technology
is considered: a short-term, high-power storage unit based on flywheels.

The system is designed to be a fully integrated hybrid energy storage system,
capable of meeting significant power demands through the integration of three distinct
storage technologies.

2 Repurposing Coal-Fired Power Plants

Coal-fired power plants worldwide are facing challenges due to low-capacity utilisa-
tion levels and environmental concerns. An increasing number of governments have
implemented plans to achieve a carbon-free future. To date, over 100 countries have
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joined an alliance with the objective of achieving net-zero emissions (Song et al.
2021). A number of countries, including Norway, Finland, Sweden, and Uruguay,
have set a target to achieve net-zero emissions by 2030. Other countries, such as UK
and Canada, anticipate reaching net zero carbon emissions by 2050, while China is
targeting 2060." Furthermore, coal-fired power plants have become unprofitable to
utilities and uneconomical to customers (Forbes 2018). As outlined by (Song et al.
2021), countries have implemented mainly two measures to regulate the current coal-
fired power plants. One approach is the coal retirement mechanism, which would
allow for the elimination of existing coal-fired power plants within 10-15 years,
rather than the currently expected 3040 year to remain operational. The second
measure is to replace obsolete coal-fired power plants with an integrated mix of effi-
ciency measures, including, for example energy storage systems or renewable power
generation.

Kefford et al. (2018), analysed the impact of early retirement of coal-fired power
plants on asset owners and communities in four regions, namely, China, India, the
European Union, and the United States. Notable examples in USA of Repurposed
Coal Fired Power Plants are the following:

e Plant Scherer, Georgia’: Once one of the largest coal-fired power plants in the U.
S., Plant Scherer successfully transitioned into a biomass plant.

e Fisk Generating Station, Chicago (see footnote 2): The Fisk Generating Station
underwent a remarkable transformation by converting its operation to natural
gas-fired power generation.

e Mount Tom Power Plant, Massachusets®: Currently operated by Mt. Tom Solar
LLC, it was commissioned on 2018 as a PV power plant and started energy
operation the same year with a peak capacity of 7.6 MW..

The conversion to a biomass power plant (first example) allows the power block
of the former coal-fired power plant to be still used. In contrast, the transformation
to a gas-fired or to a PV power plant (second and third examples) only utilises the
land available at the power plant, along with the civil and power transmission system
(Thomas and Akhtar 2023).

Reducing the use of fossil fuel consumption in coal-fired power plants, while
increasing their peaking capability, is the approach followed by AES Gener in Chile.
In 2009, they began replacing the 7 MW, of coal-fired thermal capacity with 20 min
lithium-ion battery capacity. AES Gener deployed a similar strategy at the 554 MW,
Eléctrica Angamos plant in 2012, installing 20 MW, of 20 min battery capacity,
and at the 531 MW, Cochrane Power Station in 2016, where a comparable volume
was installed. Another method for enhancing the flexibility of existing coal-fired
power plants is to integrate a thermal storage system within the power block, to be

Uhttps://chinaeucn.com/carbon-neutrality-china/#:~:text=In%20September%202020%2C %20p
resident%20Xi,%E2%80%9Ccarbon%20neutral % E2%80%9D %20by %202060

2 https://petroedgeasia.net/repurposing-and-recommissioning-coal-fired-power-plants-for-A-sus
tainable-energy-transition/

3 https://database.earth/energy/power-plant/mt-tom-solar-project-hybrid
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https://chinaeucn.com/carbon-neutrality-china/%23:~:text%3DIn%20September%202020%2C%20president%20Xi,%E2%80%9Ccarbon%20neutral%E2%80%9D%20by%202060
https://petroedgeasia.net/repurposing-and-recommissioning-coal-fired-power-plants-for-A-sustainable-energy-transition/
https://petroedgeasia.net/repurposing-and-recommissioning-coal-fired-power-plants-for-A-sustainable-energy-transition/
https://database.earth/energy/power-plant/mt-tom-solar-project-hybrid
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charged by the main or reheated steam and discharged to the low-pressure turbine or
condenser (Wang et al. 2023; Zhang et al. 2024).

3 Thermal Storage Power Plants

An interesting option for the early retirement of coal-fired power plants is so-called
Thermal Storage Plants. This reuses existing equipment such as steam turbine, heat
recovery boilers or heat exchangers, but replace the coal combustion chamber by a
high-temperature thermal energy storage system, mainly of the type already devel-
oped and commercially available for Concentrating Solar Thermal Power (CSTP)
plants, which is charged by renewables such as PV or wind, in practice adopting the
Carnot Battery concept.

Thermal storage systems for commercial CSTP plants are based on a system
known as the double-tank configuration. The storage medium is a non-eutectic
mixture of sodium and potassium nitrate salts (solar salt) in the liquid state, stored
at high temperature in one of the tanks. When the system is discharged, the thermal
energy is transferred to the power block, and the molten salts are stored in another
tank, called the cold tank (Fig. 1). The limitation imposed by the maximum size
of metal tanks on the amount of energy that can be stored is overcome by using
several systems in parallel. Notable CSTP plants with thermal storage systems of
large capacity include Noor II and Noor III, which have 200 MW./1200 MWhe (6 h
of nominal power output without solar input) and 150 MW,./1125 MWh, (7, 5 h of
storage capacity), respectively (SENER, 2022a, 2022b), or Atlantica Solana Gener-
ating Station, in Arizona, with 250 MW./1500 MWh, (6 h at nearly nominal power,
(Atlantica Sustainable Infrastructure PLC)). The current average investment cost for
CSTP-TES systems is around 40 €/kWh, (Crespo 2020).

Fig. 1 Molten salt thermal
storage system at MASEN
(Morocco)
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In the retrofitted (coal-fired) power plant, the molten salt would be heated using
electric resistance heaters or microwaves (Rodriguez-Garcia et al. 2023), powered by
renewable electricity. In this way, the excess or curtailed variable power available in
the grid from photovoltaic and wind power plants can be stored as thermal energy. The
stored thermal energy is then released by pumping the hot salt through a turbine steam
generator system. In this process, heat is transferred from the salt to the turbine steam,
which is then returned to the cold tank after cooling. The turbine steam is then used by
the existing steam cycle of the former coal-fired power station to generate electricity
(see Fig. 2). The components of a thermal storage plant are mature technologies, but
the combination of technologies represents a novel approach (Geyer et al. 2020).

The concept of Thermal Storage Power plants has been developed since 2018
(Deign 2021), but not such a project has been realized yet. This may change in the near
future thanks to the Alba project, which will transform the Angamos coal-fired power
plant (560 MW.), located in Mejillones (northeast Chile), into a thermal storage
power plant. The Chilean authorities approved the environmental study submitted
by AES Andes in December 2023 (EnerData 2023).

4 Hybrid Energy Storage with Second-Life Batteries

To enhance the flexibility of the Thermal Storage Power Plant, the potential use of
batteries, such as lithium-ion, has been explored. The use of batteries in a (thermal
energy storage) power plant offers the following advantages (Koike et al. 2018):

e Batteries are able to respond almost instantaneously (within milliseconds to
seconds) to frequency deviations. This makes them an ideal solution for primary
frequency regulation, fast ramping for load following and other types of fast
responses to changes in demand or fluctuations in renewable energy generation.

e Batteries can be precisely tuned to deliver the optimal output power.
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The development of electric vehicles (EV) has increased in recent years in line
with EU goals to reduce the CO, emissions from the transport sector. Batteries are
typically discarded after being used in an EV when they have reduced by of 20-30%
of their nominal capacity. However, they have some remaining capacity that can be
used in other applications, such as stationary energy storage with lower technical
requirements. This extends the battery’s useful life and contributes to environmental
sustainability, enhancing the circular economy (Thakur et al. 2022) and reducing the
dependence on critical materials (Wu et al. 2020).

These batteries are referred to as second-life batteries (SLB), also known as repur-
posed or reused batteries. They offer a promising solution to extend the lifecycle of
EV batteries, which represents a significant cost factor (around 40% according to
Shahjalal etal. 2021). Itis anticipated that by 2025, approximately 3 million discarded
EV batteries from vehicles with a total capacity of 953 GWh will still have potential
for use as SLB. With regard to battery technology, lithium nickel manganese cobalt
(NMC) batteries offer a more circular and environmentally sustainable option to
lithium iron phosphate (LFP) batteries, with a Global Warming Potential of 4-6%
and an Abiotic Depletion Potential of 13—16% for the minerals used (Picatoste et al.
2024).

The initial decision when considering a battery from an electric vehicle is to
either retain those battery cells for a second-life application and extend their oper-
ation beyond the original and first intent (SLB), or send them to recycling facilities
(Takahashi et al. 2023).

An SLB system comprises a set of battery cells or packs, sourced from different
EVs and, each with distinct characteristics. The SLBs are characterized by measuring
internal resistance increase and capacity, and repackaged for a second life. They are
classified into groups of cells with similar conditions and performance. SLB systems
are designed to operate beyond the so-called ‘aging knee’, which is the threshold
where the battery is expected to start degrading rapidly. However, it is possible to halt
this process by optimizing the working conditions, thereby achieving a second-life
potential of 4000-6000 cycles between 75 and 50% of the State of Health (SoH)
(Gao et al. 2024).

It is essential to regulate the maximum electrical current of SLBs in order to
maintain the desired level of degradation while ensuring an optimal SoH. This may
result in the system being sized to the maximum peak power, which would entail a
higher initial investment.

S The Additional Support of Flywheels

To extend the operational range and to improve the power performance, it is advisable
to consider the further hybridisation of the storage system with a technology capable
of frequently delivering ultra-fast power peaks without experiencing degradation
of SLBs. Thus, in order to enhance the SLB performance, it would be beneficial
to consider complementary storage technologies, such as flywheels. This approach
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is supported by various research studies, including those by (Lee and Wang 2008;
Barelli et al. 2019; Gliicker et al. 2021; Arani et al. 2020; Ayodele et al. 2020).

The use of batteries and flywheel combination in a power plant has been referenced
in the case of a hydroelectric power plant (Casarin et al. 2023). Flywheels contribute
to the flexibility market in two main ways:

1. they can provide high power peaks almost instantaneously (in milliseconds) to
grid frequency deviations for primary frequency control and/or support secondary
frequency control by providing energy over a few minutes. This makes them ideal
for providing fast frequency response (FFR) services.

2. being connected to the grid through power electronic converters, they are able to
provide voltage support and reactive power compensation.

In addition to the above, flywheels offer very high round-trip efficiency (85—
95%), an almost unlimited number of charge-discharge cycles, a significantly lower
environmental impact compared to batteries, and a sustainable manufacturing process
that uses basic resources.

Similarly to the use of flywheels, the technology of supercapacitors can be
combined with batteries, with a comparable operational profile than flywheels,
although with some different features primarily associated with the specific appli-
cation area. Some references of the use of batteries and supercapacitors operating
co-ordinately for grid application are included in (Guo and Sharma 2016; Vaca et al.
2016; Akram and Khalid 2017; Kim et al. 2016).

With regard to the specific operation of the flywheel subsystem, it should be noted
that it is composed of a set of parallel connected number of machines. They operate at
a common DC voltage, connected to a grid-tie converter. However, they can provide
independent power, depending on the system command (Torres et al. 2020).

6 The Complete Hybrid Storage System and Its Control
Scheme

This section outlines the description of the hybrid energy storage system (HESS) that
integrates a thermal storage power plant (TSPP) with second life batteries (SLB) and
flywheels (FW) connected to the grid. The objective is to optimise plant operation
for the management of both short-term power fluctuations (fast frequency response)
and longer-term energy demands. By combining the rapid response of FW with the
medium-term power regulation provided by SLB and the Rankine cycle run by the
thermal energy storage system, this approach is set to offer enhanced efficiency,
reduced SLB degradation, and improves grid stability.

The system configuration is shown in Fig. 3. It consists of a renewable energy
source connected to the grid, where surplus energy from renewables is supplied to
the thermal storage power plant or used to recharge SLB and FW. Flywheel and SLB
are also implemented to handle short-term frequency and power fluctuations, deliv-
ering the rapid response that the thermal storage plant, due to its slower dynamics,
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Fig. 3 Hybrid Energy Storage System (HESS) Configuration Scheme

cannot provide. A centralized control system operates the entire system, receiving
grid commands and measurements, as well as monitoring the state of charge across
all energy storage components.

The respective roles of each subsystem in maintaining optimal power output and
grid performance under various operational conditions are described as follows:

1. Power Request Input (Grid Commands): The power grid controller sends
a command to adjust the power in accordance with grid requirements, such as
frequency control or load following. Alternatively, the power command could aim
at controlling grid variables according to measurements right at the connection
point.

2. Flywheel Operation (Fast Response): Due to their rapid response time, the
flywheels are ideally suited to providing an immediate high-power output to
smooth out short-term fluctuations. However, due to their limited capacity to
store energy, they are only able to manage immediate peaks or drops in demand
for short periods of time. Once the batteries or the thermal storage power plant
are able to meet the required load, the flywheels should be switched off.

3. SLB Operation (Intermediate Response): As the flywheels discharge, the
batteries respond more slowly to prevent high power spikes and their associ-
ated degradation. The maximum batteries power output is regulated by its state
of charge (SoCs ) and temperature (T?s; g). In the event that the batteries over-
heat or have a low charge, the system will reduce the discharge rate in order to
extend their lifespan.
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4. Thermal Storage Power Plant Operation (Slow Response): Due to its slow
dynamics, the Rankine cycle is the last to respond. It gradually increases power
output to absorb long-term demand, ensuring a steady supply once activated.
The thermal plant adjusts its output based on sustained grid demand, reducing
reliance on the flywheel and batteries once stable conditions are reached.

The different operation states of the Hybrid Thermal Storage Power Plant
(HTSPP) are described in the scheme of Fig. 4. The system considers a certain power
Pgrg, coming from renewable energy sources, and a certain power demand coming
directly from the grid operator (TSO) or based on measurements at the connection
point, Pyiq. Based on the difference between them, it is evaluated whether there
is a surplus energy from renewables or not. If the grid demand is covered by the
renewables (OP1) the HTSPP does not operate.

If there is a surplus on the renewable power, not used by the grid, this power is
firstly used to recharge FW (OP2) and SLB (OP3), in case they need to be charged
(SoC below the limits). The rest is used to supply the electric heater in order to charge
the thermal energy storage system (OP4). Once being at this point, the HTSPP is
fully charged (OP5) and further excess power will not be possible to be managed.

FW charged?
SoC,, > 90%

Trspp > Tpgrid

PFchharge = PRE - pgrid

OP3

PSLB,charge =Pge - Pgrid

FW available?
SoCey, , T2

SLB charged?
SoCqs > 80%

OP7

Pew = Pgrig - Prspp - Pre

Pgrld > Prsop + Peyyman
+Pre

OP4

Preater = Pre - Pgria

TS charged?
SoCrs > 90%

SLB available?

OP5 | TSPP fully charged

(renewebles curtailment)

OP8

Pgig = Pgrid - Prspp-

grld > PTSPP * PSLB *
P + Pee

SLBmax

Psie = Psig_max

Pgg-P
TSPP available? SLB ~ IRE

S0C;s, T2

Prspp = Pgria - Pre - Prw - Psis |

Fig. 4 Flux process diagram for the hybrid energy storage power plant
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Considering that the grid requires power beyond the renewable energy supply, the
power is provided by the different subsystems of the HTSPP. In the case of rapid
oscillations, if the time constant of the power requirements (Tpgrig) is lower than
the time constant of the thermal power cycle (trspp), the FW is firstly in charge of
providing the faster response, considering that the TSPP will require a longer time to
supply the required power, Pew = Pgrig — Prspp — Pre (OP7). Once the FW reaches
the minimum SoC or maximum power limitation, the SLB contribute to the power,
Pgig = Pgrid — Prspp — Psi.g — Pre (OP8). The TSPP will contribute to the required
power whenever the response time and the rate value allow to provide it, Prspp =
Pgia — Pre — Prw — Psig (OP6).

Coordinated Operation of a Thermal Power Plant with SLB and Flywheels

The coordinated control of the Hybrid Energy Storage System is illustrated in Fig. 5
and described in the following paragraphs.

In case of stable power demand stable, with minor fluctuations, the flywheel
responds to handle short-term fluctuations. Meanwhile, the battery stays in standby
mode if its contribution is not needed, maintaining an optimal SoC and temperature
to preserve its lifespan. The thermal power plant operates at a steady output, ensuring
the base load power supply.

In case of sudden increase in the power demanded by the grid (Pgq) FW switch
on immediately to absorb the required power spike, delivering high power for some
seconds until it reaches its limited energy capacity. As the energy of the flywheels
decreases, the battery activates after a short period, with its power output depending
on the following factors:

e Batteries SoC: If the SoCgy g is high (> 80%), it can discharge at full power; if it
is low (< 20%), it limits power output to preserve battery health.

e Batteries Temperature, T?s; g: If the batteries temperature is high, power output
is restricted to prevent thermal degradation.

As shown in Fig. 6, the thermal power plant remains unaffected, as the duration
of the spike is too short to trigger its slow ramp-up process. A similar process occurs
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during a sudden decrease in the power required by the grid, but in this case, flywheels
and batteries charge until they reach their SoC limit. SLB handle more of the energy
from these fluctuations, while flywheels can provide faster power peaks, reducing the
load on SLB to absorb high power demands, which helps minimize their degradation.

On the other hand, when the grid demand increases the power supply for an
extended duration, lasting several minutes to hours, the flywheels discharge, but they
soon reach its minimum state of charge limit and is kept in a standby state until
operating conditions allow them to be recharged. Subsequently, batteries take over
to supply intermediate-term power, with their discharge rate adjusted according to
SOCSLB and TaSLB.

As demand persists, the thermal power plant slowly ramps up its output, delivering
stable, long-term power to ensure a sustained supply. A similar process occurs during
a sudden decrease in power, but in this case, flywheels and batteries charge until the
SoC is limited and the thermal power plant ramps down slowly.

In conclusion, the control system prioritizes the flywheel for fast short-term power
regulation, followed by the SLB for short and medium-term operation, and finally
the thermal storage for long-term, stable power supply.

6.1 How Does This Hybrid Technology Improves the KPIs?

Table 1 describes the different KPIs associated with the three energy storage technolo-
gies involved (thermal storage, SLB and flywheels), as well as the KPI improvement
from the combined installation and operation of the three technologies as a hybrid
thermal storage power plant (HTSPP).

The main advantages of integrating the three technologies are:

1. Temporal complementarity. Thermal plant provides energy supply for many
hours, batteries support loads for minutes to hours and flywheels provide power
response in the range of milliseconds for grid stabilization.

2. Costoptimization. Thermal storage and SLB have low long-term costs. Flywheels
reduce the cycling stress on the SLB, extending their life cycle.
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3. Resilience of the system. Hybrid storage provides flexibility and redundancy to
the power system.
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Abstract Hybrid energy storage systems have gained interest in recent years due
to their potential to outperform single energy storage systems in certain situations.
However, optimally designing and sizing HESS to effectively replace a single energy
storage technology remains a complex challenge. In this study, a HESS combin-ing
gravity energy storage (GES) with high-power electrochemical energy storage is
integrated into a hybrid energy system (PV/WIND) to balance supply and demand
in a renewable energy power system. This chapter investigates the design and opti-
mization of this HESS. To achieve the best possible integration between the hybrid
Gravity/Battery storage system and the WT/PV system, an energy management
system linked to an optimization process has been developed. Prediction models have
been used to forecast solar and wind generation. The obtained results have shown
that the energy cost is significantly affected by the reliability percentage of the plant.
When the reliability level is reduced to 20%, the optimal energy cost is 0.09 €/
kWh, compared to 0.22 €/kWh at 100%, reliability. Reliability and efficiency in the
utilization of renewable energy are enhanced by the integration of forecast models
into the study and the hybridization of energy storage, which enhance the renewable
power system’s optimal operation and design accuracy.
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1 Introduction

Significant efforts worldwide are being made to reverse global warming and elimi-
nate its causes, especially with fossil fuel reserves nearing depletion (Wright 2023).
Additionally, significant growth in population has led to increased energy demand.
For these reasons, world nations are searching for clean sustainable alternative to
avoid crises (IEA 2024). Renewable energy sources present an excellent solution to
these challenges. PV technology, for instance, has been the optimal energy source
in space stations and satellites (Photovoltaics for Space 2023). However, they are
characterized by intermittent production, unlike standard power generation methods
such as coal and oil IRENA 2019). In addition, renewable energy systems (RES)
have other limitations, such as low to medium efficiency and, in some cases, high
costs (IRNEA 2022a, b). The hybridization of renewable energy systems has been
considered a promising solution to the problem of intermittent energy production.
A photovoltaic (PV)/Wind hybrid system was studied back in 1981 to solve the
energy scarcity in remote areas (Castle et al. 1981). The study demonstrated that
combining PV/wind managed to significantly increase the efficiency of the system.
The hybridization of RESs has been the main focus of a number of studies, either
modeling and optimization or experimental setups (Sinha and Chandel 2014, 2015).
This configuration allows for high-efficiency and low-emissions, which make such
systems affordable and environmentally friendly (IRNEA 2022a, b). PV panels with
batteries as an example are an optimal energy system for off-grid applications in
farms, especially with the recent levelized costs of energy for renewable systems
(Achour et al. 2023; Solar PV Utility Scale Levelised Cost of Energy Index Based on
Average Annual Input Costs, 2018-2024—Charts—Data & Statistics—IEA, n.d.).

Energy production from renewables varies throughout the hour, highlighting
the need for effective energy storage systems (ESS) (Douglas 2016). A common
distinction between the different ESSs is to categorize them by the type of energy
stored, which can be divided into electrochemical, mechanical, chemical, thermal,
and electrical energy storage (Mitali et al. 2022). Promising mature technologies
such as electro-chemical storage or battery energy storage have been widely utilized
(Park et al. 2024). Nevertheless, batteries are accompanied by several challenges
regarding their energy density, accelerated degradation, and high prices (Guo et al.
2022). Another promising technology is pumped hydro storage (PHES), which has
been extensively researched. Despite its low energy storage costs and long lifespan
(50 years), it requires a significant initial cost and very specific geographical condi-
tions (Zakeri and Syri 2015; Mostafa et al. 2020). Gravity Energy Storage (GES)
operates similarly to PHS. It utilizes gravity to push down the piston to generate
electricity during discharge mode. When there is excess electricity, a motor lifts the
piston back up during charge mode (Berrada et al. 2017; Ameur et al. 2022, 2023).
Emrani et al. (2024) published a recent review regarding various energy storage
technologies, applications, costs, and developments.

Efficient energy management has been the focus of many researchers for its impor-
tant effect on the grid’s stability. The critical sizing of each system in a hybrid
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installation is essential to guarantee a smooth operation and efficient energy flow
(Ameur et al. 2021). Paudel et al. (2019) proposed a game-theoretic model for real-
time prosumer-based community microgrid (PCM) energy management. The model
was built on data input from renewable generation and load profiles. Lamnatou
et al. (2022) reviewed the recent advancements in smart grids. The main considera-
tions of this work were PVs, storage technologies, buildings, and the environmental
impact. Researchers have developed several models to enhance the various aspects
regarding energy management. For instance, tube model predictive control (TMPC)
has emerged as a promising solution to minimize the gap between predictive and
actual information. The TMPC method achieves this by decoupling the standard
Model Predictive Control (MPC) approach into two distinct parts: an offline robust
control subproblem and an online open-loop feedback control subproblem (Xie et al.
2024). A renewable energy system with hybrid energy storage was suggested in a
recent paper (Emrani et al. 2024). The system managed to meet 100% of the load
demand and achieved a low cost of energy (COE) of about 0.29 $/kg.

Gravity energy storage has demonstrated excellent potential. Nonetheless, it is
still a recent technology that requires further investigation. This chapter delves into
the aspects of dry gravity storage for industrial applications. While there is plenty
of research that was dedicated towards the development of this technology, only
a handful of papers paid attention to their hybridization with battery storage in an
off-grid application. This chapter is one of the few studies that integrate hybrid
GES/Battery system within a hybrid PV/Wind power plant. The study proposes the
optimal configuration of hybrid energy production/storage to cut down the costs
significantly. Advanced forecast algorithms have been deployed to predict energy
generation. This research area, to the authors’ knowledge, remains a clear gap in the
literature. The aim is to address this gap with the hope of incorporating an optimal
system and guaranteeing an accurate, stable energy balance for the off-grid industrial
application.

Following this introductory section, this chapter is structured as follows: The
modeling of the hybrid renewable energy system and the assumptions considered
in this study are presented in Sect. 2. Section 3 is dedicated to discussing the
obtained results. Finally, the conclusion with the key findings and future perspectives
is presented in Sect. 4.

2 Hybrid Energy System Model

2.1 System Description

This chapter investigates the potential of combining gravity storage with high-power
electrochemical energy storage for balancing supply and demand of renewable energy
power system. This hybrid system will manage the energy load of an industrial appli-
cation. Forecast models for power generation from each renewable energy source
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Fig. 1 Hybrid PV/Wind/GES/BAT system schematic

were developed in order achieve this objective and build an energy system that is
cost-effective.

A schematic of the proposed system is depicted in Fig. 1 where the different
sub-components along with energy flow are displayed.

This work explores the integration of wind (operates in AC) and PV (operates in
DC) to supply energy to an industrial load (operates in AC) while coupled to a hybrid
energy storage system. The aim of this study is to meet the full load demand in an
off-grid set up.

Energy generated from the PV system flows into the grid through a DC-AC
converter, whereas wind power feeds directly into the distribution station via the
AC grid After frequency adaptation and regulation (50 Hz for Morrocco’s case).
Shortages of the used RE source are expected because of its intermittent supply.
Thus, the hybrid GES/BAT storage system is incorporated into the energy system
to improve its reliability. This is achieved by storing excess energy and releasing it
when it’s needed (Fig. 2).

2.2 PV Prediction Model

Mitsubishi Electric (Model: PV-MLT260HC) PV panels are utilized in this study.
The rated power of these modules can reach 255 Wp under standard test conditions
(STC). PV panel prices have declined in recent years. Solar panels are found in
various applications, from household usage to large scale power plants. The detailed
characteristics of the considered modules are presented in Table 1. PV generated
power is determined by Eqgs. 1-2.
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T() = (Tair(t) + 0.0318 x Ge(t) x (1 +0.031 Ty (D) x (1 —0.042 x V))  (2)

With k being the coefficient of temperature, T(t) is the cell’s temperature, Ty (t) is
the ambient temperature, Tsrc is the reference temperature, and V is the wind speed.
The forecasted PV power generation is denoted by Ppy(t), the maximum output
power under standard test conditions (STC) is denoted by E,, and the actual solar
radiation is represented by Gg(t).

Table 1 WTs, PV modules, and battery characteristics

Parameter Value

WT PV Battery
Type 3 bladed horizontal axis | m-Si (78 mm x 156 mm) | Lead acid
Rated power 30 kW 255 Wp -
Hub height 18 m - -
Rotor diameter 13.8 m - -
Swept area 150.0 m? - -
Rotor speed, max 60.0 U/min - -
Open circuit voltage - 37.8V 584V
Short circuit current - 8.89 A -
Max power voltage - 312V 512V
Current at max power | — 8.18 A 400 A
Rated capacity - - 20 kWh
Efficiency - 16% 90%
Depth of discharge - - 80%
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PV generation is governed by several key factors, mainly temperature and irradi-
ation. Other parameters may interfere with the energy production process, such as
the shading on the modules’ surfaces, dust, maintenance, etc. Thus the forecasting
of energy production by PV is essential. It helps achieve a smooth off-grid opera-
tion and plans energy balance ahead of time. Dark Sky Application Programming
Interface (API) enables the prediction of diffuse, direct, and total irradiance. These
predictions are based on the percentage of cloud cover and geographic information
(latitude and longitude). The model retrieves a JSON file containing the temperature
and cloud cover percentage for a specific site each day. The data is used as input to
forecast solar radiation (Egs. 3-6).

(é)o'm

DNI = G s 0.73\ & )

Iy = (1 — cloud cover precent) x DNI “)
Dy =02x1I 4)
Gy =1y + Dy (6)

With G,, DNI [, D¢, and Gy being the solar constant (1366 W/m?), direct irradi-
ance, predicted direct irradiance, predicted diffuse irradiance, and predicted global
irradiance, respectively.

2.3 Prediction Model of Wind Energy

Wind energy has been harnessed for decades, and it is considered a mature tech-
nology. It is utilized across various scales and applications (Bird et al. 2016). The
primary factor for wind turbines’ performance is wind speed. This latter is catego-
rized into rated speed (Viye), cut-in speed (Vey—in), and average speed. The cut-in
speed varies depending on the technology and scale. Wind turbines only produce
electricity when the wind speed (v) exceeds the initial speed, or V(cyt.in). The wind
turbine (WT) produces a nominal power of P(wind_ratey = 30 kW once it achieves the
nominal speed (Viye)-

Equation 7 is used to determine the power generated by the WTs. While the
characteristics of the utilized WTs are detailed in Table 1.

0 V < Vcut—in
NwrXPwiml,mre><(V3_V3 i )
3 _.3 — Veutin <V < Vyate
P, = Viate ™Veur—in @)
Nwt X Pwind?rate Viate =V = Veur—out

0 Veut—out =V
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With N,,; denotes the number of WTs and Pying e refers to the produced rated
power by the WT.

3 Hybrid Gravity/Battery System Model

3.1 Gravity Energy Storage

Gravity energy storage has proven to be an interesting storage technology for
medium-to-large scale. Numerous studies have been conducted to evaluate this tech-
nology (Emrani et al. 2022a, b; Berrada and Loudiyi 2016). The GES system is
comprised of a motor/generator, a drum, a wire rope, and a heavy piston. For the
storage phase, excess electricity pulls up the heavy piston, guided within a shaft,
upwards by converting electrical energy into gravitational potential energy. In the
discharge phase, the reverse process occurs. The wire rope, wound around the drum,
serves as a flexible conduit to transfer the gravitational potential energy from the
descending piston to the drum, which is connected to the generator. This allows
for converting the stored gravitational potential energy back into electrical energy
through regenerative breaking. Consequently, for the GES configuration, power is
directly proportional to both weight and vertical velocity, while energy storage is
fundamentally related to the product of mass and vertical displacement (Loudiyi and
Berrada 2017). From a design perspective, the energy capacity of the GES system is
predetermined by the product of height and weight. Nonetheless, the power output
can be adjusted by varying the piston’s speed. In addition, like any other storage
system, losses may occur during both the charging and discharging phases. The
operational capacity of the GES system can be calculated by Eq. 8.

E=pxmxg*h(m) (8)

where E is energy capacity in joules (J), . is storage efficiency, m is the mass of the
pistons (Kg), h represents the lifting height (m), and g is the gravitational acceleration
(m/s?).

This equation can be rewritten by incorporating the piston density (p,), height
(h(m)) and diameter (d), as follows (Eq. 9):

E=pux* p,,Gndzh(m)) % g * h(m) )

As stated in Eq. 9, P, and P 4, are the stored and discharged power at any given
moment, respectively. These two parameters depend on the system efficiency, and
the piston velocity.
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_ mxgxV
Pon == (10)
Piscn = Naisch *m* g *V

3.2 Battery Energy Storage

Batteries are electrochemical means for electrical energy storage. They have been
used for decades and have undergone extensive research and development. Their
operating conditions change significantly across different technologies. The state
of charge and discharge (SOC/SOD) of batteries, expressed in Eqs. 11 and 12, are
typically used for assessing the performance of energy storage devices. During the
charging and discharging phases of the ESS (energy storage system), energy losses
can occur. Consequently, the self-discharge rate and efficiency of an ESS influence
its SOC. The SOC is determined by the amount of energy generated and stored
between two consecutive time points, i.e. t and t — 1, as well as the previous SOC
state. Depending on the load demand at any given time, the total power generation
may or may not be sufficient to supply the load. Typically, this is assessed on an
hourly time step.

Charge : SOC(t) = SOC(t — 1) % (1 — o)

P'(1) )
P8 - inv 11
+ ( () RG] * 4 (1)

Discharge : SOD(t) = SOD(t — 1)*(1 — o)

10

Equation 13 determines the maximum energy storage capacity of battery bank,
represented as Epa—charg,max- This equation takes into account the total number of
batteries (NBAT), capacity of individual battery (EBAT), and the battery capacity
during a given hour (i).

EBatt—ch arg,max — NBAT X EBAT - Ebattery(i) (13)

The maximum amount of electricity discharged may be expressed mathematically
as (Eq. 14)

EBatt—disch,max = Nbar X (Ebattery(i) - (1 - DOD) X EBAT) (14)

The different characteristics of the PV modules, Wind turbines, and battery are
shown in Table 1.
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4 Energy Management and Optimization Strategies

After developing simulation models for the different components of the hybrid power
plant, it is crucial to implement an energy management system that would control
the energy flow transferred between the various plant components. To address this
issue, this section first presents an optimization problem formulation that includes the
intended objective and constraint function. The decision variables are also discussed
in this section. Additionally, based on the previously developed models, the energy
flow management algorithm under consideration is provided, which will determine
energy flow behavior using real-world scenarios.

4.1 Objective Function

The hybrid PV/WT/GES/BAT system’s cost of energy (COE) is minimized in the
developed model as shown in Eq. 15. This objective function is achieved using a life-
cycle cost analysis (LCCA). In order to determine which configuration is the most
cost-effective, it assesses the techno-economic performance of each and determines
the total cost of the project.

r(14n)ki C C C C
2 it X (Ceap—i + Cosm—i + Crep—i + Cpisp—i)

COE = (15)
Eoutput

Ccap = Cappy + Capgps + Cappar + Capyr (16)

CO&M—i = O&Mi% X CCap—i (17)

where and L; is the system component i’s lifetime (e.g., PV, GES, batteries, wind
turbines), Equpu: is the total energy output and r is the discount rate or interest
rate. The operation and maintenance (O&M) cost of component i is represented by
Cosm—i- The capital cost of component is denoted Ccgp,—i. The cost to replace or
repair component 7, and its disposal cost are by represented by Crgp—;, and Cpisp—;,
respectively.

The hybrid power plant’s LCCA is calculated by taking into account the capital
costs of all of its components, which include the PV, wind, GES, and battery system
(See Table 2). Operating and maintenance costs are also factored in by the LCC
and are expressed as a percentage of the initial expenditure. The cost of disposal,
recycling, and replacement are all considered in the LCCA analysis (Berrada et al.
2021).

The objective function uses the discount rate to determine the whole life-cycle
cost of the system components, which includes capital expenditures, operating and
maintenance (O&M) costs, replacement costs, and disposal costs. The results are
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Table 2 Hybrid system components’ costs

PV (Diab et al. WT (Diab et al. GES (Berrada Battery (Berrada
2020) 2020; Yang et al. et al. 2021) and Loudiyi 2016;
2021) Emrani et al.
2022a, b)
Capital Cost Npy x 112 58563 x Nwr 0.5 X Eggs 0.13 x Egar (Wh)
(Wh)
O&M Cost (%) | 1 3 1 1
Replacement 0 1350 €/kWh 0 0.16 x Egar (Wh)
Cost

Table 3 Optimal capacity configuration of the hybrid energy system for different reliability levels

REL (%) | Number of PVs | Number of WTs | GES (kWh) | Battery (kWh) | COE €/kWh
100 79 15 29.51 98.1 0.226

90 61 12 25.1 80 0.181

70 50 10 20.5 66.5 0.152

50 43 9 16.3 454 0.135

20 29 6 10.9 272 0.09

then discounted to present value. The COE is then calculated by dividing this total
cost by the system’s total energy production.

Equations (16) and (17) offer additional details on how each component’s
particular cost was calculated.

Table 3 gives insights about the system costs. It’s important to note that when
estimating the life cycle cost of GES, disposal and recycling charges are typically
excluded due to the lack of well-established demonstration plants for the system
(Berrada et al. 2021).

4.2 Model Constraint

The proposed hybrid system’s primary objective is to provide a consistent energy
supply at a minimum cost. As a result, a preset percentage of dependability (REL)
limits the suggested target function. This is a crucial indicator of the hybrid system’s
effectiveness and capacity to handle the required load. REL may be calculated in
detail using Eq. 18. The predetermined REL requirement is considered an input
parameter in the optimization process. During the iterative optimization process, the
adaptive energy management system uses the solution—that is, the design variables
gained in each iteration—as input to calculate the surplus and deficit energy and
provide the relevant REL value for the current solution. To assess whether the solution
is acceptable or whether it has to be repeated for a more precise answer, the latter
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is compared to the predefined REL criterion. In an attempt to minimize the cost of
energy (COE), the simulation runs continuously until the dependability requirement
is satisfied.

i (Pioad (1) — (Ppy(t1) + Py (1)) + P (1) + Pasicn (1))

REL = 100 —
3% Proga (1)

(18)

4.3 Optimization Model

The current problem has to achieve two main goals which include optimizing the
hybrid energy system design as well as the hybrid energy storage size (GES, and
batteries). That is, the optimal capacities for effective storage must be achieved. This
optimization problem is constrained by the requirement that the system’s reliability
must be maximized. The Fmincon solver from MATLAB’s optimization toolbox
is used to solve this nonlinear optimization problem. This objective function must
comply with the constraints that ensure a maximized reliability level.

In order to fulfill the stated restrictions and optimize the dependability level, this
objective function must comply. This optimization problem is represented mathe-
matically in Eq. 19. Minimizing the COE (objective function) within the constraints
of the problem is the objective function.

min function(x)
X

constrainte(x) <0 (19)
constrainte q(x) = 0
L, <x=<Up

where constrainte(x) and constrainte,,(x) and function (x) are functions that return
a scalar, all determined using Eq. (15), and x is a vector of the design variables.

The interaction between the SEMS, the forecast model, and the optimization
algorithm is depicted in Fig. 3. Initially, the forecast models predict the power that
could be generated from the renewable energy sources. Then, the Fmincon solver
is utilized to determine the optimal values of the design variables using the interior
point method, with an aim to minimize the objective function while satisfying the
constraints. In each iteration, the EMS determine the reliability level (REL) and
evaluate the solution’s adequacy.

The use of Fmincon and the interior point method can be justified by a number of
considerations. Initially, Fmincon employs a state-of-the-art optimization method
known for its reliability. Because of its adaptability, it can effectively tackle
both minor and large optimization issues. The solver can provide helpful Hessian
information to increase the effectiveness of the optimization.
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4.4 Smart Energy Management System

The energy flowing into and out of the energy storage system is controlled by the
energy management system. The hybrid GES/BAT system, when used in an off-grid
hybrid energy system, is charged and discharged based on the power plant’s surplus
or deficit of energy. The flowchart shown in Fig. 3 illustrates the energy management
approach for the system.

The symbols SOCpar and SOCggs represent the battery system and GES’s respec-
tive states of charge. The energy generated from renewable sources is denoted by
E,e, which is the sum the Energy produced by the PV system and the wind turbine.
E,; stands for load demand. The energy used by the motor to raise the heavy piston is
denoted by Eggs ., and the energy used to charge the battery is Egar .. The energy
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produced during the discharge mode of both the energy storage system GES and
battery is Eggs_gisch and Epar_gisch, T€spectively.

Maintaining a power balancing constraint between energy supply and demand is
the goal of the proposed operational approach, which ensures that the load is supplied
on an hourly basis. The power generated by WTs and PV, along with the hourly
electricity released by GES and the battery system, should equal the network’s total
energy loss and load demand. This is achieved by accounting for both the varying load
demand and the intermittent nature of PV and WT systems. Based on the projected
meteorological data, the model estimates the power generation of the PV and WTs
on an hourly basis.

In case the generated power exceeds the demand, GES is charged with excess
power, and Eggs o is computed to guarantee that the piston position stays within
its upper bound. The excess energy is used to charge the battery, when GES is fully
charged. If the production renewable energy system is not able to meet the load
demand, power is discharged from GES (EGESJI,-SC;,), taking into account the GES’s
state of charge (SOC) If the required energy surpasses what the GES can provide,
additional energy is discharged from the battery, while considering its state of charge.

5 Results and Discussion

5.1 Power Generation Forecast for the Investigated Case
Study

Anindustrial facility in Laayoune, Morocco, has been used in this case study. Figure 4
depicts the load demand pattern that has to be met. Over the course of a week, it
shows the energy usage in hourly increments. There is a peak electrical usage of
around 15.8 kW. This happens between Thursday, which is considered an operating
day. Over the weekend, there is a notable decline in load demand, with high-power
usage of around 10 kW on Sunday and 8 kW on Saturday.

Laayoune, Southern Morocco, is classified as a BWh climate (dry winters and
very hot summers) by the Koppen-Geiger climate classification system (Beck et al.
2018). Based on this categorization, it appears to have optimal conditions for solar
energy integration. This location is also well known for having a high potential for
wind energy integration.

The forecast model uses the geographic coordinates of the investigated region in
order to predict the weather parameters for a seven-day period and, as a result, forecast
the power generated by renewable sources during that time. Figures 5 and 6 show
the findings obtained for wind speed, ambient temperature, and solar irradiation,
respectively.

The predicted solar irradiation is shown in Fig. 5, where it varies from 0 W/m2
in cloudy circumstances to 970 W/m? in clear skies. The obtained solar radiation
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indicates the region’s potential for solar energy generation. A crucial factor in fore-
casting PV power generation, in addition to solar radiation, is ambient temperature.
The model forecasts the ambient temperature, which ranges from 8.1 to 24.8 °C as
shown in Fig. 5. These temperature predictions are crucial for estimating PV power
production and evaluating the overall performance of the PV system, as tempera-
ture directly impacts the efficiency of converting solar energy into electrical power.
The temperature and irradiation profiles exhibit a distinct daily trend significantly
influencing the PV system’s output.

To forecast wind power generation, the model first predicts the wind speed which
shown in Fig. 6. The data, which ranges from 2.4 to 13.9 m/s, shows that there
will be wind over the week, which is optimal for wind turbine (WT) operation. An
average wind speed of approximately 6.25 m/s is obtained, indicating a potential
wind resource.

The outcomes of the weather prediction were crucial in estimating the potential for
producing renewable energy in the investigated region and, as a result, in directing the
optimal capacities of these energy systems when coupled with a hybrid energy storage
system (GES/Battery). Figure 7 shows the generation contribution of these systems
(PV and WT) which has been estimated based on the expected meteorological data.
Itillustrates a comparison of the daily expected generation over the course of a week
between one WT and one PV module. When compared to solar PV sources, WT
output shows good performance. This is mostly because of the site’s large potential
for wind speed.
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5.2 Design Optimalization of the Hybrid System

The optimization process was used to calculate each renewable energy source’s
optimal capacity after power generation predictions were determined. This allowed
the hybrid system to achieve the lowest possible overall cost while meeting load
demand requirements with a predetermined reliability level.

Figure 8 illustrates the process of optimizing the design variables to obtain the
optimum values and, hence, the lowest cost while meeting 100% of the load demand.
The quantity of PV modules and WTs, as well as the capacities of batteries and
GES systems, are the optimal design variables considered by the model. This latter
achieves the objective function’s best possible value after 110 iterations. For 100%
reliability, the lowest cost obtained is equal to 0.226 €/kWh.

The obtained optimal design variables are displayed in Table 3. Additionally,
Fig. 9 illustrates their variance with regard to the reliability criteria. Compared to
WTs, PV panels are found to be more common. This is explained by the fact that
the purchasing costs of this latter different from those of other components. As the
objective function (COE) is minimized, the optimization method favors the least cost
system. It is shown that lowering the reliability criterion results in a declining trend
of COE, as seen in Fig. 10. This illustrates how a minor modification to the reliability
objective can have a larger influence on cost results.

To meet the necessary energy demand, the model determines the daily power
generation of each renewable energy system. Figure 11 illustrates the expected power
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generation of WTs in the scenario when REL = 100%. It has a maximum power of
45 kW and follows the pattern of wind speed. WT production is in line with the
pattern of varying wind speed.

The expected photovoltaic production, as shown in Fig. 12, is subject to weekly
variations that closely correspond to variations in solar radiation. Its maximum output
energy is expected to reach 12.8 kW. Furthermore, there are other important factors
which impact the PV production besides solar irradiation. This includes temperature,
shade, routine maintenance, and cable connectivity.

Understanding the operation and reliability of an off-grid hybrid energy system
requires an understanding of the hourly dynamic simulation of the total ideal renew-
able generation together with the energy demand, as shown in Fig. 13. Based on
the obtained data, it is clear that RE sources alone cannot provide the entire energy
demand. This emphasizes the need for a hybrid GES/BAT storage system. As a
matter of fact, there is an extraordinary excess during the first two days, which is
followed by a shortage of renewable energy that cannot satisfy demand for the next
two days. The seventh day shows another surplus phase, while the other days show
the existence of an energy shortfall.

The intermittent nature of RE sources is offset by the hybrid energy storage
system (GES/BAT). Figure 14 the fluctuation of the total generated (PV/Wind)
plus discharged power (GES/BAT) versus the demand power. The optimal designed
system with a REL = 100% was able to fully meet the load demand.

The operation of GES system versus the renewable production of each source
while meeting the load demand is depicted in Fig. 15. This figure illustrates the
contribution of GES in balancing energy supply and demand. This latter has been
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also compared to the operation of the battery system. In some cases, the contribution
of the hybrid energy storage system is minimal or nonexistent in the highlighted zone
of Fig. 15. This is due to the high production of the renewable energy technologies
which were able to fully satisfy the demand.

The energy charged and discharged from the hybrid GES/Battery system and the
state of charge (SOC) of GES system over the investigation period are shown in detail
in Figs. 16 and 17. The simulation highlights the role of the hybrid GES/BAT storage
system and highlights how effective it is at maintaining a steady supply of energy,
especially during times of peak energy demand, by balancing variable renewable
energy sources.

During periods of oversupply, the hybrid GES/BAT storage system first stores
energy in the GES system until it is fully charged, then switches to the battery system.
This sequence is based on an analysis of the system’s operations, load demand,
and total renewable generation over the course of a week. GES discharges energy
to satisfy the load when the generation from renewable energy systems decreases.
The battery is then discharged if the GES is fully drained. This illustrates how the
hybrid GES/BAT storage system can shift load by storing excess energy produced
throughout the day and using it during peak hours.

Figure 17 shows that the hybrid GES/BAT system transitions to a fully charged
state at around the 17th hour, or the start of the second day. Without using the stored
energy, renewable energy production can already provide nearly all of the energy
needed. This demonstrates how effectively the combination of an optimally designed
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hybrid storage system can enhance the utilization of renewable resources. In addition
to having positive economic effects, such an optimal hybrid energy system coupled
with hybrid energy storage would reduce greenhouse gas emissions.

6 Conclusion

The chapter proposes a methodology to optimally size a hybrid renewable energy
system coupled with hybrid energy storage incorporating forecast models. The hybrid
energy storage is composed of a battery and a gravity energy storage system. This
study’s main objective was to develop a prediction model to determine the generation
of renewable electricity from PV and WT systems before implementing an intelligent
energy management system to efficiently balance the supply and demand for energy.
To determine each energy system’s optimal capacity design that will reduce energy
costs and satisfy reliability requirements, an optimization process utilizing Fmincon
has been implemented. In fact, reducing the total energy cost of the system allowed
for the determination of the most cost-effective hybrid combination.

The optimization yields the number of WTs and PV modules as well as the
capacity of GES and battery systems needed to fulfill various reliability levels while
maintaining the lowest possible value of the objective function. The optimal number
of wind turbines and photovoltaic modules needed to satisfy the energy demand has
been found through optimization. The daily energy generation from each source has
been computed using these optimal designs.

The percentage contributions of each source to the total energy production have
been determined by comparing the daily energy generated by wind turbines and PV
modules. The largest relative contributions of renewables to fulfilling the energy
demand in the optimum system design, in the case of REL = 100%, are 18% (day
3) for PV and 92% (day 1) for WTs, respectively. Because of the wind speed’s high
potential in the case study under investigation, wind energy has a higher contri-
bution than solar energy. For hybrid systems with reliabilities of 20% and 100%,
respectively, the resultant COE ranges from 0.09 to 0.22 €/kWh, depending on the
reliability level.

This study proposes an interesting techno-economic optimization of a hybrid GES/
BAT system coupled with PV/wind energy systems. The results of this study will
be helpful to ESS practitioners as they provide a route for the deployment of hybrid
GES/BAT systems. These systems can balance the supply and demand of energy in
hybrid RE systems by choosing innovative and appropriate hybrid storage solutions
while taking cost-effectiveness and reliability related objectives into account.

Future work on hybrid energy systems with hybrid energy storage is needed.
While hybrid energy production systems have been the subject of many research, the
hybridization of storage systems in a single application is still largely unexplored.
Additionally, the energy usage of commercial, industrial, and agricultural applica-
tions may be further improved by combining a number of various renewable energy
technologies. The use of artificial intelligence techniques for energy generation and
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demand predictions is another future perspective. Artificial intelligence can improve
failure prediction and optimize maintenance.

Nomenclature

C Cost ($)

Ceap Capital expenditures ($)

CoaM Operation and maintenance expenditures ($)
d Diameter (m)

D¢ Predicted diffused irradiance (W/m?2)
DNI Direct irradiance (W/m?)

DOD Depth of discharge (%)

E Energy (J)

Epaneryiy  Battery Capacity at a specific hour (kWh)
Epar Battery Capacity (kWh)

Gste Solar irradiance (W/m?)

g Gravitational acceleration (m/s?)

Gy Solar constant (W/m?)

Gy Actual solar irradiance

h Height (m)

Is Predicted direct irradiance (W/m?)

k Temperature coefficient

m Mass (kg)

Npy Number of PVs

Nwr Number of wind turbines

P Power (kWh)

r Discount rate (%)

SOC State of charge (%)

T Temperature (k)

\" Piston velocity (m/s)

v Wind speed (m/s)

Veut-in Starting speed (m/s)
Veut-out Stopping speed (m/s)
Viated Rated wind speed (m/s)

X Variable vector
Greek Symbols

c Discharge rate (%)
Npar Efficiency (%)

Nb—dich Discharge Efficiency (%)
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Nb—ch Discharge Efficiency (%)
p Density
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Power Grid and Renewable Transition

Preface

Growing renewable generation, several challenges must be overcome to enable
clean energy transition, due to the high fluctuating and intermittent character of
renewable sources, specifically of solar and wind energy, and the contextual loss in
grid inertia. This leads to frequent and unpredictable energy imbalances across the
grid infrastructure, requiring flexible solutions to be implemented. Among poten-
tial solutions, the integration of energy storage systems (ESSs) will have a relevant
impact. Several services are required to ESSs to guarantee safety and stability of
future power grids, e.g. power smoothing, load levelling and shedding, voltage and
frequency support, as well as the energy service. Such services usually require ESSs
to operate over multiple storage timeframes, posing challenges with reference to
technical features of available technologies. The hybridization of complementary
technologies allows to extend the operating ranges and the lifespan of the single
devices, as well as to optimize overall round-trip efficiency thanks to suitable real time
power management. Costs for operation and devices’ replacement are reduced for
Hybrid ESSs (HESSs), while installation costs generally increase requiring detailed
economic assessments. Frequency regulation is addressed in Chapter “Integration
of Run-of-River/Pumped Hydro with an Energy Storage System Based on Batteries
and Supercapacitors for Enabling Ancillary Services and Extending the Lifetime
of Generating Equipment” which presents a HESS constituted by pumped hydro-
electric system coupled with Li-ion batteries and supercapacitors. Efficiency and
lifespan of all components are improved while enhancing HESS contribution to
frequency regulation. Chapter “Power-Intensive Energy Storage Systems” introduces
basic principles and integration of power-intensive technologies, i.e. supercapaci-
tors and superconducting magnetic energy storage systems used for compensating
fast-dynamic phenomena, such as faults or voltage dips. Their hybridization with
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energy-intensive ESSs is also discussed, highlighting control possibilities and bene-
fits. Finally, Chapter “Hybrid Energy Storage Systems Coupled with Renewable
Power Plants for Power Smoothing Applications” deals with HESS coupling with
RES generation for power smoothing. Li-ion battery/flywheel HESSs coupled to
both wind and wave energy plants are investigated. HESS benefits and economic
feasibility are assessed.
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frequency regulation while minimizing mechanical stress on hydropower units.
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energy storage element protects the next: lithium-ion batteries handle medium-term
power fluctuations, reducing the need for constant hydro unit adjustments, while
supercapacitors absorb rapid transients, shielding both the batteries and the hydro
units from excessive cycling and mechanical fatigue. This setup improves the effi-
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pate in ancillary service markets. The chapter reviews state-of-the-art solutions and
presents a detailed analysis of technical requirements for hybrid hydropower-storage
systems. It also discusses results from simulations and laboratory tests that validate
the effectiveness of the proposed configuration. Findings indicate that integrating
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able energy sources, making hybrid hydropower systems a crucial component of
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1 Case Study Description and State-of-the-Art

Electric power systems have suffered severe changes over the last decades, mainly
related to the increasing integration of non-dispatchable renewable generation units,
large nondeferrable loads (e.g. fast charge of electric vehicle fleets), and other actors
such as energy storage systems. This paradigm, where imbalances between power
generation and consumption can happen all of a sudden and are hardly predictable,
forces the electric power system (namely the transmission system operator and distri-
bution system operator) to make use of the ancillary services at its disposal in order
to keep the power quality within the safe operation range. Among those ancillary
services, the ones related to the frequency control are typically provided by the power
generation units and energy storage systems.

Hydroelectric power plants have historically taken a strong share in relation
to frequency control ancillary services. In this sense, a hydroelectric power plant
is forced to adjust its generation power when providing primary and secondary
frequency control, causing wear and tear to the different mechanical parts (moving
components of the hydro-mechanical governors). In the new paradigm of electric
power system, the needs of providing frequency control are continuously growing
and, thus, the lifespan of hydroelectric power plants is being compromised.

Several solutions have been proposed in the literature for solving the issues asso-
ciated with the hydroelectric power plants’ frequency control. The most relevant
alternatives integrate energy storage systems with the hydroelectric power plant, with
the aim of extending the lifetime of the hydropower units, enlarging the plant’s active
power regulation capacity, enhancing the quality of the frequency control provided
by the plant, and increasing the revenue that the plant obtains from the energy and
ancillary services markets.

In 2007, the Pacific Northwest National Laboratory (PNNL) started a project for
the Bonneville Power Administration (BPA) aimed to address the issue of mitigating
additional variability and fast ramps that occur at higher penetration of variable
resources, including wind generation in the BPA and California independent system
operator (CAISO) control areas, through the energy exchange between the control
areas and through the use of energy storage and other generation resources. In Phase
1 of the abovementioned project, the PNNL developed a control algorithm for an
aggregate regulating unit (a hydropower unit and a flywheel) to track the area control
error (ACE) signal while minimizing the quadratic deviations of the flywheel State
of Charge (SOC) and the power generated by the hydropower unit, with respect
to a target SOC and the power generated by the hydropower unit at the best effi-
ciency point. The analyzed flywheel had a power rating of 7.5-12.5% of that of the
hydropower unit. The algorithm was tested by simulations and provided satisfactory
results, which are summarized as follows: the unit provided a robust and accurate
signal tracking; the flywheel contributed to operating the hydro unit near its best
efficiency; the hydro unit contributed to maintaining the flywheel’s SOC within a
specific range. In the second phase of the project, the PNNL tested the algorithm by
means of hardware-in-the-loop simulations. Findings are detailed in Makarov et al.
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(2008), Lu et al. (2010) and Jin et al. (2011). For this purpose, the research team of
the project used a Beacon Power’s flywheel (25 kWh, 100 kW). Some years later,
the control algorithm was revised and improved as presented in Jin et al. (2013). The
algorithm used a SOC band control to give the flywheel priority to follow the regula-
tion signal and thus further reduce the frequency of the hydro unit output adjustment.
As long as the flywheel SOC is within a specific band, the flywheel takes over the
responsibility to follow the ACE signal. The hydro unit provides frequency regula-
tion only when the flywheel SOC is outside the band. The original control algorithm
required the hydro unit to adjust its output every 4 s, whereas the improved version
required less than one adjustment per hour. A patent entitled “Controller for hybrid
energy storage” (US 8,754,547 B2), was developed based on this concept.

In 2014, the project’s team began working on the control and sizing of a flywheel
energy storage system for the frequency control of El Hierro system. A droop-based
control strategy, similar to the one implemented in the Rhode hybrid test facility
(Ortega and Milano 2016), as well as a nonlinear proportional control strategy which
modifies the input/output power set-point signal of the flywheels as a function of
the SOC, were tested by means of simulations. The frequency regulation effort was
distributed between the flywheels and the pumped-storage power plant thanks to the
use of different control dead bands. The results of the study were presented in Sarasia
et al. (2016) and point out that in El Hierro system a small flywheel energy storage
system with an installed power capacity of 3% of that of the pumped-storage power
plant contributes to notably reduce the amplitude of frequency deviations caused by
wind generation variability, and to integrate more wind power in the system at a
reasonable cost. The results also highlight the importance of the control strategy of
the flywheel energy storage system in order to maximize the effective integration of
wind generation.

Moghaddam and Chowdhury (2016) presented a method for the optimal sizing of
a hybrid power plant comprising pumped-storage and a sodium sulfur battery so as
to reduce the wind power imbalances in the BPA control area. The results presented
in the paper showed that the storage capacity required for the hybrid power plant
to compensate for the wind power forecast error is smaller than the one required
when only one of the storage systems is utilized. Gevorgian et al. (2017) worked on
the coordinated operation of a variable-speed run-of-river hydropower plant and a
supercapacitor energy storage system for the provision of frequency regulation. The
results presented in the paper demonstrated that the suggested coordination strategy
between the supercapacitor energy storage system and the hydropower plant can
help increase the quality of the system’s frequency. Laban (2019) developed two
control algorithms for the real-time energy management of a hybrid power plant
comprising hydropower and Li-ion batteries. The hybrid power plant is assumed to
provide frequency containment reserves for normal operation (FCR-N) in the reserve
market operated by Svenska Kraftnit. Laban (2019) concluded that the hybrid power
plant is able to provide the same amount of FCR-N as the hydropower plant, with a
much lower wear and tear of the hydropower units.
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Guezgouz et al. (2019) and Javed et al. (2020) presented two optimization algo-
rithms for the hourly power dispatch of a hybrid power plant comprising a pumped-
storage power plant and a Li-ion battery energy storage system (BESS). The hybrid
power plant is assumed to be connected to an isolated power system which is exclu-
sively fed by variable renewable generation. Both articles concluded that with a
proper power dispatch algorithm the hybrid power plant helps increase the reliability
of the electricity supply in the systems under study. Parastegari et al. (2015) devel-
oped an optimization model for the generation scheduling of a hybrid power plant
comprising a pumped-storage power plant and a BESS. The hybrid power plant is
assumed to operate in a coordinated fashion with a set of wind and solar PV power
plants. The results presented by Parastegari et al. (2015) demonstrate that with the
help of a proper scheduling model the hybrid power plant can contribute to increase
the profit of the wind and solar PV plants. Dawn et al. (2018) presented an opti-
mization model for the hourly power dispatch of a hybrid power plant comprising
a pumped-storage power plant and a generic converter-interfaced energy storage
system. The hybrid power plant is assumed to operate in a coordinated fashion with
a thermal power plant and a set of wind and solar PV plants. The results obtained
by Dawn et al. (2018) showed that with a proper power dispatch model, the hybrid
power plant contributes to increasing the profit of the thermal and renewable power
plants. Pérez-Diaz et al. (2020) discussed the benefits of the integration of flywheels
in pumped-storage power plants for the enhancement of the quality of the system’s
frequency in a scenario of high renewable penetration. Roman et al. (2019) suggested
the possibility of coordinating the operation of a hydropower plant and the batteries
of a fleet of electric vehicles to modulate the fluctuation of the flow released by the
hydropower plant. Thus, the environmental impact of hydropeaking on the river reach
downstream of the hydropower plant is mitigated. Anindito et al. (2019) compared the
use of batteries and re-regulation reservoirs for the mitigation of the environmental
impact of hydropeaking. Anindito et al. (2019) concluded that batteries can help
mitigate the environmental impact of hydropeaking as effectively as a re-regulation
reservoir, though their feasibility strongly depends on the prices of the energy and
ancillary services markets.

Bucher and Schreider (2017) discussed the benefits of the coordinated operation of
apumped-storage power plant and a BESS for the provision of frequency containment
reserves (FCR) in the market currently implemented in Central Europe. Bucher et al.
(2018) describe the Li-ion BESS (12.5 MW/13 MWh) that the company ENGIE
integrated in 2017 in the Pfreimd pumped storage system. The batteries operate
in a coordinated fashion with several ternary pumped-storage units. The latter are
used to charge/discharge the batteries when the SOC is lower/higher than 25%/
75% so as to meet the requirements for participation in the FCR market. FORTUM
company integrated a Li-ion BESS (5 MW/6.2 MWh) in the Forshuvud run-of-
river hydropower plant in 2019. The batteries provide FCR-N in the reserve market
operated by Fingrid. FORTUM uses the hydropower units as backup reserve when
the BESS cannot provide FCR-N as required by Fingrid because of having reached
the maximum or minimum SOC.
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Eiper et al. (2019) described the advantages of ANDRITZ company Hydro’s
HyBaTec product (ANDRITZ 2024). It consists in the integration of a Li-ion BESS
in a hydropower plant and its control system to extend the lifetime of the hydro units
and maximize the plant’s revenue. Eiper et al. (2019) illustrate some advantages
of the HyBaTec product by simulating the coordinated operation of a run-of-river
hydropower plant and a Li-ion BESS for the provision of FCR. The results of the
simulations show that the coordinated operation allows reducing the wear and tear
of the hydro units. ANDRITZ Hydro is involved in the XFLEX HYDRO H2020
project (https://xflexhydro.net/) in which the coordinated operation of a run-of-river
hydropower plant and a Li-ion BESS is being demonstrated in an operational environ-
ment. The French Alternative Energies and Atomic Energy Commission (CEA) inte-
grated in 2021 a 600 kW Li-ion BESS in EDF’s Vogelgrun run-of-river hydropower
plant which is equipped with 4 35.5 MW low head Kaplan turbines. ANDRITZ
Hydro has developed the control system of the hybrid power plant and a digital twin
of the plant for the real-time assessment of the Kaplan units’ wear and tear.

Verbund company integrated in 2020 a Li-ion BESS (8 MW/14 MWh) in the
Wallsee run-of-river hydropower plant, which is equipped with 6 Kaplan turbines,
of 35 MW each.

As discussed above, the solutions explored in the literature integrate a
BESS (Battery Energy Storage System), supercapacitors (SC), or flywheels with
hydropower units to address the issues mentioned earlier. Among these energy
storage technologies, BESS stands out as the most effective one in extending the
lifespan of a hydroelectric power plant and enhances its regulation capacity across
a wider range of events and situations, due to its higher energy density. However, it
is well known that BESS units experience aging, which is influenced by cycling and
environmental conditions. As a result, the lifespan of a combined hydropower and
BESS plant is not only constrained by the wear and tear of the hydro unit, but also
by the aging of the BESS, which can accelerate significantly in scenarios with high
penetration of non-dispatchable renewable energy sources.

Therefore, it is crucial to analyze the combined integration of BESS and
fast response energy storage systems (FRESS) with a hydropower plant operating in
cascade. In this configuration, the BESS and FRESS protect the hydropower system
from rapid power fluctuations, while the FRESS also shields the BESS from excessive
aging due to frequent cycling.

2 Technology Neutral System Requirements

From a technology-neutral perspective, this case study explores the hybridization of
a large-scale energy generation system, such as a hydroelectric plant (with a focus
on run-of-river and pumped-storage types), with additional elements to reduce the
fatigue (wear and tear) of its mechanical components when providing ancillary regu-
lation services. Simultaneously, the integration of new energy storage systems should
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extend and enhance the regulation capacity of the original technology, potentially
opening access to new markets for ancillary services.

Hydroelectric plants are capable of generating substantial amounts of power and
energy, and they play a critical role in grid services such as frequency regulation,
reactive power provision, and black start capability. However, reducing the mechan-
ical fatigue associated with these services requires smoothing the hydro’s response
to power set-point changes. To achieve this, another system component must be
introduced to provide or absorb the power that the hydro plant cannot manage at the
point of common coupling (PCC). This additional element should be an energy
storage system (ESS) with sufficient energy and power capacity to smooth the
hydro’s set-point curve over a desired time window, which could extend over several
hours depending on the regulation service. Additionally, the ESS must have a faster
response time than the hydro plant, as it needs to act more quickly than the hydro’s
mechanical components to protect them.

When integrating different technologies into a hybrid plant, the overall perfor-
mance is constrained by the weakest component. Therefore, to reduce fatigue and
extend the lifespan of the hydroelectric plant, the durability of the hybrid system
will be limited by the lifespan of the ESS. Energy storage technologies capable of
supporting hydro plants in providing ancillary services tend to have shorter lifespans.
Devices with low aging rates typically have very low energy densities, while those
with sufficient energy density are subject to significant aging. To address this, the
case study examines the feasibility of hybridizing with not just one, but two different
ESS types, each with complementary characteristics. In this way, the high energy
density ESS can be protected by a low-aging ESS, which will also safeguard the
other systems in the hybrid plant.

From a technical standpoint, the key requirements of a hybrid system comprising
a hydro plant, a high energy density ESS, and a fast-responding ESS (FRESS) for
reducing hydro fatigue while expanding its regulation capacity are time response
and aging. From a general point of view, the technical requirements for both hybrid
pumped hydro plant, and hybrid run-on-river plant are summarized in the next section
(aging not included since it is highly dependent on the application and regulation
Services).

3 Hybrid Energy Storage Capabilities

To date, the most feasible hybrid power plant configuration combining hydro,
a high-energy density ESS, and a FRESS consists of a hydro plant, Li-ion
batteries, and supercapacitors. Analysing the components individually, their technical
characteristics are summarized in the following tables (Tables 1 and 2):

Comparing the performance of the different elements, it is evident that both
batteries and supercapacitors (see Tables 5 and 6, respectively) surpass the hydro units
in terms of efficiency and response time (see Tables 3 and 4)—two critical factors
for enhancing the hydro plant’s regulation capacity and reducing mechanical stress.
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Table 1 Hybrid pumped
hydro plant requirements

Table 2 Hybrid run-on-river
plant requirements

Table 3 Pumped hydro

79

Power capacity 50-500 MW
Storage capacity > 8 h full load
Efficiency > 80%
Reaction time (50-100%) <10s
Reaction time (0-100%) < 1 min
Power capacity 10-100 MW
Storage capacity > 1 h full load
Efficiency > 80%
Reaction time (50-100%) <10s
Reaction time (0-100%) < 1 min
Power capacity 50-500 MW
Storage capacity > 8 h full load
Efficiency 70-75%
Reaction time (50-100%) ~15s
Reaction time (0-100%) <2 min

Additionally, the long lifespan of supercapacitors makes them ideal for protecting
both the hydro and the batteries during ramp-up events, preventing excessive aging

and mechanical strain.

From the comparison of the technical requirements in Tables 1 and 2, it is clear
that the inclusion of both batteries and supercapacitors alongside the hydro plant is
sufficient to achieve the desired technical objectives.

Table 4 Run-on-river hydro

Table 5 Li-ion batteries

Power capacity 10-100 MW
Storage capacity -

Efficiency > 80%
Reaction time (50-100%) ~15s
Reaction time (0-100%) <2 min
Power density > 3000 W/kg
Energy density > 280 Wh/kg
Efficiency >95%

Reaction time <ls

Lifetime > 5000 cycles
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Table 6 Supercapacitors Power density > 20 kWike
Energy density > 8 Wh/kg
Efficiency > 98%
Reaction time <ls
Lifetime > 1 M cycles

4 Techno-economic and Sustainability Analysis

With the help of suitable control algorithms for the real-time energy management
and optimization algorithms for the generation scheduling and redispatch, the coor-
dinated operation of a hydropower plant (with or without pumping capability), Li-ion
batteries and supercapacitors, can be beneficial from different perspectives.

For a reservoir hydropower plant, the proposed coordinated operation can
contribute to the following: extend the lifetime of the hydropower units; enlarge
the plant’s active power regulation capacity; enhance the quality of the frequency
control provided by the plant; increase the revenue the plant obtains from the energy
and ancillary services markets; reduce the environmental impact in the river reach
downstream of the plant.

For a run-of-river hydropower plant, the proposed coordinated operation can
contribute to: extend the lifetime of the hydropower units; allow the plant to provide
frequency control ancillary services and participate in the corresponding markets (or
enlarge the plant’s active power regulation capacity and enhance the quality of the
frequency control provided by the plant); increase the revenue the plant obtains from
the energy and ancillary services markets.

For a closed- or open-loop pumped storage power plant, the benefits are similar
to those described for a reservoir hydropower plant. In addition, the proposed coor-
dinated operation can contribute to increase the plant’s energy storage capacity. In
all these cases (reservoir, run-of-river and pumped-storage hydropower plant), the
proposed coordinated operation can eventually contribute to improve the quality of
the system’s frequency.

Furthermore, the proposed hybrid power plant can contribute to mitigate the
adverse effects of wind and solar generation variability and unpredictability by the
coordination with wind and/or solar PV farms. These adverse effects are the imbal-
ance costs and the impact on the system’s frequency. To date, this impact has not
been a concern in most large, interconnected power systems, but the situation might
well change on the way to reach the declared renewable share generation targets.
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5 Implementation

Implementing a hybrid power plant to perform the regulation tasks outlined in this
case study requires a high-level control (HLC) system, which sets the working refer-
ences for the various elements, specifically the hydro units, batteries, and superca-
pacitors. While hybrid power plant controls can cover a wide range of architectures,
a feasible approach is proposed in this section. The high-level control scheme is
illustrated below in Fig. 1.

According to the scheme depicted in Fig. 1, the HLC provides a power reference
for the entire hybrid plant, based on the regulation service that needs to be delivered.
This reference passes through a low-pass filter, establishing the power reference for
the hydro. This filtering helps to reduce the wear and tear on the hydro’s mechanical
components, as it follows a smoother and less abrupt reference.

The state of charge (SoC) of both the batteries and supercapacitors is regulated by
the hydro units. If either the batteries or supercapacitors reach high or low SoC levels,
the hydro units respond by charging or discharging them, ensuring that both systems
maintain a SoC that allows the hybrid power plant to remain flexible in responding
to different scenarios. SoC control, represented at the top of the scheme, prevents
situations where the batteries or supercapacitors would receive charging commands
when near 100% SoC, or discharging commands when near 0% SoC. Such scenarios
would place an excessive burden on the hydro units, as the hybrid power plant would
then operate based solely on the hydro system. To avoid this, the SoC control adjusts
the filtered reference power for the hydro units based on the SoC of the batteries and
supercapacitors. The final output of the SoC control is the adjusted reference power,
which is sent to the hydro units to ensure optimal operation.

The reference power for the lithium-ion batteries is determined by subtracting the
filtered reference power from the unfiltered reference provided by the HLC. In this
way, the batteries handle the high-frequency component of the unfiltered reference,
helping to reduce mechanical stress on the hydro. This reference power is applied
to the batteries, and under ideal conditions, the unfiltered reference power would be
split between the hydro and battery systems.

SoCpgur| SoCqc

SoC control

Fig. 1 High-level control scheme for the proposed hybrid power plant
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In the proposed HLC, the supercapacitors manage any deviations between the
unfiltered reference power and the actual power output of the hydro and battery
systems. Therefore, the reference power for the supercapacitors is calculated by
subtracting the real power output of the hydro and battery systems from the unfiltered
power.

This HLC structure is relatively simple, with the three components of the hybrid
power plant operating in a cascade arrangement. It allows for both the reduction of
mechanical stress on the hydro plant and the delivery of the desired regulation, with
the power reference coming from a higher-level control scheme. Additionally, the
supercapacitors protect the batteries from excessive and aggressive cycling, thereby
reducing the aging process associated with the batteries.

Proper tuning of the HLC parameters is essential to meet the desired objectives.
The selection of parameters for the low-pass filter and SoC control depends on the
specific application, the regulation tasks performed by the hybrid plant, and the sizing
and characteristics of the actual devices within the plant.

For illustrative purposes, the following paragraphs describe the behaviour of
the proposed control system when the hybrid power plant provides primary and
secondary frequency regulation services. This example corresponds to a Hardware-
In-the-Loop (HIL) system, where the hydro component is emulated on the HIL
platform, while the batteries and supercapacitors are real devices. The HLC control
is implemented in the laboratory testing facility of the Unidad de Accionamientos
Eléctricos at CIEMAT (C/Julidn Camarillo 30, 28,037 Madrid, Spain).

The laboratory testing facility includes the following components: a lithium-ion
battery energy storage system (Li-BESS), a supercapacitor (SC) storage system, a
DC/DC converter connected to the SCs, an inverter linking the facility to the main
grid, the HIL platform, and a control platform. The general layout is shown in Fig. 2.

As shown in the layout, the installation connects to the grid on the left via a
transformer, an inductive link, and a bidirectional inverter. The Li-BESS is directly
connected to the DC bus, with a nominal voltage of 736 V and an energy capacity of
70kWh. The SC system is connected to the DC bus through a bidirectional DC/DC
converter, with an energy capacity of 768 Wh and a usable voltage range between 691
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Fig. 2 Laboratory testing facility scheme
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and 345 V (half of the maximum voltage, equivalent to 75% of the stored energy).
Additionally, there is a controllable load emulator with a 50 kW resistor.

The laboratory setup is controlled by a dSPACE MicroAutoBox III platform
(dSPACE 2024), which sets the power references for the load emulator, the power
stored or delivered by the SCs (through the DC/DC converter), and the power
exchanged with the grid via the inverter. The power managed by the Li-BESS is indi-
rectly controlled as the difference between the inverter’s power and the combined
power of the SCs and the load emulator. The DC bus voltage is regulated by the
Li-BESS since it is directly connected to the bus. Finally, the hydropower plant is
emulated on an OPAL-RT 4510 HIL platform (OPAL-RT 2018), which communi-
cates with the dSpace system. The emulated hydroelectric plant consists of two units,
each with a rated power of 10.24 MWe, a nominal flow rate of 10 m?3/s, and a nominal
head of 113 m.

As previously mentioned, the hybrid power plant has been tested for its ability to
provide primary and secondary frequency regulation. The HLC is designed to reduce
the wear and tear on the hydro system when performing correction actions. A selec-
tion of historical time-series data from real measurements of the UK power system
was used to evaluate the difference in hydro valve (wicket gate movement) opera-
tion when the hydro operates alone versus when it operates alongside batteries and
supercapacitors.

The behaviour of the hybrid solution, combined with the proposed control system,
is illustrated through two examples: a non-aggressive frequency event (see upper
graph of Fig. 3) and an aggressive frequency event (upper graph of Fig. 4). In both
cases, the power reference for the plant, which dictates the correction action required,
is processed by the HLC.

Figure 3 presents the results for the non-aggressive event. The upper portion of the
figure shows a frequency time-series with an over-frequency event ranging between
50.06 Hz and 50.13 Hz. This results in a power reference for the hydro, prompting
the plant to take corrective action for frequency regulation. The lower part of Fig. 3
compares the behavior of the hydro valve in two scenarios: one where the hydro
handles the entire correction by itself (blue curve), and another where the hydro
operates as part of the hybrid system with batteries and supercapacitors (red curve).

As shown in the figure, when the hydro operates without the hybrid system,
the valve’s movement is somewhat abrupt and exhibits high-frequency fluctuations,
which contribute to mechanical stress. In contrast, when the hybrid system is imple-
mented, the valve’s operation is much smoother, reducing stress and allowing the
hydro to provide correction while being protected from excessive wear.

The results for the aggressive event are shown in Fig. 4. The upper part of the figure
displays an extreme over-frequency event ranging between 49.9 Hz and 50.3 Hz,
which triggers a significant correction action for the hydro. The lower part of the
figure compares the hydro valve’s behavior in the same scenarios as before.

In this case, it is evident that operating with the hybrid power plant significantly
reduces the steepness of the valve’s movement, thereby lessening the mechanical
stress on the system. Additionally, the overall valve operation is smoother. As in the
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Fig. 3 Non-aggressive event. Frequency time-series and hydro valve evolution

non-aggressive event, the hydro’s operation is much more stable when part of the
hybrid system compared to when it operates alone.
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Abstract The current energy system requires fast and long-term energy storage
delivery. While energy-intensive energy storage systems, like batteries or hydrogen,
can provide energy in the long term (e.g., hours or days), their fast dynamic power
delivery is either constrained or strongly affects their lifespan. Power-intensive
energy storage systems are specific technologies developed for allowing short-term
high-power energy delivery. This specific characteristic is particularly useful for
compensating fast-dynamic phenomena, such as faults or voltage dips, or opti-
mizing energy-intensive technologies’ efficiency and lifespan. This chapter describes
the basic principle, operation, and network integration of the two most common
power-intensive energy storage systems: the supercapacitor energy storage system
(SCES) and the superconducting magnetic energy storage system (SMES). Their
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1 Introduction to Power-Intensive Energy Storage Systems

Energy storage devices offer fast, flexible, and controllable bidirectional energy
transfer, making them ideal for precise power exchanges with the grid to meet various
regulation needs (Mao et al. 2020). In particular, power-intensive ESSs are essen-
tial components in modern energy infrastructure, especially as we transition towards
more renewable energy sources like solar and wind. These systems are designed to
manage high power demands over short durations, critical in stabilizing the grid,
enhancing efficiency, and supporting the integration of variable renewable energy
(Farhadi and Mohammed 2016).

Battery energy storage systems (BESSs) currently dominate the energy storage
landscape due to their high energy density, scalability, flexibility, and efficiency
(Barelli et al. 2022; Pelosi et al. 2023). Batteries are advancing rapidly, making
their production both cheaper and more environmentally friendly. They are capable
of delivering the required power during fast transients (such as during low-inertia
frequency disturbances). However, as electrochemical devices, they are vulnerable
to degradation, particularly from power surges and deep depths of discharges (DoDs)
(Pelosi et al. 2024). As a result, frequent replacements, or, in alternative large
oversizing, would be necessary when using BESSs to handle the high-power spikes.

To avoid the need for overly large BESSs in such scenarios, hybridization with
short-term energy storage systems like flywheel, Supercapacitor Energy Storage
(SCES), and Superconducting Magnetic Energy Storage (SMES), which feature
high power-to-capacity ratios, is recommended. These devices can manage high-
power spikes, reducing stress on the energy-intensive storage device (Jia et al. 2023;
Mongird et al. 2020). Due to their fast response times and high efficiency, high-power
energy storage systems are suitable for frequency regulation, voltage control, and
oscillation damping in the power grid (Gyuk et al. 2013; Kirby and Hirst 1997). Addi-
tionally, combining complementary energy storage technologies in hybrid systems
can mitigate the limitations of individual devices, greatly expanding their operational
capabilities across various conditions and timeframes (Barelli et al. 2019). Hybrid
storage systems combining power- and energy-intensive energy storage, allows to
integrate the capability of providing energy for a relatively long period of time (e.g.,
hours for batteries, days for hydrogen), while extending as much as possible the
energy-intensive resource lifetime, by letting the power-intensive resources address
the fast- or repetitive transients.

This chapter provides an overview of two well-known power-intensive energy
storage systems, such as SCES and SMES, focusing on their basic principles, grid
integration, and existing applications and projects.
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2 Energy and Power Comparison Among Energy Storage
Systems

To better understand the potential of power-intensive energy storage systems, it
is important to highlight their difference with energy-intensive systems. Figure 1
presents the specific power (per unit of mass), specific energy (per unit of energy),
and Discharge Time (DT) ranges of various energy storage technologies, providing
a clear description of their categorization based on performance metrics (Carne et al.
2024).

Technologies like SCES and SMES exhibit high specific power capabilities which
reflects their capacity to deliver rapid bursts of energy over short durations from
seconds up to a minute. Power density of SCES ranges from 500 to 7000 W/kg
(Chatzivasileiadi 2012; Morandi et al. 2008). As for SMES, the power per unit
mass ranges between 500 and 2000 W/kg, provided that the magnet (and the power
electronics) are designed for withstanding fast charge/discharge operation. However,
both technologies are constrained by relatively low specific energy values, with SCES
ranging between 2.5 and 15 Wh/kg and SMES between 0.5 and 5 Wh/kg (with only
the active mass of the magnet considered) (Cicéron et al. 2017; Mukherjee and Rao
2019; Zakeri and Syri 2015).

In contrast, batteries like lithium-ion are located in a more balanced area, offering
a more moderate specific power and higher specific energy, making them versatile
for applications and services involving longer (tens of minutes or hours) delivery of
moderate (and slowly fluctuating) power (Hu et al. 2017; Milano and Manjavacas
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Fig. 1 Comparison between specific energy and specific power and discharge time
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2019). Fuel cell storage systems, with their high specific energy but low specific
power (5-500 W/Kg and 150-1500 Wh/Kg), are ideal for scenarios requiring large
energy reserves for delivery or absorption over long periods (hours or days) (Farivar
et al. 2022). The diagram of Fig. 1 highlights the trade-offs between power and
energy capabilities, guiding the selection of appropriate storage technologies based
on specific application needs.

3 Electric and Magnetic Energy Storage: Basic Principles

Supercapacitors and superconducting magnetic energy storage systems follow two
different principles for storing energy. While the first ones store the energy in the
form of an electric field, the latter store the energy in a magnetic field, similar to
common inductors but with no joule dissipation. For capacitors, the stored electric
energy W, (¢) at the generic time instant ¢ is expressed by the relation:

1 2
We@®) = 5 G0 (D

where C is the capacitance and v¢ the voltage across the capacitor. For SMES, like
inductors, the stored electric energy W, (¢) at the generic time instant ¢ is expressed
by the equation:

.. 5
Wi () = ELZL(t) @)

where L is the inductance and i; the current through the superconducting inductor.
In order to achieve an amount of stored energy that is of interest for practical appli-
cations the capacitor must be characterized by a large capacitance and the inductor
by a large inductance, and, moreover, they should be able to withstand large voltage
and current, respectively. Furthermore, they should be able to operate with no or very
reduced losses. Common capacitors based on conventional technologies only reach
limited values of capacitance and can only store limited energy. Similarly, conven-
tional inductors, also have limited inductance and are also characterized by Joule
losses due to winding resistance. Recent technological advancements in the field of
electrochemistry and superconductivity have provided capacitors and inductors that
are suitable for energy storage. Due to their superior performance with respect to their
conventional counterpart, this new generation of electrical components are referred
to as “supercapacitors” and “superinductors” (or more commonly superconducting
inductors or SMES), respectively.

By assuming a time interval from ¢, to ¢ during which the storage device exchanges
a power P(t) with the grid, the stored energy W(?) is:
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1

W(t) = /P(r)dr 3)

0

where W(#() is the energy stored at the initial instant #y. Based on energy conservation,
by neglecting any power loss (both intrinsic in the storage device and in power
converters), the capacitor voltage can be expressed as:

t

ve(t) = | ve(to)* — %/P(T)df 4)

fo

and the inductor current as

t

i(t) = |ir(to)* — %/P(T)df ®)

fo

In Fig. 2 an example of the capacitor voltage or inductor current profiles during
a discharging and subsequent charging phase is shown. At the initial time instant
to the storage device was charged, being assumed v¢ # 0 and i;, # 0, then the two
variables follow the trend described by (4) and (5) according to the power profile
P ().

An important difference between electric and magnetic storage, and their respec-
tive power conditioning circuitry, is the stand-by operation. In fact, in order to main-
tain constant stored energy (and, hence, constant charge and voltage) of a capacitor,
open circuit operation with zero current must be applied (ic = 0). In contrast, to
maintain constant stored energy (and, hence, constant magnetic flux and current) in
an inductor, short circuit operation with zero voltage should be applied (v, = 0).

From a practical point of view, it is simple to create nearly ideal open circuit
condition through power electronic circuitry in the OFF state, while the short circuit

T ve(to)

. Capacitor voltage v.(t
lL(tO) , P g c(t)

Inductor current i (t)

Delivered/absorbed power p(t)

| »

0 to ¢

Fig. 2 Capacitor voltage or inductor current profile (blue curve) during a discharging and
subsequent charging phase
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is more problematic since dissipation is unavoidable in power electronic components
in ON state transporting a current. As a practical consequence, electric storage is
suitable for applications in which long standby phases are involved, while magnetic
storage is not.

Figure 3 shows a possible charge—discharge cycle for a capacitor or and inductor
energy storage device. The considered cycle consists of a power delivery (positive
power according to generator convention) and a power absorption (negative power)
phase with the same total energy, interleaved by stand-by phases. The figure high-
lights that part of the energy of the device is lost in the stand-by phases due to both
possible intrinsic phenomena in the storage devices and due to additional losses in the
system. In order to assess an overall energy balance of practical electric or magnetic
energy storage systems, all sources of power consumption must be considered. These
include intrinsic dissipation in the storage device, dissipation in the power converters,
dissipation during stand-by and possible auxiliary power that is required to maintain
proper operating conditions.

The latter is particularly important in magnetic energy storage through supercon-
ducting inductors whereby cooling power must be constantly provided to keep the
material at the proper cryogenic temperature required for superconductivity. Simi-
larly, temperature control must also be provided for supercapacitors (and batteries)
through ventilation and heat exchangers to prevent excessive temperature. However,
in the former case the energy required is much higher due to the need to reach and
maintain very low temperature, in the order of 77 K (— 196.15 °C) at most.

During cycling operation, in which the energy W, is delivered to the grid and the
energy W ., that takes all the loss mechanisms into account, is supplied to the device
during the charging phase, the round-trip efficiency of the storage can be defined as:

Wi Waer
= = W
Wabé‘ ﬁ + PauxAt + mendbyAtsmndhy

(6)

where 1; and n, are the intrinsic and the converters’ efficiency respectively, P,
is the required auxiliary power (e.g., for cooling purposes) and Pyquapy the power
consumed during the stand-by phase with duration Az4apy-
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3.1 Grid Integration by Means of Power Electronics

In order to exchange energy with the power grid, capacitor and inductors must be
interfaced through a proper power conditioning circuit able to control their voltage
or current, as it is schematized in Fig. 4.

As explained above, despite being both power-intensive energy storage systems,
supercapacitors and SMES work with two different principles. From the electrical
point of view, supercapacitors can be assumed as voltage sources (Sect. 5.4.1 provides
adetailed modeling of it). To regulate the energy flow between the SCES and the grid,
a DC-DC converter is combined with a DC/AC front-end converter. The DC-DC
converter performs two tasks: (i) transforms the DC voltage from the variable one
of the SCES (dependent on their state of charge) to the constant one of the front-end
converter DC links; (ii) regulates the current at the SCES side /.y, and thus its
power exchange. The DC link is then connected to a DC—AC front-end converter,
that regulates the power flow between the AC and DC side, in order to keep the DC
voltage V. at the nominal value. As a result, a controlled power flow is established
between the SCES and the grid.

On the other side, a SMES can be assumed as a constant current source. While the
front-end converter performs the same tasks as the SCES one, the DC-DC converter
regulates instead the SMES voltage V., in order to extract a certain amount of
energy from the SMES. In this case a controlled power flow is established between
the SMES and the grid as a result.
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connection architecture of A °| I== = |
a an electric storage device, e ' — ! — |
i.e., a Supercapacitor Energy : : - : S
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In the following, the SCES and SMES technologies are described in more detail,
focusing on the specific modeling, services, and applications in power systems.

4 Supercapacitor Energy Storage Systems

4.1 SCES Modelling

This section introduces the most used modelling approaches for SCES (De Carne
et al. 2022). The supercapacitor models consist of 4 main contributions (Fig. 5): (i)
the main RC branch and (ii) its series RC elements, (iii) the parallel RC branches,
and (iv) the leakage resistor branch.

Main RC Branch

The RC branch represents the basic behavior of the supercapacitors and describes
the storing of electrostatic energy. It consists of a resistive element R in series with
a capacitor C(V) that accounts for the non-linear behavior of the capacitance, that is
linearly dependent on the voltage:

Cv)y=Cy+k-v @)

Ry Ry,
[] Ricak
) [ C(v) T

Chy

®

(b)

v
Rleuk Cls = [] Rleak‘

(d)

Fig. 5 Supercapacitor models proposed in literature (De Carne et al. 2022): a RC, b single parallel
(1P) branch, ¢ single parallel and single series (1P 4 1S) branches, d double parallel and double
series (2P + 2S) branches model
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where C is the supercapacitor main capacitance, and k describes the capacitance
dependency on the voltage C(v). This model accounts for the static behavior of the
supercapacitor, without taking into account the dynamics and internal losses, that
require additional modeling details.

Series RC Elements

To consider the fast voltage dynamics across the supercapacitors (e.g., caused by
fast power changes), additional RC elements must be included in series to the main
branch. These additional RC elements can be modeled as linear, and they target
high frequency dynamics (e.g., 1 Hz and above). Despite several elements can be
connected in series to represent a large dynamic spectrum, only a few RC elements
(usually two) are considered in the main branch. These elements represent mostly
the lower part of the high-frequency spectrum (e.g., up to 1 kHz).

Parallel RC Branches

To accurately represent the ion diffusion dynamics through the electrode power,
that usually are slower dynamics in the range of seconds, additional parallel RC
branches can be added. Similar to the series branches, in common practice up to
two parallel branches are considered in supercapacitor models to represent the ion
diffusion dynamics.

Leakage Resistor Branch

The supercapacitor cell tends to self-discharge during stand-by operations, although
this phenomenon may require days or weeks. To take into account this property, a
leakage resistor is usually added in the supercapacitor models.

4.2 SCES: Advantages and Disadvantages

This section describes the advantages and disadvantages in employing SCESs as
energy storage solution.

e Advantages

SCESs offer several advantages over traditional energy storage systems, making
them highly suited for applications requiring rapid power delivery and frequent
charge—discharge cycles (Krpan et al. 2021). One of the most notable benefits is
their high power density, which allows them to deliver bursts of energy much faster
than batteries (Luo et al. 2015). This is especially advantageous in applications
such as regenerative braking in electric vehicles or grid stabilization, where quick
energy transfer is critical. Additionally, SCES have a long operational life due to their
ability to withstand millions of charge—discharge cycles without significant degra-
dation (Carne et al. 2024). This makes them highly reliable for applications where
longevity and maintenance-free operation are crucial. Another advantage is their
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ability to operate efficiently across various temperatures, unlike batteries that may
suffer from performance losses or may face severe safety issues in extreme condi-
tions. Furthermore, SCES are eco-friendly as they are typically made from materials
that are less hazardous than the chemicals used in traditional batteries (Saikia et al.
2020).

e Disadvantages

Despite their strength points, SCES also have several limitations that can restrict
their usage in specific applications. A significant disadvantage is their relatively low
energy density compared to batteries, meaning they cannot store as much energy
in the same volume or weight (Song et al. 2014). This limits their effectiveness
in applications that require long-duration energy storage, such as powering elec-
tric vehicles over extended distances (Lemian and Bode 2022). Additionally, SCES
experience higher self-discharge rates than batteries, meaning they lose stored energy
faster when unused. This makes them less ideal for applications requiring long-term
energy retention. SCESs are also more expensive per unit of energy stored, which can
increase the overall cost of energy storage solutions when used in systems requiring
large amounts of stored energy (Zakeri and Syri 2015). Lastly, while they excel at
providing high power output, they typically need to be paired with other storage
systems, such as batteries, in hybrid configurations to efficiently handle both power
and energy demands (Sutikno et al. 2022).

4.3 Application in Power System

e Grid Stabilization:

In modern power systems, the integration of renewable energy sources (RES), such
as wind and solar, plays a crucial role in reducing reliance on fossil fuels and lowering
carbon emissions (Dwyer and Teske 2018). However, these renewable sources are
typically connected to the grid through power electronic converters, which isolate
the energy source from the load, leading to a significant reduction in grid inertia
(Nguyen et al. 2018). Grid inertia is essential for maintaining stability during power
imbalances, as it helps to absorb disturbances and prevents cascading failures. When
grid inertia is low, the system becomes vulnerable to undesirable effects such as load
shedding (Sarojini and Kaliannan 2021). In this context, fast-acting energy storage
systems like SCES can play a pivotal role. By injecting power immediately after
a disturbance or the loss of a generation unit, SCES effectively emulate inertia,
providing additional support to the grid. This inertia emulation can be achieved by
generating power proportionally to the grid’s frequency, ensuring stability. Numerous
studies have highlighted the effectiveness of SCES in addressing the challenges posed
by low inertia in modern power grids (Kim et al. 2019).
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In addition to grid stabilization through inertia emulation, SCES are also valuable
for frequency regulation, which is a critical function in balancing electricity supply
and demand (Hatziargyriou et al. 2020; Wang et al. 2024). Frequency disturbances
can destabilize power grids, especially those with a high share of renewable energy.
SCES can absorb or deliver power almost instantaneously, making them ideal for
providing short-term ancillary services within the power system (Barton and Infield
2004). Several research works propose using SCES to provide dynamic frequency
support in isolated power systems, where they can effectively counteract sudden
frequency deviations caused by fluctuations in generation or load (Delille et al. 2012;
Tan et al. 2017).

Moreover, voltage regulation is another key area in which SCES finds applications.
In power grids with significant penetration of renewable energy, voltage fluctuations
can occur due to the intermittent and variable nature of generation from wind and solar
sources (Ramirez and Murillo-Perez 2006). With their fast response times, power
converters of SCES can be designed and controlled to rapidly inject or absorb reactive
power to stabilize voltage levels during such fluctuations (Bensmaine et al. 2015). At
the same time, the ability to charge and discharge faster than conventional batteries
allow SCES to manage peak loads effectively, thereby adding active power control
capability and contributing to grid stability. One notable industrial application is the
partnership between TransnetBW and Hitachi Energy in Germany, where SCES are
central to the implementation of STATCOM-GFM (Static Synchronous Compensator
with Grid-Forming capabilities) systems. These systems provide enhanced voltage
regulation by managing reactive power and offering short-term active power support,
showcasing the role of SCES in modern grid management (TransnetBW 2024).

Thus, SCES contribute significantly to grid stability through multiple mechanisms
grid inertia support, frequency regulation, and voltage stabilization making them
indispensable in power systems with a growing share of renewable energy.

e Electric Mobility:

SCES are increasingly being integrated into transportation systems due to their
unique ability to provide rapid bursts of energy combined with low weight and long
cycle life. In electric vehicles (EVs), SCESs complement traditional battery systems
by enabling regenerative braking, which captures energy during braking and stores
it for later use (Wang et al. 2020). This process enhances energy efficiency, allowing
quicker acceleration and smoother deceleration. Additionally, supercapacitors can
supply high power during peak demand situations, such as when vehicles require
immediate acceleration, thus improving overall performance (Horn et al. 2019). In
public transport systems, like electric buses and trams, supercapacitors store energy
for short trips between charging stations, allowing for quick recharges at stops and
minimizing downtime (Mir et al. 2009; Zhang et al. 2017). Their lightweight design
and ability to operate in various temperature ranges make them ideal for use in rail
systems, where they can recover energy during braking and use it for acceleration.
Several industrial applications illustrate the effectiveness of SCES in mobility. For
instance, Nidec Conversion is developing an all-electric, zero-emission passengers
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ferry that utilizes fast-charging supercapacitors to enhance performance and sustain-
ability (Nidec Conversion 2024). Sunwin, a state-owned company, is implementing
supercapacitors in China and the UAE in their buses to improve energy efficiency
and operational capabilities (Shanghai Sunwin Bus Corporation 2024; Enterprises
2024). In Italy, Chariot Motors, in partnership with local company E-CO, is deploying
buses in Rome and Turin capable of recovering over 35% of energy during braking
(Bus 2024; s.1.12024). Furthermore, Skeleton and Siemens are collaborating on train
systems that utilize supercapacitors to maximize energy recovery and operational
efficiency (Mobility 2024; Technologies 2024).

5 Superconducting Magnetic Energy Storage Systems

Superconducting Magnetic Energy Storage (SMES) systems store energy in the
magnetic field generated by a DC current flowing in a resistanceless superconducting
coil connected to the grid through suitable power conditioning apparatuses. Concep-
tual SMES systems were first proposed by Ferrier in 1969 to store diurnal energy
in France (Boicea 2014), while the first SMES was realized at the University of
Wisconsin in 1971(Adetokun et al. 2022). The first commercial operating device
was introduced in 1981 in the 500 kV Pacific Intertie corridor, connecting California
to the Northwest region of the United States (Torre and Eckroad 2001). A SMES
unit with 10 MW 1 s rating are used since 2008 to prevent power interruptions in a
semiconducting manufacturing plant in Japan (Nagaya et al. 2012).

To maximize the current circulating in the in the SMES coil, so to maximize
the stored energy, and to prevent joule losses during current circulation that would
jeopardize the efficiency of the system, superconducting materials are used for the
windings (Morandi et al. 2016; Schoenung et al. 1991). Energy exchange with the grid
is then managed by power converters, controlled by algorithms designed to modulate
the coil current according to (5) to ensure that the charging and, more importantly,
the discharging of the coil occur when needed and with the promptness required.
This makes SMES able to store energy with minimal losses (overall efficiency up to
95% or more) and release it almost instantaneously, resulting in a highly efficient and
responsive system that can mitigate voltage deeps and brief interruptions, thereby
ensuring continuity of service (Schoenung et al. 1991; Vulusala and Madichetty
2018).

5.1 Superconducting Magnet System

A practical SMES system consists of a lossless (or extremely low loss) supercon-
ducting magnet and a power conditioning system, required for connecting the coil
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to the (usually three phase) power grid. The cooling system, required for main-
taining the temperature of the coil below the critical value so to ensure that it oper-
ates in the superconducting state, is an integral and essential part of the system.
SMES systems based on low-temperature superconductors are an established power-
intensive storage technology (Filippidis et al. 2021; Boenig and Hauer 1985; Morandi
et al. 2008; Ottonello et al. 2006). In these systems the superconducting coil, made
of industrially mature NbTi wires routinely used in MRI applications, operates at
4.2 K (— 268.5 °C) and is cooled by immersion in a liquid helium bath, obtained by
closed cycle cooling machines. Despite complete and qualified systems have been
developed, LTS-SMES technology has failed to find broad market penetration due to
the high cost (capital and operational) related to liquid helium. Besides the high cost,
liquid helium also implies complicated management, supply (also facing shortage
concerns), maintenance and safety (overpressure and explosion risk in the case of
quench), which make its use not trivial for grid or industry systems. Improvement of
SMES prototypes based on first-generation HTS materials (Bi2223/Ag conductor)
and cryogen-free cooling (not using liquid helium) at 20 K have been also proven
(Hawley and Gower 2005). However, the high cost of practical 1G-HTS conductors
(requiring a high silver content) does not offer prospects for commercial development
of this SMES technology.

A drastic improvement in SMES technology, creating a breakthrough increase of
both the technical and economic attractiveness, can be obtained today using modern
(second generation) HTS materials ReBCO coated conductors. These materials offer
much improved transport capacity and magnetic field withstand ability and, more-
over, are able to operate at much increased temperature, in the range of 20-50 K and
beyond for SMES applications. These characteristics open the way to more compact
magnet designs, requiring a much simplified and cost-effective cooling system. The
magnesium diboride (MgB2), a superconductor with intermediate electro-thermal
performance compared to LTS and HT'S and able to operate in the temperature range
of 10-20 K, can also be considered as an alternative for SMES applications due
to its excellent industrial maturity and low cost (Morandi et al. 2018). HTS-SMES
prototypes based on 2G HTS tapes have already been developed and validated in the
lab (Cicéron et al. 2018a, b; Hawley and Gower 2005; Ren et al. 2015).

5.2 SMES: Advantages and Disadvantages

e In general, SMES can have significant advantages in terms of power density and
response speed, but they also have limitations in energy density and cost, which
affect their adoption in various sectors. More specifically, the advantages of SMES
technologies are:

e High efficiency: SMES systems can achieve round-trip efficiencies greater than
98%.

e Fast transient dynamics: SMES systems offer very small response times, making
them suitable for grid stabilization and power quality applications.
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e High power density: SMES can reach very high-power output capability, meaning
that it can deliver large amounts of power in short periods.

e Unlimited charge—discharge cycles: SMES systems have no intrinsic degradation
over time with cycling (unlike batteries and supercapacitors), offering a long
service life.

e Zero carbon emissions: during operations SMES does not contribute with
greenhouse emissions and does not involve hazardous materials.

SMES disadvantages can be instead summarized as:

e Cryogenic cooling: SMES systems involve superconductors whose require
extremely low temperatures (typically using liquid helium or nitrogen), leading
to high operational complexity and costs, including maintenance.

e High initial cost: the superconducting materials, cooling infrastructure, and
supporting systems make SMES installations considerably expensive.

e [ow energy density: SMES has excellent power density, but it has relatively low
energy density, making it unsuitable for long-duration energy storage.

Overall, SMES systems are the best solution for high-power, short-time energy
storage. While they offer exceptional efficiency and fast response times, their high
costs and cooling requirements still remain significant challenges limiting their large-
scale diffusion (Luongo 1996).

5.2.1 SMES Modeling

As seen in the previous sections, SCESs consist of many supercapacitor cells or
small modules arranged in series or parallel in order to reach the required voltage,
current, and power rating. Modeling of individual supercapacitor cells is crucial to
accurately reproduce the overall behavior of system. Concerning SMES, although
intense modeling efforts are required in the design phase of the coil, the interaction
of the SMES with the converters and the grid can be well reproduced, at least for
the typical time-scale of power exchange cycles, by representing the coil as a simple
inductor. This is due to the fact that the superconducting windings are embedded in
one unique cryostat with two current leads connecting it to the external environment
atroom temperature. Overall, the SMESs form a two-terminals component which can
be modeled as an ideal inductor. Indeed, further phenomena that occur into the coils
during operations (i.e., AC losses) do not significantly affect the terminals behavior
of the SMES in normal conditions. Of course, these phenomena, which would require
complex modeling, are duly considered in the design phase of the SMES system. It is
to be pointed out that the ideal inductor model only holds in normal operating condi-
tions, during which all the thermal and electromagnetic parameters are within the
design range. If special operating conditions need to be investigated more complex
models need to be introduced. For example, quench phenomena involving over-
heating would require distributed non-linear resistive network, whereas investigation
of fast voltage transients would require distributed L-C circuits.
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6 Hybrid Energy Storage Systems

Hybrid energy storage systems (HESS) represent an advanced approach to energy
management. They integrate multiple energy storage technologies to harness their
complementary attributes. Typically, HESS combines high power-density devices,
such as SMES and SCES, with high energy—density devices, such as batteries (Liu
et al. 2024; Zhu et al. 2012). With their rapid charge/discharge capabilities, high-
power devices can manage short-term fluctuations and peak power demands, while
high-energy devices are suited for long-duration energy storage and stable power
delivery over extended periods (Etxeberria et al. 2010). The potential of HESS lies
in its ability to provide both immediate power response and sustained energy delivery.
For example, supercapacitors can handle high-power transients that last seconds to
minutes, such as during grid frequency stabilization or rapid acceleration in electric
vehicles (Jia et al. 2023; Sun et al. 2017). Meanwhile, batteries or other high-energy
storage technologies deliver the required energy over a longer duration, ensuring
consistent power supply even under variable load demands (Rouholamini et al.
2022). This synergy leads to increased system efficiency, reduced stress on indi-
vidual storage components, and an extended lifecycle for the energy storage system
as a whole (Li et al. 2021). Among implementations of HESS, in wind applications,
battery/supercapacitor HESS has been introduced to improve efficiency and reduce
costs by extending battery life (Sarrias-Menaet al. 2014). A SMES/battery HESS was
considered to stabilize fluctuating loads in railway substations (Ise et al. 2005; Zhou
et al. 2010) demonstrated that combining short- and long-term ESS improves renew-
able energy penetration in power systems. Additionally, (Gee et al. 2013) described
how SCES can extend battery life in off-grid wind systems, with similar methods
successfully predicting battery lifetime in other studies (Guan et al. 2014; Li et al.
2015).

6.1 Power Electronics Integration

HESS are usually composed of two energy storage systems with different voltage,
current and power ratings, and that may behave differently as voltage or current
sources. Power electronics converters allows storage systems to be integrated in
the same system and to control optimally the energy flow. This section provides a
brief overview of the possible power electronics connection of hybrid energy storage
systems, considering 4 potential connection architectures as in Fig. 6.

AC Coupling

This coupling connects two HESS separated devices in the AC side. It means, that the
power- and energy-dense devices can be of different vendors, and eventually work
at different voltage rates (e.g., connected with a transformer), and they are coupled
only from an energy management point of view. Despite it requires several power
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Fig. 6 HESS power electronics integration considering different energy storage technologies,
including BESS, SCES and other power-intensive storage systems, such as Flywheel (FESS).
Different architectures are considered: a AC coupling between BESS and FESS, b DC coupling
between BESS and SCES, ¢ multi-port coupling between BESS and FESS, d multi-level coupling
with BESS, FESS, SCES

conversion stages, this coupling approach is widely spread in industrial application,
due to its design flexibility (e.g., it can be easily scaled up).

DC Coupling

The DC coupling exploits the DC nature of many energy storage systems (e.g.,
batteries, supercapacitors, SMES, FESS) to reduce the number of dedicated conver-
sion stages (Lo Franco et al. 2021). The HESS are interfaced in a common DC
link, by means of DC/DC converters (isolated and not), that regulate the power
exchange in each storage system. A common DC/AC converter interfaces the DC
link to the AC system. The main advantage of using DC coupling lies in the effi-
ciency and in the material saving: there are fewer conversion stages, leading to lower
losses and a reduced need for semiconductor and passive components. This translates
automatically in potentially lower bill of materials, and thus costs.

Multi-port DC Coupling

An innovative concept pursued recently is to enable the DC coupling by means of the
magnetic stage of dual active bridge (DAB) DC/DC converters (Kheraluwala et al.
1992). This approach, employing usually Multiple-Active-Bridge (MAB) converters,
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transfers energy in AC form in medium- or high-frequency transformers (up to
hundreds of kHz), and reconvert it in DC at multiple terminals. The main advan-
tage in using this approach lies in the compactness of the solution. With respect to
direct DC coupling, fewer conversion stages are required to connect several different
HESS technologies. This aspect is particularly important for on-board systems, where
safety is guaranteed by the galvanic insulation (Pereira et al. 2021), and a reduced
weight and space enables smaller footprints.

Multi-level Coupling

Multi-level converters offer the possibility to connect directly to high voltage grids
by means of low voltage components. Topologies, such as Cascaded H-Bridge and
Modular Multi-level Converter, are composed of a series-connection of low voltage
cells, that include usually capacitive elements. Recently, several works (Hillers et al.
2015; Jiang et al. 2021), envisioned the idea to connect the energy storage elements
directly at cell level, decreasing the need for further DC/DC stages. This idea, pursued
for HESS in several works, has its own challenges, particularly in the control and
protection (i.e., no power flow control in case of fault).

6.2 Services and Applications

As mentioned above, HESS can manage optimally the energy delivery in the
short- and long-term, allowing to extend their capability in offering services. In
the following, several examples are provided, where HESS can play an important
role in the energy management. A review of existing projects on the development of
SCES and SMES is presented in the next section, followed by the discussion of a
selected application case.

e Renewable Energy Integration:

Renewable energy generation, unlike conventional fossil fuel plants, is influenced by
weather conditions and time of day, leading to times when power output either falls
short of or exceeds demand (Deguenon et al. 2023). Grid operators must continuously
manage these fluctuations in to prevent frequency imbalances, voltage instabilities,
and power outages (Khalid 2024). HESSs are crucial in mitigating these issues by
storing surplus energy during peak production and supplying it when production is
low (Adeyinka et al. 2024; Kebede et al. 2022).

e Electric Vehicles (EVs):

Due to uncertainties surrounding future energy resources and environmental,
economic, and political challenges, energy efficiency policies and clean energy adop-
tion have gained significant focus. In the private transport sector, options such as fuel
cell (FC) vehicles, hybrid electric vehicles (HEVs), plug-in HEVs (PHEVs), and
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battery electric vehicles (EVs) are being proposed to replace or enhance internal
combustion engines (ICEs), with all these alternatives incorporating electric propul-
sion systems to reduce dependence on ICEs. The power output of the primary sources
in these vehicles, typically batteries or fuel cells, are limited by their charge/discharge
cycles and may struggle to meet high power demands during short periods, such as
acceleration. FESS, ultra-capacitors, and SMES are commonly recommended for
power-based energy storage in EV applications (Bazzi et al. 2018; Rezaei et al.
2022).

e Electric Trains:

In comparison to other modes of transportation, electrified rail offers benefits such as
high capacity, punctuality, and environmental sustainability. However, the growing
global focus on enhancing railway use and energy efficiency has led to rising plan-
ning, investment, and construction costs of the powering infrastructure. Recently,
there has been increasing interest in optimizing the use of ESSs to recover more
regenerative energy and boost traction efficiency (Gonzalez-Gil et al. 2013; Ise et al.
2005). Among different ESSs, batteries are still a common choice for absorbing
regenerative energy in certain electrified sections. Still, they have significant limi-
tations, including reduced energy efficiency and a limited cycle life (Vazquez et al.
2010). Given the current state of ESSs, no single type can fully meet the demands of
modern electrified railway systems, such as long cycle life, cost-effectiveness, and
balanced power and energy densities. As a result, HESSs offer a superior solution
(Babu et al. 2020).

e Marine Transportation:

Traditional ships typically rely on diesel-powered internal combustion engines for
propulsion. Still, these engines emit pollutants that harm the environment and human
health. With growing environmental regulations, electric ships have gained promi-
nence in the future of shipbuilding and maritime operations. Strategies such as opti-
mized vessel routing, increased electrification supported by ESSs, renewable energy
integration, and alternative fuels have been identified as effective ways to significantly
reduce emissions from electric ships. Currently, most electric ships use lithium-iron
phosphate batteries for energy storage (Banaei et al. 2020). However, power fluc-
tuations during voyages can result in high current impacts that accelerate battery
aging. Furthermore, the reliance on a single energy source can compromise the ship’s
power grid reliability. However, the potential of HESS to reduce operating costs is
a reassuring factor. By combining different energy storage technologies, HESS can
leverage their complementary strengths to create more efficient systems. SCES, with
their fast charging, long cycle life, and high-power density, are ideal for handling
high current charging and discharging. Effective energy management strategies can
further extend battery life and lower operating costs, making the economic viability
of all-electric ships a promising prospect (He et al. 2021).
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7 Existing Projects with Power-Intensive HESS

As the energy landscape continues to evolve, numerous projects are exploring the
potential of power-intensive HESS to meet the growing demand for robust and effi-
cient energy solutions (Babu et al. 2020). These projects, from early planning stages
to ongoing developments, address critical challenges such as grid stability, renewable
energy integration, and peak load management. This section provides an overview
of some key projects either underway or in the planning phase, offering insights
into their objectives and anticipated outcomes to harness the potential of HESS in
power-intensive applications.

e Duke Energy HESS at Rankin Substation in Gaston County, N.C. (2016):
Featuring a 100-kW/300-kWh battery and ultracapacitors. This system integrates
Aquion Energy’s Aqueous Hybrid Ion batteries with Maxwell Technologies’ high-
speed ultracapacitors for rapid energy response. The HESS aims to enhance solar
power management by smoothing fluctuations, extending operational life, and
enabling load shifting (Duke Energy 2016).

e Skeleton Technologies’ SuperBattery HESS (2023): Energy storage solution
combining the benefits of supercapacitors and batteries. This hybrid technology
leverages supercapacitors’ high-power density and rapid charge/discharge capa-
bilities with the high energy density and long-term storage capabilities of batteries.
The SuperBattery is designed for applications requiring high-power energy
storage, such as automotive and renewable energy in industrial sectors. Key
features include excellent cycle life, fast charging and discharging, and robust
performance in varying temperatures (Skeleton Technologies n.d.).

e Beyonder and ABB Lithium-ion Capacitors (LiC) HESS (2024): Beyonder
and ABB partnering to enhance product development, production, and market
strategies for the large-scale production of Beyonder’s LiC, utilizing key compo-
nents from both companies. They aim to discover more cost-effective and sustain-
able methods for delivering energy storage solutions to the power grid while
supporting emissions-free solutions at airports, ports, heavy transport, and fast
charging stations (Beyonder 2024).

e V-ACCESS—Vessel Advanced Clustered and Coordinated Energy Storage
Systems: The EU funded V-ACCESS project aims to integrate, in addition to
battery, a 100 kW SCES system and 100 kW SMES system to match vessel’s
operative conditions. The project, involving 14 EU companies and research insti-
tutions with SKELETON and ASG companies as SCES and SMES technology
providers respectively, investigates how these short-term energy storage technolo-
gies can operate together with batteries and how it can be ensured that they can
effectively mitigate battery degradation. Suitable control of the power flows and
DC integration strategies, as well as safety assessment and systems’ marinization,
are fully developed in the project to reach the objectives.
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8 Case Study: Power Management in Hybrid Energy
Storage Systems

This section offers a case study for hybrid energy storage systems, where a dynamic
energy storage system, i.e.,a SCES or SMES studied in this chapter, is associated with
a battery energy storage system. The complementary power and energy characteris-
tics of SCES or SMES and lithium-ion batteries enable advanced grid services with
enhanced power response, energy capacity, and cycling capability while extending
the system’s lifetime. SCES or SMES can handle continuous, high-power, short-
duration demands efficiently, protecting the battery from excessive stress while the
battery provides the energy density required for sustained, longer-duration energy
supply. Careful monitoring and management of State of Charge (SoC) and ramp rate
are important because they directly affect system performance and longevity. High
ramp rates can cause stress on the components, while extreme SoC levels (either too
low or too high) can reduce efficiency or risk depletion, respectively. Simplifying the
SoC and ramp rate categories to critical thresholds ensures effective real-time deci-
sions without unnecessary computational complexity. Therefore, effective real-time
power management and carefully considering storage components’ SoC and ramp
rates are essential to optimize performance.

As a reference case for investigating the cooperation between SCES/SMES and
batteries, we consider the work Maroufi et al. (2025) which explores a novel Moving
Average (MA) and Fuzzy Logic-based power management approach for a hybrid
energy storage system designed to provide grid services. In Maroufi et al. (2025),
a flywheel system is considered a power-intensive storage system. The developed
methodology is extended to supercapacitors and SMES here. This method optimally
distributes power between the two technologies by addressing key limitations: the
supercapacitor’s and SMES SoC and the battery’s ramp rate. By employing Moving
Averages for dynamic energy demand adjustments and Fuzzy Logic controllers for
precise power redistribution, the system minimizes imbalances in SoC and ramp
rates.

As shown in Fig. 7 the controller integrates fuzzy logic and moving average tech-
niques to optimize power set-points, dynamically adjusting to the rate of change in
the battery’s power output and the SoC of the flywheel (can be SCES or SMES).
Fuzzy logic is particularly suited for this application due to its flexibility and intuitive
handling of nonlinear variables, enabling the determination of the moving average
window length based on real-time conditions. This adaptability ensures that the
system can respond effectively to rapid fluctuations in power demand while main-
taining SoC and ramp rate levels within optimal ranges. Furthermore, by carefully
managing the trade-off between prioritizing power response and SoC control, the
HESS remains available for additional grid services. Unlike conventional methods,
this integrated approach directly manages the HESS’s output power, ensuring optimal
overall performance under dynamic grid conditions.

In order to obtain the HESS power profile, real-world data from southern Germany,
spanning three months and summarized into a representative day profile through an
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Fig. 7 Control scheme for HESS including the moving average and fuzzy logic stages

enhanced motif discovery algorithm, were employed. This power profile, derived
from reference (Karrari et al. 2022), identifies the most recurrent daily consumption
patterns within the target time series with a 1-s time step. The input data, collected
during the summer of 2018 from four distinct 10/0.4 kV substations, captured high
levels of PV generation critical for the sizing analysis. These substations were
selected based on their relative voltage sensitivity to changes in active power as
proposed in (Karrari et al. 2020). Figure 8 demonstrates the division of this input
power using a 10-min moving average. For this particular input dataset, the moving
average output varies within a range of &£ 160 kW, while the difference between the
input signal and the moving average filter output falls within a range of 4= 30 kW.
In the following performance metrics, when the high-energy density storage
(Battery Energy Storage) is fixed at 500 kWh, but the high-power density storage
(e.g., SCES or SMES) varies in capacity, are compared. The three cases were
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Fig. 8 The profile of the input power, the moving average filter, and the difference between them
adapted from (Karrari et al. 2022)
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conducted when the high-power density storage had capacities of 3.5, 7.0, and
10.5 kWh. These ratings can be met based on the present state of the art for the SCES
and SMES (mostly in the 3.5 kWh case) systems. The following key observations
highlight the impact of the SCES/SMES energy capacity:

1.

Effect on Average Window: Fig. 9 shows how the size of the high-power density
storage influences the Moving Average window length used in the power manage-
ment strategy during a time interval of one day Systems with lower energy
capacity in the high-power density storage required shorter average windows,
as they have limited ability to buffer energy fluctuations. For instance, SCES
or SMES necessitate more frequent power adjustments to accommodate rapid
changes in demand. It is also noteworthy that SCES and SMES, with their higher
power density compared to flywheels, are more effective in handling sharp power
spikes. However, their lower energy capacities mean that the Moving Average
window must adapt dynamically to prevent overloading.

Effect on State of Charge (SoC): Fig. 10 shows how the SoC dynamics of the
high-power density storage are impacted by its energy capacity during a time
interval of one day. Smaller capacity devices reach lower SoC levels during the
day because they deplete faster under equivalent power demands. While super-
capacitors and SMES discharge more rapidly due to their higher power density,
their ability to recharge quickly ensures they remain viable for high-frequency
power adjustments. This characteristic differentiates them from flywheels, which
may have slower response times in comparison.

Effect on Ramp Rate of High-Energy Density Storage (Battery): Fig. 11
shows how a decrease in the energy capacity of the high-power density storage
impacts the power ramp rate of the battery. With smaller high-power density
storage, the system relies more heavily on the battery to respond to fast power
fluctuations, leading to higher ramp rates. The higher power density of SCES and
SMES helps to mitigate this effect to some extent by absorbing rapid fluctuations
more effectively than flywheels. However, their limited energy capacity means
that their ability to sustain prolonged support is reduced.

This case study highlights the intricate balance required in designing hybrid energy

storage systems. Supercapacitors and SMES, with their superior power density
compared to flywheels, excel in handling rapid power fluctuations but are limited
by their lower energy capacities. By leveraging power management strategies like
Moving Average and Fuzzy Logic, it is possible to mitigate these limitations and
ensure system efficiency.
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Abstract The growing renewable generation implies a transition from centralized
to de-centralized grid infrastructure, with several low voltage local prosumers taking
part as active users within the grid. In this framework, design, planning, modelling,
control and optimization of multiple energy systems and grid infrastructures should
be developed to manage renewable variability. Therefore, Energy Storage Systems
(ESSs) could play a crucial role to provide additional grid flexibility. Grid services,
such as power smoothing, load levelling and voltage and frequency sup-port, will play
acrucial role to guarantee the safety and stability of future power grids. Nevertheless,
single ESS technologies cannot operate over multiple time-scales. To overcome such
aspects, implementing different complementary ESSs into Hybrid Energy Storage
Systems (HESSs) allows to extend the operating rang-es and the lifespan of the
single devices, especially when coupled with very un-predictable renewable genera-
tors. Challenging aspects, such as the HESS optimal sizing and power management
strategy to maximize the hybridization benefits in power smoothing applications, are
analysed in this Chapter. HESS benefits in terms of electric performance at the point
of common coupling are also investi-gated. Finally, a techno-economic assessment
concerning the benefits of HESS integration for performing wind power smoothing
is presented.
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1 State-of-the-Art

Future electric national and trans-national grids will face a great transition due to the
massive introduction of power generation from renewable energy sources. Central-
ized power generation from fossil fuels will be replaced by decentralized renewable
generation, with several low voltage local prosumers taking part as active users within
the grid. This contributes to the expected green transition by 2050, although critical
aspects on grid stability and safety of provision should be addressed.

In this framework, design, planning, modelling, control and optimization of energy
systems should be continuously developed (Ciupageanu et al. 2020). Decentralized
grid infrastructures should be connected to manage geographical and temporal renew-
able variability. It brings to an interconnected microgrids model in which Energy
Storage Systems (ESSs) could play a crucial role to provide additional flexibility.

Future energy systems will be characterized by both fluctuating and intermit-
tent renewable generation and highly dynamic loads. Renewable generators, as
photovoltaic, wave and wind generators, only provide small or even no contribu-
tion to frequency stability (Barelli et al. 2021c, a, b). Such systems contribute to the
degradation of the grid voltage stability due to the surplus or shortage of power.

This leads to frequent (and unpredictable) energy imbalances across the grid
infrastructure, requiring flexible solutions to be implemented.

Therefore, (Jabir et al. 2017) claims the need of effective intermittent approaches
for power smoothing output to increase the power quality at the grid interface.

Among the power smoothing approaches for wind generation, the pitch control
of the rotor blades or power curtailment are widely used in wind generation since it
is easy to implement and cheap (Lin et al. 2017).

In the view of the expected massive renewable penetration, the loss of grid inertia
requires fast response power and energy reserves to maximize the production while
maintaining adequate voltage and frequency levels to guarantee grid safety and
stability of provision.

In this framework, ESSs represent a noteworthy option to enhance system relia-
bility, being fully controllable and therefore flattering the adaptability of the system
to sudden changes (Barelli et al. 2020).

To face with the wide operating ranges required to guarantee high grid quality
standards due to the boost in non-programmable renewable generation, each energy
storage technology presents intrinsic limits that should be overcome. Hybridisation of
complementary ESSs operating over different time scales could be a very promising
solution to bypass single storage device limitations (Pelosi et al. 2023), with enhanced
overall performance and durability.

Hybrid Energy Storage Systems (HESSs) are therefore widely studied in coupling
with renewables for several services, such as power smoothing, voltage and frequency
support, as well as load levelling and shedding, peak shaving, etc.

Challenging aspects in the integration of HESS in renewable power plants, include
the optimal sizing of the storage devices and their real time power management
strategy to maximize the hybridization benefits.
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2 Drivers for Installing the Hybrid System

The current electric grids, based on centralized fossil fuel power generation and high
voltage transmission with passive users, needs to be renewed in accordance with the
rapid boost in renewable energy penetration. This to achieve the stringent targets
for climate change by 2050 and 2100. Decentralized grid infrastructures must be
properly managed to avoid safety and stability concerns due to the mismatch between
the non-programmable generation and load demand.

Moreover, the loss of grid inertia, previously guaranteed by large synchronous
generators, due to the great use of electronic power converters, could contribute to
weaken the infrastructure. To mitigate these concerns, fast response power reserves
will be required.

ESS grid support services represent a promising solution to enhance system relia-
bility, due to their high efficiency, scalability, adaptability to sudden changes and fast
response (Pelosi et al. 2024). Moreover, increasing the share of renewable sources
integrated in the energy mix at national and transnational level, also the energy func-
tion of grid integrated ESS is required. Therefore, the energy storage issue has to
be addressed by ESS at multiple temporal scales, without penalizations in cycle
efficiency and energy storage device durability. To these regards, hybridization of
different and complementary (in terms of key performance indexes) technologies
can play a crucial role.

3 Technology Neutral System Requirements for the Specific
Use Case

ESSs are generally classified in power intensive and energy intensive technologies.
Technologies suitable for short-term energy storage as flywheels and supercapac-
itors are considered as power intensive technologies, since they are optimized for
power fluctuations management. On the other hand, technologies for mid-term and,
in particular, for long-term energy storage can be considered as energy intensive.
Therefore, also batteries are considered in the following within energy intensive tech-
nologies, with reference to their intra-day operation and discharge time in the order
of hours. To face with the wide operating ranges required to guarantee high quality
standards of provision due to the boost in non-programmable renewable generation,
each energy storage technology presents intrinsic limits that should be overcome.
Hybridisation of complementary ESSs, each operating over a different time scale,
could provide multiple benefits, as the improvement of overall energy performance
and cycling tolerance (for device affected by significant degradation depending on
cycles number and related operating conditions) (Pelosi et al. 2023). For instance, in
(Barelli et al. 2019a) the extension of LiFePOy battery lifespan is assessed in case of
hybridization with a flywheel for a renewable-based microgrid. For the investigated
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application, battery lifespan is estimated to be extended by more than three times,
with respect to the case of not hybrid installation of a battery of equivalent capacity.

Consequently, costs for operation and devices’ replacement generally can be
reduced, with respect to the case of implementation of single technologies. Moreover,
in case the fluctuating component of the power profile managed by the energy storage
system is relevant, technologies hybridization allows to reduce installed capacity,
with respect to the power. Such advantage is of particular interest in the case power
intensive technologies are coupled to storage devices which don’t allow the inde-
pendent sizing of capacity and power, as in the case of closed batteries. On the other
hand, installation costs generally increase for HESS considering the need of two
energy storage devices at least and more complex and smart converters. Also, power
management becomes crucial for the real time optimization of the HESS to maximize
potential benefits. Therefore, the profitability of HESS sizing and operation coupled
to renewable plants should be assessed in consideration of both CAPEX and O&M
costs including devices’ replacement in a certain timeframe. It is usually done by
applying metrics as the levelized cost of electricity (LCOE), if the economic analysis
is performed for the case of RES plant coupled to a HESS, and the levelized cost of
storage (LCOS) if only the storage section is considered.

4 How Can Hybrid Energy Storage Meet the Identified
Needs?

4.1 Case Studies of HESS Integration in Renewable Plants
Jor Output Power Smoothing

Since the power smoothing problem involves a high time resolution, fast respon-
sive systems are required. Generally, power smoothing studies are approached and
simulated in a daily time horizon with a time step in the order of seconds maximum,
although the great variability of production from renewable energy should be consid-
ered also at the seasonal scale. Therefore, multiple timescales have to be taken into
account, covering short-term functionalities typical of power smoothing applications,
but also considering the different features of the daily evolution of generated power
along the year.

Aiming to the HESS sizing and operation optimization, a very useful approach
is based on statistical analysis of the power generation carried out on annual/decade
basis. Statistical analysis allows to identify the most recurrent days or weeks over
the year/decade, in reference to defined criteria useful to characterize the features
of renewable power evolution profiles. Selection criteria are based on parameters,
assessed for instance on daily basis, such as average produced power, bandwidth
(defined as the difference between maximum and minimum instantaneous power
values), bandwidth to average power ratio to highlight a greater or lower relevance
of the oscillation component over energy production, evolution of the instantaneous
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power ramp (defined as the trend of the difference between two consecutive power
values with a certain time step, e.g. one second). Relevant criteria include the selection
of the days (or weeks) characterized by:

maximum average power,

maximum bandwidth,

maximum mean power ramp,

maximum bandwidth to average power ratio,
minimum bandwidth to average power ratio.

Otherwise, for each parameter, the relative frequency can be determined, and
days selection can be performed to satisfy a certain threshold in terms of number of
occurrences.

Once relevant days/weeks are selected as representative of power generated evolu-
tion over a longer timeframe (year/decade), dynamic daily/weekly simulations can
be performed with time steps suitable for the power smoothing application (e.g., s or
ms). This procedure allows to cover a wide range of values and incidence occurrences,
maintaining at the same time a reduced time step.

Another key aspect to maximize systems performance is related to the effective-
ness and robustness of power management strategies. Power management and control
algorithms should handle RES generation variability, aiming to determine optimal
grid operating conditions, support systems resilience and stability and improve the
reliability of grid supply. On the other hand, power management has to operate the
HESS to maximize its average efficiency and to reduce devices’ degradation rate,
positively affecting the economic profitability. To this aim it is of main relevance the
adoption of new regulations for the remuneration of power and capacity additional
flexibility provided by energy storage systems.

In this context, the stochastic control approaches well perform in uncertain envi-
ronments, overcoming deterministic strategies in achieving objective performances.
However, some algorithms imply the use of complex models, which are difficult to
be implemented in real-time applications. Several power management algorithms
address single-objective optimization problems, although smart energy systems and
hybrid architectures require a multi-objective formulation. Answering to these needs,
gradient-based optimization algorithms, such as Lyapunov technique and simulta-
neous perturbation stochastic approximation (SPSA) approach, show the highest
potential for real-time power management strategies implementation, also in solving
multi-objective formulations. Lyapunov and SPSA can work with no knowledge
of the future; hence, not necessarily requiring mathematical uncertainty models and
considering forecast errors. Among the gradient based power management strategies,
Lyapunov optimization has been widely investigated for the management of several
applications; on the other hand, only recently the SPSA algorithm has been proposed
for real-time power management. As matter of fact, SPSA presents several advan-
tages, as global optimum determination, easier performance function selection and
lower computational burden, make it very suitable for real-time power management
applications, such as HESS integration to RES plants in a wide range of installed
power. Few case studies of HESS integration to wind and wave generation including
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Fig. 1 Schematic flow chart of the SPSA algorithm implementation

SPSA power management strategy for real-time management in the view of power
smoothing are illustrated in the following. The implementation of SPSA is illustrated
in Fig. 1.

4.2 Li-Ion Battery-Flywheel HESS for Wind Turbine Power
Smoothing

To enhance wind penetration, integrating HESS into wind turbine or wind farm can
be a good solution to mitigate intermittency of production. On the other hand, a
trade-off between the installation and maintenance costs of such integrated systems
and the maximization of the technical benefits should be investigated to propose
a feasible and widely implementable concept. Therefore, a proper sizing in HESS
capacity and power and an effective and robust control of coupled storage facilities
represent a milestone in obtaining maximum economic and technical benefits (Zhao
et al. 2015; Amusat et al. 2018). In the study presented in (Barelli et al. 2020), a
HESS consisting of a Li-ion battery coupled to a mechanical flywheel is integrated
to a 2 MW wind turbine. The total yearly energy generated in the considered site
for the 2 MW wind turbine reaches 4.21 GWh, with a specific energy production
of 2105 kWh/kW. According to the developed methodology and statistical anal-
ysis of the annual generation data, the flywheel is sized with 21 kWh as nominal
capacity and 275 kW as maximum dis-/charge power, while the selected Li-ion
battery has 200 kWh capacity and 1C/3C charging/discharging C-rates, respectively.
In the HESS, the flywheel accounts for high fluctuating power variations, while the
battery performs a smoother charging/discharging profile.
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Fig. 2 Layout of the integrated system

The layout of the considered system is depicted in Fig. 2. In detail, this study
focuses on the implementation of the SPSA multi-objective power management
strategy, aiming at minimizing the power oscillations injected into the grid and,
at the same time, provideng a peak-shaving function towards the battery by means
of flywheel to increase battery lifespan.

SPSA has been implemented as follows. The initial vector 6 is composed of three
split factors, 6 = [qb,m, Qrid s qfw], representing the shares of Li-ion battery, grid
and flywheel, respectively. Then, it is identified the loss function to be minimized
according to the selected objectives by means of an iterative process, as illustrated in
Fig. 1. In the HESS considered, flywheel provides fast power variations smoothing
the profiles managed by the battery. This aims to extend battery lifetime (Barelli et al.
2018, 2019a). The two objectives of the optimization problem are:

1. To smooth the power profile at the interface with the grid (i.e., point of common
coupling PCC), modeling the smoothness via the ratio between the power sent to
the grid at the current timestep t and the power delivered at the previous instant
t — 1 according to Eq. (1).

t—1
P grid

2
rid * AP
W) = (di—) (1)

2. To smooth the power profile managed by the battery, modeling the smoothness
as detailed by Eq. (2).

2
att * AP
W) = (‘”—_) )

The multi-objective problem is solved as the weighted sum of these two objectives,
as Eq. (3), with weights w; and w.
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Details on the statistical methodology for the case study selection and the modeling
of the battery and flywheel can be found in (Barelli et al. 2018, 2019a).

Simulations have been performed on a daily basis, for all the representative days
selected according to the adopted statistical procedure. The selected daily wind power
profiles, covering a wide range of annual occurrences, are depicted in Fig. 3.

Figure 4 illustrates a part of the smoothed power profile at the PCC, proving the
effectiveness of the SPSA power management strategy in output power smoothing.
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Fig. 3 Wind power profiles selected for the daily simulations
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Fig. 4 Comparison of a part of the smoothed power profile injected into the grid (red line) with
respect to the generated wind profile (blue line), from (Barelli et al. 2020)
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Moreover, to assess the smoothing effect achieved at the PCC, the power ramp is
evaluated both at the PCC and at the wind generator terminals and the corresponding
cumulative density functions (CDF) are determined. Thus, considering a threshold
value of 90% CDF of the power ramp of such profiles, the power ramp reductions
at the PCC achieve -83%, assessed as the average value over the investigated days,
with respect to the wind power profile thus achieving the first power management
objective.

Moreover, by comparing the power profiles at the battery and flywheel terminals
in terms of the related power ramp profiles, a reduction of -65% is assessed in terms
of the 90% CDF power ramp value managed by the battery with respect to the one
processed by the flywheel. The second power management target is achieved too
i.e., fluctuating components are managed by the flywheel, while the battery provides
energy support. This allows an extension of the battery lifespan, reducing replacement
costs during the overall estimated life of the system. Such outcomes highlight the
benefits of HESS integration to wind generation and the SPSA algorithm in the
control and share of the instantaneous powers among the energy storage devices and
the grid.

To verify the robustness of the real-time power management strategy in managing
the instantaneous power shares, the developed SPSA algorithm has been also tested
on a real 800 kW wind turbine of a different site, placed in Costa Rica (Barelli
et al. 2021a). The energy generated on a yearly basis reaches 2.30 GWh, having a
specific energy production of 2880 kWh/kW. As concerns the HESS, a 132 kW/44
kWh Li-ion battery has been coupled to a 110 kW/21 kWh mechanical flywheel for
output power smoothing. By means of the HESS and the SPSA power management,
a power ramp mitigation of at least — 74% is achieved, with an average value of —
80% assessed over the investigated days. Moreover, concerning the flywheel/battery
comparison, an average reduction of — 48% is obtained for the power ramp managed
by the battery with respect to the flywheel, thanks to the peak-shaving function acting
by the flywheel.

Further considerations can be done taking into account the energy penalty (§)
produced by the HESS, defined according to Eq. (4).

grid
5= (1 - Ewmd> 100 o)

where E¢"[kWh] is the annual energy injected into the grid assessed at the PCC
(as the sum of wind energy directly injected to the grid and energy delivered by the
HESS are added) and E""¢[kWHh] is the annual generated energy by the wind plant.
Therefore, analysing the two case studies, coupling the proposed HESS to the wind
plants, a very small energy penalty of 5.5% is introduced integrating the HESS in
the wind generators.
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4.3 HESS Integration to Wave Energy Converters for Output
Power Smoothing

Since the 1970s, the oil crisis pushed research efforts on studying power production
from sea and ocean (Qiao et al. 2020). Physically, waves are produced by the wind
blowing across the surface of seas and oceans. Energy from the waves has the highest
theoretical potential among the RES (around 29,500 TWh/year) and can totally or
almost cover the annual global energy consumption ([CSL STYLE ERROR: refer-
ence with no printed form.]; IRENA 2014). Energy from the waves can be exploited
by wave energy converters (WECs) to produce electricity (Pecher and Kofoed 2017).
Nevertheless, WECs are still in the development phase, lacking mainstream tech-
nology predominant on the others. Commercialization issues are mainly related to
the difficulty in integrating power from large WECsS into the electricity grid due to
the intrinsically high variability of the waves (Aderinto and Li 2018). An insight on
WEC technologies developed over the years is shown in (Falcdo 2010).

To contribute to enhancing the power quality at the PCC for boosting power
generation from the waves, two interesting studies are presented in the following.
Specifically, (Barelli et al. 2022a) investigated the integration of a LiFePO, battery/
flywheel HESS to a 500 kW WEC operating in grid-connected mode. As previously
described, a statistical analysis performed over real wave power profiles relating
to three different European sites was carried out. This to identify the most relevant
days taking into account wave occurrences and noteworthy operating conditions over
the year. Flywheel power and energy was sized at 33 kW and 2.1 kWh, while Li-ion
battery capacity ranged from 20 to 24 kWh, with a charge and discharge rate of 1C and
3C, respectively. The SPSA multi-objective real-time power management strategy
was implemented in the developed dynamic model to optimize the power shares
among the WEC, the HESS and the grid. The same objectives of power oscillations
minimization at both the PCC and battery terminals were applied to perform output
power smoothing at the PCC, while extending battery lifespan to reduce replacement
costs over the expected lifetime of the plant.

The schematic view of the developed dynamic model is depicted in Fig. 5.

Simulation results are illustrated in Fig. 6 for the day characterized by the
maximum power bandwidth throughout the year.

In such study, the obtained results show how coupling the HESS to the WEC
and performing the output power smoothing by means of the SPSA real-time power
management, a reduction of more than — 80% is registered in terms of the power
oscillations at the PCC. Moreover, battery solicitation is reduced by more than —
64% with respect to the flywheel one. Power oscillation reduction is expressed in
terms of the power ramp values at the 80% CDF. This contributes to extending
battery lifetime, also proving the robustness of the developed management strategy
in different production sites. Furthermore, the energy penalty produced by HESS
integration is about 5%. This could provide great flexibility in increasing power
production from the waves, contributing in enhancing grid safety and stability by
mitigating almost all the variability of wave energy generation.
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Fig. 5 Schematic view of the dynamic model for the wave generation power smoothing

The application of a different type of HESS i.e., a LiFePOy battery/supercapacitor
hybrid system, was investigated in (Pelosi et al. 2024) for wave energy power
smoothing. The WEC is composed by two units each of 250 kWp. The HESS was
sized in order to have among all the considered days for the specific site: (i) an average
instantaneous percentage reduction of the power rate at the PCC of at least — 70%),
(ii) an average instantaneous percentage reduction of the power ramp managed by
the battery (in the HESS case) of at least — 25% with respect to the supercapacitor
absence. Consequently, as resulting from the sizing procedure, a 65 kW/0.026 kWh
supercapacitor is hybridized with a 24 kWh Li-ion battery (maximum dis-/charge
powers of 3C/1C respectively), achieving both targeted objectives.

The implemented multi-objectives data-driven power management strategy, based
on SPSA algorithm, was implemented to minimize power fluctuations at the PCC and
at the Li-ion battery terminals, thanks to the supercapacitor peak-shaving function.
The implementing iterative process and the objective functions are the same of the
previous studies. This proves the reliability and robustness of the SPSA management
strategy in several different applications, also considering different HESS devices.

4.4 Output Power Smoothing: Electric Performance of HESS
Coupling to Renewable-Based Generators at the Point
of Common Coupling

From an electric point of view, what is the impact of HESS integration into renewable-
based plants for output power smoothing at the point of interface with the grid?
Generally, renewable power generators interface with the grid through electronics
power converters. This to maximize the extraction of the generated power, while
being independent from the grid because of the different operating frequencies of the
rotor side phase currents with respect to the stator. As example, doubly fed induction



132 D. Pelosi et al.

120

—wave
—grid ||

Power (kW)

120 ' . .
——wave

100 - —grd |

Power (kW)

’—wave

Time (h)

(©)

Fig. 6 Original wave profile and smoothed grid profile for all three sites in one of the selected
days: a site 1, b site 2 and ¢ site 3



Hybrid Energy Storage Systems Coupled with Renewable Power Plants ... 133

generators (DFIGs) are connected to the grid with both the stator and the rotor,
since an asynchronous generator usually provides electric power in correspondence
to a narrow speed range slightly higher than the synchronism (up to 2% of the
synchronous speed) (Mehta et al. 2014; Edrah et al. 2016). This implies a constant
wind speed for the generation. The power converter in such configuration provides the
power to the rotor to achieve the synchronism when the wind speed is not sufficient,
while absorbs power when the latter pushes the rotor to speeds higher than the allowed
one. Such power converter must therefore be bidirectional. Generally, it consists of
a grid-side converter interfaced to a generator-side converter by means of a DC bus.
Such topology is called back-to-back converter (B2B) and can be applied both to
synchronous and asynchronous generators. Maintaining a constant operating value
of the DC bus allows to maximize the operation of the grid-side converter, giving
a higher quality of the power sent to the grid. Considering this aspect, few studies
investigated the introduction of ESSs into the DC bus for voltage regulation and
output power smoothing (Kenny and Kascak 2002; Dong et al. 2011; Daud et al.
2014; Brando et al. 2016).

As concerns the electric performance of HESS coupled to renewables, (Barelli
etal. 2021c) analyzed the case study of a LiFePO, battery/flywheel HESS integrated
to the B2B DC bus of an offshore permanent magnet synchronous generator (PMSM)
wind turbine, with the purpose to prove HESS reliability to reduce active power
fluctuation and voltage waveform frequency at the PCC.

Specifically, a MATLAB®/SimPowerSystems model composed by an offshore
wind turbine interfaced with the grid through a full-scale B2B converter and a
battery-flywheel based HESS connected to the converter DC-link was developed
and compared with the case of storage absence. Figure 7 illustrates the model layout
of the system considered.

This work provides insights also to validate the effectiveness of the SPSA power
management strategy for smoothing the wind power generation, while comparing
HESS performance with respect to the case of its absence, in terms of transient time
and amplitude of the voltage waveform frequency at the PCC, under severe operating
conditions of the wind turbine, determined in terms of the produced power ramp.

The main outcomes were focused on the electrical performance enhancement
by means of the HESS during stressful conditions, relating to sudden changes in
wind generation at the PCC, in terms of (i) active power injected into the grid and
(ii) frequency of the three-phase voltage waveform. These are key parameters in
evaluating the increase in grid safety and stability.

Figure 8 depicts the active power at the PCC in case of HESS presence and
absence for the step-up (Fig. 8a) and step-down (Fig. 8b) scenarios. It is highlighted
that HESS strongly reduces the power ramp when the wind power variation happens
for both the cases.

Analyzing the voltage waveform frequency at the PCC depicted in Fig. 9, similar
considerations can be made. With HESS integration, the frequency of the three-phase
voltage waves is greatly reduced in terms of transient time, although the registered
peak values are higher in both cases. Nevertheless, frequencies are very close to
the nominal value (i.e., set at 50 Hz) and within the limits imposed by standards of
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Fig. 7 Layout of the modelled system including flywheel/battery HESS integration

the Institute of Electrical and Electronics Engineers for wind turbines continuous
operation (i.e., 47-52 Hz) (Rahman et al. 2021).

It was demonstrated that HESS integration can reduce the active power variation,
when the wind power step is applied, to 3% and 4.8% respectively for the two
simulated scenarios, in relation to more than 30% and 42% obtained for the no-storage
case. Furthermore, HESS contributes to reducing the transient time of the three-phase
voltage waveform frequency at the PCC of more than 89% for the analyzed scenarios.

Another noteworthy application study is presented in (Barelli et al., 2022a, b).
This study deals with the development of an electrical architecture model, based
on a common DC bus topology, which integrates a 24 kWh LiFePO, battery and
a 33 kW/2.1 kWh mechanical flywheel HESS in coupling with a 250 kW WEC.
The same purposes of the previous study involving an offshore wind turbine were
investigated, in order to assess the voltage and current waveforms frequency and
transient behaviour at the PCC introduced by HESS considering specific stressful
generation conditions. In detail, the defined simulation scenarios demonstrated a
reduction by 64—-80% of the voltage wave frequency peak value at the PCC. Moreover,
a faster frequency stabilization was obtained thanks to the HESS if related to storage
absence, reaching the set value (50 Hz) in a shorter time (by — 10 to — 42%). These
case studies demonstrate that HESS integration mitigates stability issues towards the
grid, allowing to enhance the expected RES penetration in the next future.
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S Technical-economic and Sustainability Analysis
for Identification of the Costs of the System
and the Benefits Accrued

Although the technical benefits of HESS integration to RES are several, economic
feasibility represents a key factor for incentivizing stakeholders to couple HESSs to
renewables-based plants. As mentioned before, Li-ion batteries are the most effec-
tive storage solution due to their good capacity to power ratio, low installation costs,
high efficiency, scalability and fast response. However, Li-ion batteries, like other
electrochemical devices, are subjected to degradation, especially when operating
at high powers. This yields to a great lifespan reduction, implying high replace-
ments costs in long-term time horizons, as the expected 25-30 years of RES power
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plants. Coupling complementary power intensive ESSs, such as supercapacitors or
flywheels, allows to extend battery lifespan, as widely demonstrated in literature.
In this framework, in (Barelli et al. 2021b) the economic analysis of the flywheel/
Li-ion battery HESS coupling to a 2 MW wind generator is addressed. The anal-
ysis includes also the impact of any revenues in case of making fast response power
available to grid support. Economic assessment is evaluated in terms of the levelized
cost of electricity (LCOE) of the plant.

LCOE index can be defined as a measure of costs that allows to compare different
systems of electricity generation (Lai and McCulloch 2017). Specifically, LCOE
corresponds to the minimum cost at which electricity must be sold to achieve a
break-even point over the time horizon of the project. International Energy Agency
provides an analytical definition of LCOE (Barelli et al. 2019b), as detailed in Eq. (5):



Hybrid Energy Storage Systems Coupled with Renewable Power Plants ... 137

Z?=1(Ii +M;+F)/(1+ r)i

LCOE = - -
Zi=1 E;/(1+7)

(&)

where

Investment costs in the year i;

Operation and maintenance costs in the year i;
Fuel costs in the year i;

Energy generation during year i;

Discount rate;

Expected lifetime of the project.

In this study, fuel costs (F;) were not included since fossil fuel generators were
absent.

The case study involves two different HESS configurations, distinguished by
different chemistry of the Li-ion battery, i.e. high energy density Nickel-Manganese-
Cobalt (NMC) and high-power density LiFePO, (LFP), each hybridized with a
flywheel.

Firstly, dynamic model presented in (Barelli et al. 2020) was updated according to
the specifications of the two considered chemistries and simulations were performed
to extract battery state of charge. Then, the state of charge evolution of the two
batteries is used to assess the battery lifespan by means of the rainflow cycle counting
algorithm (RFC), taking into consideration the cycle-to-failure curves of the two
chemistries. Estimated lifetimes were introduced into the LCOE routine, considering
the replacement costs over the 25 years considered as wind plant time horizon.
The two configurations were composed of: (i) a NMC battery of 200 kWh nominal
capacity (1C charge/discharge powers) and a 481 kW/21 kWh mechanical low speed
flywheel, (ii) a LFP battery of 200 kWh nominal capacity (1C charge/3C discharge
powers) and a 315 kW/21 kWh mechanical low speed flywheel. Both are coupled
with the 2 MW wind generator, able to produce 4.21 GWh annual energy. Moreover,
LCOE analysis was compared for all the investigated configurations, also including
the case of economic remuneration by the Italian transmission system operator Terna
S.p.A. according the “Fast Reserve” call (2020).

The outcomes highlighted that employing a hybrid storage system in RES plants
results economically competitive with respect to the case of wind turbine without
storage unit. In particular, the assessed LCOE values were equal to 9.22 ¢€/kWh and
9.98 c€/kWh for NMC/flywheel and LFP/flywheel HESSs respectively, with respect
to 8.73 c€/kWh of the wind turbine without storage. Moreover, if the revenue for grid
ancillary services according to the “Fast Reserve” project is included, LCOE results
in 8.27 c€/kWh and 8.7 c€/kWh for NMC/flywheel and LFP/flywheel, respectively.
In the first configuration (i.e., NMC/flywheel HESS), a LCOE reduction of over
5% was registered, if referred to the case of energy storage absence. Therefore, the
resulting analysis provides significant economic feedback aiming to accelerate and
increase wind energy production in Italy.
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Resilient Off-Grid Solutions

Preface

The global shift toward decentralized and renewable energy systems has high-
lighted the importance of reliable, efficient, and adaptable energy solutions for off-
grid communities. Whether in extreme cold climates or milder southern regions,
off-grid energy systems must address local challenges such as fluctuating renew-
able supply, heating or cooling demands, and limited access to grid infrastructure.
Third Part of this book focuses on the role of Hybrid Energy Storage Systems
(HESS) in overcoming these challenges across diverse environments. By combining
complementary storage technologies, HESS enhance system flexibility, resilience,
and sustainability. Chapter “Building Resilient Off-Grid Energy Systems: Hybrid
Storage Solutions for Cold Climates” explores hybrid energy solutions in cold
climates, where extreme temperatures, high heating demands, and minimal solar
availability present unique obstacles. The chapter highlights a detailed case study
of a dairy farm in Norway, demonstrating how integrated heat, power, and storage
systems improve energy reliability and reduce costs and emissions. A comparative
analysis assesses fully electric systems against hybrid electric-thermal storage solu-
tions in terms of efficiency, carbon footprint, and energy security. Chapter “Southern
Climates: Hybrid Energy Storage for Cooling and Supplying Electrical Load” shifts
focus to southern climates, specifically assessing a hybrid battery-hydrogen storage
system implemented in a microgrid in Gran Canaria, Spain. This case study eval-
uates the Power-to-Power concept for integrating photovoltaics in off-grid applica-
tions. Finally, Chapter “Benchmarking of Hybrid Thermal and Electrical Storage
for Renewable Energy Communities” presents a reference benchmark model for
multi-domain hybrid storage systems. It outlines a benchmark-oriented simulation
approach, enabling thorough impact assessments and supporting the design of effi-
cient electro-thermal hybrid systems. Together, these chapters provide technical,
economic, and environmental insights into how hybrid storage systems can meet the
evolving needs of off-grid energy systems in any climate.



Building Resilient Off-Grid Energy ®)
Systems: Hybrid Storage Solutions T
for Cold Climates
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Abstract Off-grid energy solutions in cold climates face unique challenges due to
extreme temperatures, high heating demands, and limited solar generation during
winter months. This chapter explores the role of hybrid energy storage systems in
improving energy reliability, efficiency, and sustainability for off-grid applications
in such environments. A particular focus is given to a comprehensive case study of
a dairy farm, where hybrid heat, power, and energy storage solutions are integrated
to meet diverse energy needs. The case study presents a technical, economic, and
environmental assessment comparing a fully electric-driven system with a hybrid
electric-thermal storage approach. The analysis evaluates system performance in
terms of energy security, cost reductions, CO, emissions, and overall efficiency.

Keywords Hybrid storage + Off-grid resilience - Remote applications *
Electric-thermal integration

1 Introduction to Off-Grid Energy Applications
in Northern Europe and the Arctic Region

The move toward sustainable, decentralized energy systems is redefining the energy
landscape in Northern Europe and the Arctic region. However, renewable energy
systems in these areas face significant challenges due to both intraday and seasonal
intermittency. In winter, solar radiation is minimal, particularly above the Arctic
Circle, making solar power insufficient during the months when energy demand
peaks for heating and electricity. Wind energy, while abundant and complementary
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to solar, also fluctuates, necessitating a hybrid approach to ensure reliability and
continuous supply.

Additionally, many areas in these regions are sparsely populated, and existing
power grids serving remote communities often lack the capacity to meet the growing
needs of a modern, decarbonized society. In the arctic region, many settlements lack
access to power grid: Poelzer et al. (2016) identified nearly 1500 off-grid settlements
without grid, pipelines and in many cases road connections to other communities.
Traditionally, most of these communities have relied on imported fossil fuels but
are now transitioning to an increased share of renewable energy. Expanding grid
capacity in these areas is frequently costly, time-intensive due to challenging geogra-
phies, and can significantly impact the natural environment. As an alternative, inte-
grating local renewable energy production with diverse energy storage technologies,
such as batteries, hydrogen storage, and thermal energy storage (TES), can result in
a cost-efficient and sustainable solution. These hybrid energy storage systems not
only address renewable intermittency but also provide resilience, enabling the decar-
bonization of remote communities while reducing reliance on costly large-scale grid
infrastructure.

1.1 Challenges and Technology-Neutral Requirements
Jor Off-Grid Systems in Cold and Remote Climates

Northern Europe and the Arctic face distinct energy challenges. In Northern Europe,
grid access may be limited in remote or rural areas, where long transmission
distances and expensive infrastructure expansion make decentralized, renewable-
based systems more viable. The Arctic region’s challenges are even more pronounced
due to extreme cold, long winter nights, and the logistical hurdles associated with fuel
transport, especially diesel. The environmental impact of diesel generators in these
remote areas is considerable, contributing to greenhouse gas emissions and pollution.
Additionally, the dependency on fuel shipments, which are costly and vulnerable to
supply disruptions, poses a significant risk to energy security. As a result, transi-
tioning to off-grid renewable solutions, including wind, solar, and biomass, not only
reduces carbon emissions but also mitigates the dependency on fossil fuels.

The adoption of off-grid solutions in these regions is driven by the need for
energy security, environmental sustainability, and a reduction in fossil fuel reliance
and costs. Off-grid systems offer energy autonomy, allowing remote communities
and industries to operate independently of centralized grids or fuel imports, which
can be unreliable and costly due to long distances and harsh Arctic weather condi-
tions. For example, projects like SmartSenja (“Smart Senja” 2019) and Isfjord Radio
(“SINTEF, ZEESA” 2023) in Norway showcase how renewable integration and
advanced energy storage technologies can ensure consistent energy supply in remote
locations. Additionally, SAFT has recently constructed one of the largest battery
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parks in Scandinavia, located in Longyearbyen, Svalbard (“Svalbard Energi AS”
2024; “Energy Storage News” 2022).

Off-grid systems in cold climates must meet a set of technology-neutral require-
ments to ensure reliability (for both power and heating), cost-effectiveness, and
sustainability. These requirements define the performance criteria that any off-grid
system must achieve, regardless of the specific technologies used. To assess whether
these requirements are met, Table 1 presents a set of system- and application-level
KPIs that provide measurable benchmarks for evaluating system performance.

One of the most critical KPIs for off-grid energy systems is Loss of Power Supply
Probability (LPSP), which quantifies the annual probability of failing to meet elec-
trical demand. Similarly, Loss of Heat Supply Probability (LHSP) measures the
annual probability of failing to meet heating demand.

Table 1 List of system- and application-level KPIs for off-grid HESS in cold climates

System-level | Description Current
KPI value (and
2030 target)
Loss of Annual probability of failing to meet electrical demand <1%
power supply
probability
(LPSP)
Loss of heat | Annual probability of failing to meet heating demand <1%
supply
probability
(LHSP)
Levelized Cost of generating electricity per kWh over the system’s lifetime, | 0.15-0.40 €/
cost of including capital, maintenance, and operational costs kWh
electricity (0.05-0.1 €/
(LCOE) kWh)
Levelized Cost of storing and delivering energy per kWh over the system’s | 0.25-0.50 €/
cost of lifetime, accounting for capital, maintenance, operational costs, | kWh
storage efficiency losses, and degradation (<0.15€/
(LCOS) kWh)
Initial capital | Upfront installation cost per kilowatt of installed capacity, 1500-2000
cost including both energy storage and power generation €/kW
(CAPEX) (<1200 €/
kW)
Life cycle Emissions per unit of energy generated, measured in grams of 150-300
greenhouse CO; equivalent per kilowatt-hour gCOzeq/
gas emissions kWh
(GHG) (<50
gCOseq/
kWh)
Diesel Percentage reduction in diesel reliance due to renewable Target:
generator integration 50-80%
usage reduction
reduction




146 R. Scipioni et al.

Additionally, economic considerations play a crucial role in the deployment of
off-grid systems in remote regions. Careful optimization of both CAPEX and oper-
ational costs (OPEX) can help achieve lower LCOE and Levelized Cost of Storage
(LCOS) values. The LCOE is a critical metric for evaluating the cost-effectiveness
of electricity generation, in this case in hybrid off-grid systems. It includes the total
costs of installation, operation, and maintenance of the energy generation system
over its lifetime, divided by the total electricity generated. LCOS serves as a key
metric for evaluating the cost-effectiveness of energy storage solutions in hybrid
remote or off-grid energy storage applications. It covers the total costs of installa-
tion, operation, and maintenance of the energy storage systems over their lifetime,
divided by the total energy stored and dispatched.

Environmental KPIs are extremely important for the assessment of the installed
hybrid system. Government policies across Northern Europe and the EU, such as the
EU Energy Efficiency Directive and Renewable Energy Directive, strongly support
the transition to sustainable off-grid energy solutions (REGULATION (EU) 2016/
1628 OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL 2016). These
policies emphasize the reduction of greenhouse gas (GHG) emissions, the integration
of renewable technologies, and improved system efficiency, particularly in remote
regions. Nordic nations have further implemented specific measures to minimize
diesel generator usage, prioritizing renewable energy as a cleaner and more reli-
able alternative (“DNYV, Maritime Impact” 2024). Coupled with advancements in
energy storage and management technologies, these initiatives are making it increas-
ingly feasible to store and utilize energy effectively, even in the most isolated and
challenging environments.

1.2 System- and Application-Level KPI Benchmarking

Table 1 groups the most important technical, economic, and environmental KPIs that
an off-grid Hybrid Energy Storage System (HESS) should meet for applications in
Nordic climates.

Maintaining LPSP and LHSP below 1% is essential to ensure continuous energy
supply, even in extreme weather conditions. Advanced energy management systems
(EMS) and storage technologies play a crucial role in optimizing energy flow and
minimizing the likelihood of unmet demand. For instance, hybrid systems incorpo-
rating solar photovoltaic (PV), wind turbines, and thermal energy storage (TES) can
address seasonal energy supply challenges effectively.

CAPEX for hybrid off-grid power generation systems typically ranges from $2000
to $5000 per kilowatt (kW), significantly higher than utility-scale, grid-connected
systems due to transportation, installation, and operational challenges in remote
environments (Stehly et al. 2023). Balance of System (BOS) costs, including site
preparation and infrastructure, represent a substantial portion of total CAPEX. For
instance, BOS costs in offshore wind projects can account for 22% of total CAPEX,
highlighting the logistical burden even for large-scale systems (Stehly et al. 2023).
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In remote installations, transportation costs alone can double or triple as a fraction of
CAPEX, sometimes representing 20-30% of total costs, influenced by factors like
supply hubs distance, infrastructure availability, and specialized equipment needs
(“McKinsey and Company” 2023; Nunemaker et al. 2020). Smaller off-grid projects
face even higher per-kilowatt costs due to a lack of economies of scale, emphasizing
the need for optimized system design and logistics. Energy storage costs are also
evolving. In 2022, the average CAPEX for a 4-h lithium-ion battery system was
$482/kWh ($1928/kW), with projected declines to $245/kWh by 2030 and $159/
kWh by 2050 (Cole and Karmakar 2030). Similarly, PV-plus-battery system CAPEX
is expected to decrease 18-49% between 2022 and 2035, reaching $1354 to $842
per kW (“NREL” 2024). While these figures focus on utility-scale systems, off-
grid applications face additional complexities such as enhanced storage needs and
diverse renewable integration, impacting CAPEX. To ensure the long-term viability
of off-grid hybrid energy systems, achieving a CAPEX target below €1200 per kW
is crucial. Lowering initial capital costs, particularly for energy storage integration,
will play a key role also in reducing LCOE and enhancing system affordability.

Global trends in decentralized off-grid renewable energy systems reveal signifi-
cant variability in LCOE values. Some systems have achieved costs as low as $0.03
per kWh, while others exceed $1.00 per kWh, reflecting differences in system design,
location, and resource availability (Weinand et al. 2023). The average LCOE for
100% renewable energy systems decreased from $0.54 per kWh in 2016 to $0.29 per
kWh in 2021, driven by technological advancements and cost reductions (Weinand
et al. 2023). Looking ahead, the Solar Mini Grids project anticipates that the cost
of electricity from mini grids could decrease from an unsubsidized LCOE of $0.38
per kWh to approximately $0.20 per kWh by 2030, thanks to economies of scale
and declining costs of major components (“World Bank Group” 2022). For hybrid
off-grid systems, achieving an LCOE within the $0.15 to $0.40 per kWh range (Kost
2024) is feasible with well-optimized designs that maximize the share of renewables
and minimize dependency on diesel generators. In addition, hybrid systems that
integrate solar PV, wind turbines, and thermal energy storage offer cost-effective
solutions for addressing both power and heating demands, further enhancing overall
system efficiency. LCOS values for hybrid off-grid systems vary widely, depending
on storage technologies, system configurations, and usage patterns. For remote or
off-grid applications, typical LCOS ranges from €0.15 to €0.35 per kWh depending
on the technology and scale (World Bank 2023; Lazard 2021). The Pacific Northwest
National Laboratory (PNNL) emphasizes that LCOS in hybrid systems can benefit
significantly from optimized energy management strategies. For off-grid systems,
hybrid configurations that combine short-term storage (e.g., batteries) with long-
term storage (e.g., hydrogen) have shown potential to achieve LCOS values between
€0.25 and €0.50 per kWh, depending on storage efficiency and system integration
(“PNNL” 2024). Hybrid energy storage systems that integrate batteries for short-
term dispatch and hydrogen for seasonal storage offer a cost-effective approach to
managing energy variability in remote applications. These solutions, when combined
with renewables, minimize fossil fuel reliance and significantly reduce OPEX and
overall system costs.
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Finally, reducing greenhouse gas (GHG) emissions is a primary goal for off-grid
energy systems in Northern Europe and the Arctic. Diesel generators, which have
traditionally formed the backbone of off-grid power systems, emit between 800 and
1000 gCO,eq/kWh (“NREL” 2021; “United Nations—Framework Convention on
Climate Change” 2022), contributing significantly to environmental degradation.
The reliance on these generators also incurs high fuel costs and poses risks to energy
security, especially in remote regions where fuel transport is logistically complex and
vulnerable to disruptions. Transitioning to hybrid systems that integrate renewable
energy sources and advanced storage technologies offers a pathway to significantly
reduce diesel generator usage and associated emissions. Hybrid systems that combine
solar PV, wind turbines, and energy storage technologies such as batteries, hydrogen,
and thermal energy storage can achieve a 50-80% reduction in diesel generator
reliance. In specific cases, such as arenewable power system for an off-grid telescope,
deploying a combination of solar PV, batteries, and green hydrogen reduced diesel
consumption by an impressive 95% compared to a diesel-only baseline (Viole et al.
2023). These systems not only minimize emissions but also improve energy efficiency
andresilience by leveraging locally available renewable resources to meet both power
and heating demands. While transitioning to renewable energy systems, the use
of alternative fuels like biodiesel and ultra-low sulfur diesel (ULSD) can serve as
interim solutions to reduce emissions (Paliza 2012). Biodiesel, which is compatible
with existing diesel engines, significantly lowers CO, and sulfur emissions. ULSD,
with its sulfur content reduced to 10 ppm, further decreases particulate matter and
enhances aftertreatment performance, reducing the overall environmental impact of
diesel-based systems.

The European Union (EU) and Nordic countries have established stringent poli-
cies to accelerate the reduction of GHG emissions and phase out diesel genera-
tors in favor of renewable energy solutions. The EU Energy Efficiency Directive
(2023/1791) (“DIRECTIVE (EU) 2023/1791 OF THE EUROPEAN PARLIAMENT
AND OF THE COUNCIL” 2023) emphasizes the “energy efficiency first” principle,
encouraging the adoption of efficient and renewable energy sources. In parallel,
the EU has implemented strict emission standards for diesel engines, targeting a
significant reduction in their environmental footprint (“COMMISSION IMPLE-
MENTING DECISION (EU) 2020/728” 2020). Nordic countries, such as Sweden,
have taken proactive measures to phase out diesel generators by adopting national
targets for energy efficiency and renewable energy (“International Energy Agency”
2019). These policies reflect a strong commitment to reducing fossil fuel reliance
and aligning with international climate goals. Achieving GHG emissions below 50
gC0O,eq/kWh is an aspirational target for off-grid systems (“NREL” 2021), aligning
with international climate commitments. While this goal is ambitious, especially in
remote areas with high energy demands and limited infrastructure, it underscores
the importance of transitioning to renewable energy sources and storage solutions.
Even if emissions below 50 gCO,eq/kWh are not immediately feasible in all cases,
significant reductions, well below the 800-1000 gCO,eq/kWh typically associated
with diesel-only setups—are attainable with optimized hybrid systems.
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2 State-of-the-Art and Future Trends in Hybrid Energy
Storage Systems

The variety of off-grid systems in Northern Europe and the Arctic reflects the differing
regional needs. Hybrid systems, which combine multiple renewable sources with
different storage technologies, are particularly effective in providing reliable power.
PV systems remain central to renewable energy strategies, despite the seasonal vari-
ability of sunlight. During summer months, PV systems serve as a critical energy
source, particularly in Arctic regions, where long daylight hours maximize solar
generation. However, during winter, the diminished solar resource limits their stan-
dalone effectiveness. Wind energy complements PV systems by providing power
during these darker months, particularly in coastal areas and islands where wind
resources are abundant. Together, solar and wind energy form the backbone of many
hybrid renewable energy systems, providing a balanced and reliable energy supply
year-round (“European Commission-Press Release” 2021).

Energy storage technologies are indispensable for hybrid off-grid systems, as they
ensure a consistent energy supply despite the variability of renewable sources. To
select the right storage technology for a hybrid system, it is crucial to assess key
performance indicators (KPIs) such as response time, crucial for power regulation
in isolated setups; discharge duration to ensure consistent supply during prolonged
periods without generation; safety; sustainability; and economic factors like capital
and operational expenditures, as well as levelized cost of storage (LCOS). These
KPIs help determine which technologies are best suited to meet the specific energy
demands of remote off-grid applications.

The primary categories of storage technologies—electrochemical, chemical,
mechanical, and thermal—are mostly required, each offering unique strengths and
limitations depending on the KPIs and system needs. While thermal energy storage
is critical for meeting heating and cooling needs, the primary solutions for storing
electricity are electrochemical, chemical, and mechanical storage technologies, each
suited to specific applications based on their unique characteristics and performance
metrics.

Electrochemical storage, primarily in the form of lithium-ion batteries, is a well-
established solution for short-term energy storage offering round-trip efficiencies
exceeding 90%, compact size, and high energy density. Lithium-ion batteries have
remarkably improved over the past decade, and projections indicate that by 2030,
their performance and cost will improve even further. The cost of lithium-ion battery
packs, which was approximately 133 €/kWh in 2023 (“BloombergNEF” 2023), is
expected to decrease down to 75 €/kWh by 2030 (60 €/kWh for the cell + 15 €/
kWh for the “cell to pack” costs) (“Batteries Europe” 2025). Notably, some Chinese
manufacturers have already achieved battery costs at the cell level, in the range
of $50-60/kWh for advanced lithium iron phosphate (LFP) batteries (“IDTechEx”
2024), illustrating that global targets for 2030 may be realized sooner than anticipated
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in certain markets. These cost reductions are driven by improvements in manufac-
turing processes, economies of scale, and innovations in battery chemistry. In addi-
tion to cost, the longevity of lithium-ion batteries is set to improve. Current batteries
typically achieve 20004000 equivalent full cycles (at 60-80% Depth-of-Discharge,
DoD), but advancements in materials and cell design, including the development of
solid-state batteries, could extend cycle life to more than 6000 cycles by 2030 (‘“Bat-
teries Europe” 2025). Concern about the sustainability of raw materials like cobalt and
lithium also limit their scalability for larger systems. Enhanced recycling technolo-
gies are also expected to play a significant role in reducing the environmental impact
of battery production. By 2030, recycling rates for critical materials such as cobalt
and nickel are projected to exceed 90%, addressing supply chain risks and reducing
dependency on virgin resources (“Batteries Europe” 2025). Applications requiring
long-duration storage may benefit from vanadium redox flow batteries (VRFBs),
which offer exceptional durability, modularity, and lifespans exceeding 20 years.
With efficiency rates of 75%—85%, they are well-suited for large-scale, stationary
applications due to their ability to decouple energy storage from power output. By
2030, VRFBs are projected to achieve up to 20,000 full equivalent cycles at 60—
80% depth of discharge (DoD) (“Batteries Europe” 2025). However, concerns over
vanadium toxicity, high upfront costs, and substantial space requirements remain key
challenges. In response, emerging flow battery technologies using more abundant,
cost-effective materials with higher energy density and less critical raw materials
(CRMs) are currently being developed (Shoaib et al. 2024).

Chemical storage, particularly in the form of hydrogen, is increasingly recognized
as a promising solution for long-term energy storage and a versatile energy carrier.
Produced via electrolysis using excess renewable electricity, it can be stored in tanks
and later converted back into electricity using fuel cells or utilized directly for trans-
port, heating, and industrial applications. While its capacity for large-scale storage
and transportability is often seen as a major drawback—given the high costs, complex
infrastructure, and safety-related challenges associated with integrating hydrogen
into the existing grid (Alexopoulos et al. 2021)—these same characteristics can be
an advantage in remote areas where electricity transmission and distribution are
either unfeasible or more expensive. In such locations, hydrogen storage and trans-
portability offer a viable alternative for ensuring a reliable energy supply. However,
hydrogen storage still requires large volumes, high pressures, or cryogenic temper-
atures (liquid hydrogen), adding costs and technical complexity to its implementa-
tion. Beyond direct use, hydrogen can be further converted into synthetic natural
gas (via power-to-gas) by reacting with CO, (Tommasi et al. 2024), or into liquid
fuels (via power-to-liquid) such as alcohols and dimethyl ether, supporting renew-
able fuel production (Palys and Daoutidis 2022). Additionally, solar fuels are gaining
momentum, with research focusing on natural photosynthesis, artificial photosyn-
thesis, and thermochemical production as alternative methods for sustainable fuel
generation (Mitali, Dhinakaran, and Mohamad 2022). While stationary hydrogen
storage systems using fuel cells and electrolysers are less mature than batteries, rapid
advancements are expected by 2030. The European Hydrogen Strategic Research and
Innovation Agenda (SRIA) projects a 50% reduction in CAPEX for electrolysers
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(500 €/kW) and fuel cells (900 €/kW) by 2030 (“Clean Hydrogen JU SRIA 2021—
2027 2022). Efficiency improvements are also anticipated, with proton exchange
membrane (PEM) fuel cells expected to reach 60—65% efficiency (up from ~ 50%).
These advancements will enhance the viability of hydrogen for long-duration energy
storage, making it a key enabler for seasonal energy balancing and energy security
in renewable systems.

Mechanical energy storage solutions, such as pumped hydro storage, and
flywheels, play a crucial role in hybrid systems designed for off-grid applications.
Pumped hydro storage, while mature and highly efficient, is typically unsuitable
for flat or remote regions due to its dependence on specific geographic conditions.
Flywheel energy storage systems (FESS) store energy through rotational kinetic
energy and are particularly useful for their durability and rapid response capabilities,
essential for meeting immediate energy demands and managing the intermittency
of renewable energy sources. Their drawbacks include relatively low energy density
and the need for advanced components, such as magnetic bearings and vacuum
enclosures, that can complicate maintenance, especially in remote or inaccessible
locations (Olabi et al. 2021).

Although thermal energy storage is not a primary solution for storing electricity,
it remains essential in hybrid systems to meet heating demands. Hot water storage
tanks are a widely spread, low-cost and easily applicable TES solution. Phase-change
materials (PCMs) are an emerging technology with higher storage density, with
high potential for applications where space is limited, as well as for cold TES.
TES systems are highly efficient and can easily be integrated into district heating
networks or individual heating systems. However, their suitability depends on the
availability of heat sources and the infrastructure for heat distribution, which can
limit their application in some areas. Hot water tanks and PCMs are suitable for
short-term diurnal storage. For seasonal storage of excess renewable or surplus heat,
borehole TES and other underground TES solutions have been developed for off-grid
applications, with examples given in Sect. 2.2. Borehole TES stores heat at lower
temperatures and requires typically a heat pump for upgrading the heat. In terms of
hybridization of TES with other storage technologies, the prospected advancements
are less on the technological side, but more on the side of innovative combination,
control and monitoring of the hybrid storage solutions. The technologies for the most
applicable short-term and seasonal TES, such as hot water tanks and borehole TES,
respectively, are well developed. However, tools for optimal design and operation of
TES systems when integrated with renewable energy production and other storage
technologies are required to avoid over-dimensioning and thus to minimize total
system costs, which is critical to promote wider implementation.
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2.1 Key Sectors Benefiting from Hybrid Energy Storage

Off-grid hybrid systems in Northern Europe and the Arctic address the energy
demands of various sectors, including residential, industrial, agricultural, and aqua-
cultural applications. In small communities and remote Arctic settlements, hybrid
systems integrating solar PV, wind energy, and TES ensure autonomy from central-
ized grids. By providing both power and heating, these systems reduce reliance
on fossil fuels, significantly lowering emissions. For industrial operations, such
as mining and forestry, hybrid systems deliver the consistent energy required for
machinery and heating, while reducing logistical challenges associated with fuel
transport (Kalantari and Ghoreishi-Madiseh 2022). Similarly, tourism operations in
remote Arctic areas, such as eco-lodges and expedition camps, rely on clean, renew-
able energy to align with sustainability goals and attract environmentally conscious
travelers. By integrating renewable energy with storage solutions, these systems not
only reduce operational costs but also minimize emissions, enhancing their ecological
compatibility.

Agriculture in Nordic regions benefits from hybrid systems that integrate renew-
able energy with storage technologies. Greenhouses, essential for year-round culti-
vation, rely on stable heating and electricity to maintain optimal growing condi-
tions. TES systems ensure surplus renewable energy is stored as heat, enabling
efficient greenhouse operation even during the coldest months. Additionally, agri-
cultural waste can be converted into biogas, creating a sustainable energy loop that
provides power and heat while reducing waste. Fish farming, a vital industry in
Nordic countries, also benefits from hybrid off-grid systems. Fish farms require
consistent power for oxygenation, feeding systems, and temperature regulation, all
of which are critical for maintaining healthy aquatic environments. Hybrid systems
with battery storage and TES ensure uninterrupted operations even during periods of
low renewable energy production. There is also potential for collecting and utilizing
the oxygen produced as a biproduct in water electrolysis for hydrogen production
for aquaculture applications (Mohammadpour et al. 2021). By reducing dependency
on diesel generators, these systems significantly lower operational costs and envi-
ronmental impact, aligning with the sustainability goals of the aquaculture industry
(“UN Global Compact” 2022).

2.2 Common Hybrid Configurations for Off-Grid
Applications

Battery and Hydrogen. Off-grid systems based on both hydrogen and batteries can
result in the cheapest system configuration since they can rely on the high efficiency
of batteries for short duration storage and the relatively lower cost per unit of stored
energy from the hydrogen tanks for long-duration and seasonal storage (Marocco
et al. 2023). Figure 1 shows how the Levelized Cost of Hydrogen (LCOH) changes
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Fig. 1 Hydrogen for off-grid sites (Froan island in Northern Europe): Levelised Cost of Electricity
(LCOE) as a function of CO; emissions reduction (compared to current scenario with only diesel).
Modified from (Marocco et al. 2022)

when carbon dioxide (CO;) emissions are reduced compared to the actual diesel-
based scenario at the Froan island (Marocco et al. 2022). In particular, hydrogen
becomes essential in transitioning to configurations with high RES penetration, while
maintaining low electricity production costs. Indeed, a system relying solely on
batteries (Fig. 1, left) would incur higher costs than the hybrid hydrogen-battery
case (Fig. 1, right) due to the significant oversizing required for both renewable
generators and batteries.

Trapani et al. (Trapani et al. 2024) investigated electrification solutions across
138 remote sites in Norway, concluding that hydrogen is crucial for preventing the
oversizing of renewable generators and batteries while ensuring long-term storage
capacity. Richards et al. (Richards and Conibeer 2007) also demonstrated that
the economic viability of hydrogen-based technologies improves in hybrid energy
storage systems located at more extreme latitudes, where the seasonal variation in
solar radiation is relevant. Additionally, the potential of wind-hydrogen plants was
investigated in the off-grid Arctic communities of Grimsey (Iceland) (Chade, Miklis,
and Dvorak 2015) and Mykines (Faroe Islands) (Enevoldsen and Sovacool 2016).
Both studies found that the long-term hydrogen storage capacity is essential for
improving wind power utilization and addressing the variability and seasonality of
the electrical load and renewable production.

Batteries and thermal energy storage. Space heating and hot water production
take up a major share of the total energy use in European households: 64% and
15%, respectively (Eurostat 2024). TES is therefore crucial to reduce peak energy
demands and increase energy system flexibility. Hot water demand has a regular,
diurnal variation throughout the year, and hot water storage tanks are readily available
in most houses. Active use of these storages is hence a cost-efficient way to store
renewable energy. Space heating demand, on the other hand, has a seasonal variation,
which raises the need for larger, seasonal TES (STES) solutions.

The feasibility of different TES options for off-grid energy systems depends on
(1) the share of the thermal energy demands of the total energy demand as well as
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(2) the variability in these demands on a diurnal and a seasonal level. Hot water
tanks are a low-cost option for short-term storage, and can significantly reduce the
required battery capacity, as was shown by e.g. (Hiring et al. 2019). STES systems
can improve the energy-independency of off-grid energy systems, but are associated
with high investment cost and thermal losses, and require an abundant, low-cost heat
source, such as solar energy or industrial excess heat. A prerequisite for utilizing a
STES system is a waterborne heat distribution system, in buildings and within the
area.

At Svalbard, Store Norske has reduced the CO, emissions from their off-grid
energy system at Isfjord Radio by 70% by adding PV, battery and TES to the originally
diesel driven energy system (‘““Store Norske” 2023).

A new neighborhood in Trondheim, Norway, will have an integrated energy
system consisting of a local heating network, STES utilizing waste-heat and a
seawater-based heat pump, as well as hot water TES tanks and PV at the build-
ings. Kauko et al. (2024) carried out a simulation study showing that a low (45 °C)
distribution temperature in the local heating network is essential for efficient utiliza-
tion of local energy resources and STES. The local TES units at the buildings were
shown to be efficient in absorbing daily variations in PV production and electricity
prices, reducing the demand for batteries.

Batteries, hydrogen, and thermal energy storage. Hybrid energy storage systems
integrating batteries, hydrogen and TES are a less studied combination that could effi-
ciently improve the energy-independency of remote communities in cold climates.
Kalantari et al. (2022) proposed a stand-alone net zero energy system for open-pit
mining operations combining local wind power production with different configura-
tions of energy storage in hydrogen, batteries and rock-pile TES. TES combined with
an electric heater was included in all configurations to store surplus wind energy and
supply heating demands. Hybrid battery / fuel cell storage and a hydrogen-powered
fleet was shown to be the most profitable alternative for the mine.

Electrolyzers and fuel cells generate heat during operation, which can be recovered
to meet part of the thermal demand of the end-user (van der Roest et al. 2023). Puranen
et al. (2021) assessed the feasibility of a PV-based hydrogen-battery system with a
heat pump-based heating system under northern climate conditions, suggesting that
recycling fuel cell waste heat could reduce electricity consumption during winter.
This, in turn, could allow for a reduction in the size of the hydrogen storage system.

Sun et al. (2022) simulated an off-grid zero energy building with a hydrogen,
battery and TES system for two cities in Iran with different climates. The electricity
supply was based on rooftop-integrated PV panels or wind turbines. Heating and
cooling were supplied with a heat pump/chiller, and domestic hot water demands
were covered with a solar collector, with excess heat from the fuel cell and electrolyser
as an auxiliary heat supply. In both cases, the local energy system was able to satisfy
all the energy demands over a year, with the required configuration and capacity of
PV panels, solar collectors and wind turbines depending on the site.
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To summarize, while batteries together with diurnal and seasonal TES can enable
year-round off-grid operation at least in terms of thermal energy demands, the combi-
nation with hydrogen storage is often required to be able to cover the electricity
specific demands as well, or in industrial applications for fueling heavy machinery.
Moreover, the combination of hydrogen storage with TES and batteries is crucial
for reducing the capacity required for hydrogen production and storage, as will be
shown in Sect. 3.

2.3 Projected Technological Advancements

The future of off-grid HESS will be shaped by advancements in energy manage-
ment systems (EMS), real-time control strategies, and high-efficiency energy conver-
sion and storage. As renewable energy penetration increases, ensuring integration of
diverse storage and generation technologies requires intelligent control architectures
capable of dynamic optimization. The complexity of hybrid controls grows expo-
nentially as multiple energy storage and conversion technologies—electrochemical,
chemical, thermal, and mechanical—are hybridized to improve resilience and effi-
ciency. Developing robust, adaptive control strategies is critical to enabling fully
autonomous off-grid energy systems.

Advancements in EMS will be at the core of future HES, enabling real-time
decision-making through predictive analytics, resource forecasting, and adaptive
dispatch. Leveraging artificial intelligence and machine learning will improve both
the development and real-time operation of hybrid controls, enhancing energy flow
optimization and system resilience (Murphy and Mills 2021). Al-driven EMS can
dynamically balance supply and demand across multiple time scales, incorporating
weather predictions, load variability, and market conditions to refine dispatch strate-
gies. This capability is especially critical for long-duration storage applications,
where optimizing storage cycling and minimizing degradation directly impact perfor-
mance and cost-effectiveness. Integrating advanced computational methods will
further enhance cyberphysical control strategies, ensuring stable system operation
across varying load conditions (Murphy and Mills 2021). Smart grid-compatible
EMS will allow off-grid HES to operate efficiently, whether in islanded mode or
within larger decentralized microgrids. Grid-forming and grid-following capabili-
ties will be essential for coordinating the interactions between inverters, storage,
and generation assets, maintaining frequency stability, and preventing system imbal-
ances. Additionally, microgrid controllers must evolve to support hybrid configu-
rations, allowing smooth transitions between different power sources and enabling
modular scalability. Resource forecasting will play a crucial role in next-generation
HES controls (Murphy and Mills 2021; Yuan, Kocaman, and Modi 2017). By inte-
grating real-time data analytics with EMS, hybrid systems can proactively adjust
energy storage and dispatch strategies to accommodate fluctuations in renewable
generation. Improved forecasting of solar and wind availability will reduce reliance
on backup generation, enhancing overall system efficiency. For long-duration storage
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solutions, predictive algorithms will optimize the timing of energy conversions, such
as power-to-gas or thermal storage utilization, to align with expected energy demands
and available resources.

Field demonstrations and pilot projects will be essential for validating these
control advancements (Murphy and Mills 2021; Blackburn et al. 2020; US Dept of
Commerce 2022). Real-world testing in remote, islanded, and disaster-prone regions
will provide critical insights into system behavior, allowing for iterative improve-
ments in EMS, forecasting algorithms, and cyberphysical security measures. By
2030, these innovations will make off-grid HESS more intelligent, cost-effective, and
resilient, ensuring reliable and sustainable energy access in areas where traditional
grid infrastructure remains impractical (Murphy and Mills 2021).

3 Toward Sustainable Off-Grid Farming: A Case Study
on Hybrid Heat, Power, and Storage Solutions
for Comprehensive Dairy Farm Energy Needs

The energy demands of modern dairy farming extend beyond basic electricity,
including significant heating needs for water, milk processing, and maintaining
comfortable conditions for livestock. Addressing these demands sustainably is crit-
ical for reducing greenhouse gas emissions and operational costs, while enhancing
resilience in rural agricultural operations. This case study explores the implementa-
tion of a hybrid energy system tailored to meet the comprehensive heat and power
needs of a dairy farm, integrating renewable sources such as solar and wind with
thermal energy storage (TES) and advanced battery and hydrogen systems.

The significance of this approach goes beyond agriculture, as it also serves as a
model for rural housing and community energy solutions. By demonstrating how inte-
grated hybrid systems can simultaneously power homes and farming operations, this
case highlights the potential for scalable, sustainable energy solutions in agricultural
settings.

3.1 Case Study Description

Reference case study. The case study under analysis is a remotely located milk
farm in Rye, Norway. Within the framework of the REMOTE project (“REMOTE
Project Official Website” 2018), a PV system of 86.4 kW and a wind turbine of
225 kW have been installed to power the farm. Moreover, in order to enhance the
exploitation of the local solar and wind energy, a hybrid hydrogen-battery storage
system was implemented and operated. As shown in Table 2, a Li-ion battery of
550 kWh capacity (5 racks of 110 kWh) was selected to provide short-term energy
storage. Hydrogen-based technology (including electrolyzer, hydrogen storage and
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Table 2 Sizes of the C " Si
components of the renewable omponen it
hydrogen-battery system PV system 864k W
installed in Rye in the Wind system 225 kW (1 turbine)
framework of the REMOTE
project PEM electrolyzer 50 kW
PEM fuel Cell 100 kW
Hydrogen storage 3333 kWh or 100 kg (max. 30 bar)
Li-ion battery storage 550 kWh
Biofuel generator 48 kW

fuel cell) was instead adopted to achieve cost-effective longer-term storage capa-
bility. Specifically, a 50-kW proton exchange membrane (PEM) electrolyzer, with
operating pressure of 30 bar, was chosen for the production of hydrogen based on
excess renewable energy. The PEM typology was considered given its maturity, wide
modulation range and good dynamic behavior, making it very suitable for integration
with fluctuating renewable energy production. A PEM fuel cell was also considered
for the reconversion of hydrogen into electricity when the wind/solar generator and
the battery are not sufficient to cover the electrical demand. It should be noted that
the maximum pressure of the hydrogen storage tank (100 kg capacity) was set at
30 bar, thus avoiding the need for a compressor to store the hydrogen coming from
the electrolyzer (where hydrogen is already generated at 30 bar pressure). Addi-
tionally, a biofuel generator was integrated as a final back-up unit to make the site
entirely off-grid. Pictures of the renewable hydrogen-battery storage system in Rye
are shown in Fig. 2, while Fig. 3 presents a map of the installation location.

Extended Case Study. Observations from the case study indicate that most of
the site’s energy demand arises from heating requirements rather than electricity
consumption. To build upon the reference case study, the extended system design
incorporates thermal energy storage to address the significant share of energy demand
associated with heating requirements, such as hot water and space heating. The
extended hybrid energy storage system is a conceptual design, developed solely to
explore the potential for future installations.

The incorporation of TES directly targets this thermal demand, offering a
more energy-efficient, cost-effective, and sustainable alternative. By storing thermal
energy in a hot water tank, the need for energy-intensive electricity storage and
conversion processes is reduced. Additionally, systems equipped with surplus heat
recovery from hydrogen-based technologies, further minimize energy waste and
operational costs.

This chapter lays the foundation for a detailed comparison between fully electric
and hybrid electric-thermal system configurations, analyzing their energy efficiency,
environmental impact, and economic performance to identify the optimal solution
for meeting the site’s combined thermal and electrical demands.
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Fig. 2 Installed hybrid energy storage system in Rye, Norway. Photographs courtesy of Bernhard
Kvaal

3.2 System Configurations and Control Strategy

This case study explores three distinct configurations of a hybrid energy system, each
designed to balance electrical and thermal energy demands under varying conditions.
The configurations range from a simple, fully electric setup to advanced systems
integrating heat recovery for enhanced efficiency. These configurations are analyzed
to evaluate their performance, energy efficiency, and environmental impact.

Configuration 1 Electric-Driven Hybrid System: this system exclusively relies on
electricity for meeting both power and thermal energy needs. In this setup, renew-
able energy sources, such as PV and wind turbines, directly supply electricity for
electric specific uses and space heating, as well as to power an electric boiler that
converts electricity into hot water. Excess electricity generated during periods of
high renewable availability is stored either in batteries for direct electrical use or
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o

/"Rye‘,, Trondheim

Fig. 3 Location of the installed HES system in a Norway (Made with Natural Earth. Free vector and
raster map data @ naturalearthdata.com); and b zoomed view of Rye, Trondheim (© OpenStreetMap
contributors. Data licensed under the Open Database License, via MapTiler map tiles)

converted into hydrogen via electrolysis, which acts as a fuel for long-term storage.
This configuration offers a simple, fully electric solution for integrating thermal and
electrical energy (Fig. 4).

Configuration 2 Heat Pump-Driven Hybrid System: this configuration also relies
on renewable electricity but adds a heat pump for more efficient thermal energy
production. Excess thermal energy is stored in a hot water tank, providing heat
when renewable energy is scarce. Renewable electricity powers the heat pump and
other electrical loads, with surplus stored in batteries or converted to hydrogen for
long-term use. This configuration efficiently combines electrical and thermal energy
storage and production (Fig. 5).

Configuration 3 Advanced Heat Recovery Hybrid System: building on the heat
pump-driven setup, this configuration incorporates a heat exchanger to recover

Biofuel generator  Photovoltaic Wind e 1

| —— Electricity !
I}@ﬂ 20- 0 { —— Hydrogen
Biofuel —> ': , , ¢I§ Heat
\L l’ \l/ 7777777777777777777777 Electric specific
:t \L T ‘L Space heating
n_n
h —_ —_— ﬁ Hot water
Battery Electrolyzer ~ Hydrogen storage  Fuel cell Electric boiler

Fig. 4 General layout of the electric-driven hybrid system. Similar to the configuration of the
hybrid renewable-based P2P system installed in Rye in the framework of the REMOTE project
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Fig. 5 General layout of the heat pump-driven hybrid system

surplus heat from the fuel cell and electrolyzer, trying to maximize system efficiency
by utilizing the extra heat for space heating and hot water. Heat recovery from the
biofuel generator was not included due to its more intermittent operation compared
to the fuel cell and electrolyzer, which provide a more stable and predictable heat
source; additionally, the generator is intended for minimal use only as a backup in
case of power supply shortages and is planned for future phase-out (Fig. 6).

Control Strategy. The control strategy of the hybrid energy storage system is
designed to efficiently balance the renewable energy supply with electrical and
thermal energy demands, while minimizing reliance on external energy sources and
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Hot water
Surplus heat

Thermal storage

Fig. 6 General layout of the advanced heat recovery hybrid system
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optimizing energy storage utilization. The system dynamically manages the distri-
bution of energy between various components (renewable energy sources, energy
storage units, and loads) on a timestep basis.

Dynamic Load Allocation. The first step of the control strategy consists in evalu-
ating, at a given time, the net power balance, calculated as the difference between
the renewable energy output and the total energy demand. This balance determines
whether the system experiences a surplus (renewable energy exceeds demand) or
a deficit (renewable energy is insufficient to meet demand). The energy demand
includes both electrical loads and thermal loads, such as space heating and hot water
requirements. The control strategy dynamically allocates renewable energy between
electrical and thermal loads, optimizing energy distribution based on the availability
of resources and system priorities. Proportional redistribution of surplus or energy
deficit ensures a balanced approach to meet all energy demands.

In deficit scenarios, where renewable energy is insufficient to meet the load,
the control strategy prioritizes available energy sources based on a combination of
availability, thermal and electrical efficiency to minimize disruptions:

1. Allocation of Renewable Energy. Renewable energy is initially allocated to
meet both electrical and thermal demands. If heat recovery from previous oper-
ations, such as surplus heat from the fuel cell or the electrolyzer, is available, it
is utilized to reduce the thermal load on renewables and improve efficiency.

2. Deficit Distribution. When a deficit persists, the system calculates the shortfalls
in electrical and thermal demands separately. The available renewable energy is
distributed proportionally to the energy demands.

3. Battery Discharge. The battery is the first energy storage system utilized to
cover the remaining deficit. The control logic ensures that electrical and thermal
deficits are addressed proportionally to their size, optimizing the battery’s usage
and ensuring balanced load coverage.

4. Hydrogen Storage and Fuel Cell Operation. If the battery cannot fully cover
the deficit, the hydrogen storage system is activated. Through the fuel cell, stored
hydrogen is converted into additional power. Surplus heat generated during fuel
cell operation is recovered, when possible, and directed toward reducing thermal
load demands.

5. Biofuel Generator. In extreme deficit scenarios, when neither the battery nor
hydrogen storage can meet the demand, the biofuel generator is used as a last
resort to ensure uninterrupted energy supply.

When renewable energy supply exceeds the load, the system manages the surplus
energy to maximize its utilization:

1. Battery Charging. The surplus energy is first directed to charge the battery until
it reaches its maximum capacity.

2. Hydrogen Production via Electrolyzer. Any remaining surplus energy is used
to produce hydrogen via the electrolyzer.

3. Heat Pump or Electric Boiler Operation. Once the battery is fully charged
and the hydrogen tank is refilled, any further surplus energy is directed toward
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heating water to its maximum temperature using either a heat pump or an electric
boiler.

4. Curtailment. If surplus energy cannot be stored or utilized, it is curtailed as a
final measure.

Thermal Load Management and Heat Recovery. The system incorporates thermal
load management strategies and, when available, heat recovery mechanisms to reduce
the thermal load demand:

1. Thermal Storage Utilization. A hot water tank stores surplus thermal energy for
later use. The control strategy ensures that the tank is recharged during periods
of surplus and discharged during deficit scenarios to meet thermal demands.

2. Optional Heat Recovery. When available, surplus heat recovery systems capture
heat from the fuel cell or electrolyzer and use it to preheat water or assist space
heating via a heat exchanger. This optional feature reduces the thermal load
demand on primary energy systems, enhancing overall efficiency.

3.3 Components in Energy Demand

The site consists of three residential buildings, as well as a barn for milk cows. The
main energy demand at the site consists of equipment at the barn (feed blower, milk
robot), as well as space heating, and hot water production for the residential houses.
Figure 7 presents weekly electricity demand profiles for the farm for a cold winter
and a warm summer week. In both profiles, four distinct peaks are observed daily,
appearing as two closely spaced pairs occurring at regular intervals. These peaks are
related to the operation of the barn, and particularly the milk robot, which is washed
regularly. The high peaks during the winter are related to the use of the feed blower.

As only the total electrical demand of the site is available, estimating the space
heating and hot water demand required an analysis based on the type of equipment
in use at the barn and the size of both the barn and the residential houses. In order
to evaluate the contribution of the thermal energy supply and TES in contributing to
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Fig. 7 Weekly load profiles for a winter week (2nd—8th Jan) and a summer week (3rd-9th July)
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flexibility and reduce the total costs of an off-grid energy system, it was necessary
to separate the demands for space heating and hot water production from the total
demand data.

Space heating demand is the component of the load with highest dependency
on ambient temperature. This component was therefore obtained by applying 2™
order polynomial regression on the total load as a function of ambient tempera-
ture for temperatures ranging from — 15 to 15 °C (Fig. 8), following an approach
similar to (Heimar Andersen et al. 2021). The space heating demand is then simply
calculated using the resulting 2nd order polynomial coefficients and the ambient
temperature data for each hour of the year. As the load covers the total load for
the farm, including the feed blowers used sporadically over the winter, the ambient
temperature dependency is less clear than when using load data for a residential
building, for instance, and the summer heat load was unrealistically high. The load
profile for spring, summer and autumn was therefore scaled down. Figure 9 shows
the resulting space heating load together with the ambient temperature.

The hot water load was assumed to be regular and temperature independent,
similar to the approach in (Heimar Andersen et al. 2021), thus set equal to the
summer load minus the minimum load for the week to extract any other loads at
the farm. Figure 10 shows the resulting loads for a cold winter and a warm summer
week, divided into three components: hot water production (37% of the total annual
load), space heating (34%) and electricity specific (29%). The electricity specific
load calculated from the initial total load minus the loads for space heating and hot
water production.
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Fig. 8 Total load as a function of ambient temperature and the applied polynomial fit
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Fig. 10 Weekly load for a winter week (2nd— 8th Jan) and a summer week (3rd— 9th July) split
into three components: hot water production, space heating and electricity specific

3.4 Optimisation Strategy

The optimization approach used in this case study focuses on minimizing a weighted
objective function that evaluates both techno-economic and environmental metrics
for the system. An in-house Python code was employed, which includes the
scipy.optimize library and specifically the Powell method (Virtanen et al.
2020), a derivative-free optimization method that does not rely on gradients or the
Jacobian matrix.
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The optimization problem for hybrid energy systems involves both convex and
non-convex components. While some constraints, such as energy balance and compo-
nent limits, are linear and thus convex, the objectives (e.g., NPC, LCOE, LCOS, and
GHG emissions) are generally non-convex due to the system’s complex dynamics
and interactions. Reliability metrics (e.g., LPSP and LHSP) derived from simulation
results also exhibit non-convex behavior.

The Powell method is particularly well-suited to such problems because it is a
derivative-free optimization algorithm that does not rely on convexity or smoothness.
Instead, Powell systematically explores the parameter space, iteratively refining the
solution using line search techniques. While it does not guarantee a global minimum
for non-convex problems, its robustness makes it effective for identifying high-
quality solutions in complex, noisy objective functions, such as those derived from
yearly demand simulations.

By complementing it with a weighted-sum approach or the Tchebycheff
method, the Powell method effectively handles multiple objectives, optimizing the
balance between technical, economic, and environmental constraints. This method
is well-suited for the complex, non-linear response surfaces characteristic of the
analyzed hybrid energy systems. The multi-objective nature of the analyzed problem
requires that a scalarization technique is employed to combine multiple objectives
into a single scalar objective, making the Powell method applicable in this case.

The weighted sum approach, employed to find the optimal size of the investigated
hybrid energy system, combines individual objectives fi (x), f>(x), ..., fix (x) as:

Fx)=wi-fix) +wr-fo(x) + - +wi - fi(x)

where w; are weights representing the relative importance of each objective. While
this approach simplifies the optimization process, it provides a single solution rather
than a Pareto front (Feng et al. 2014), and it is here applied to find the optimal size
(capacity, kWh, or power, kW, of the hybrid energy system components) required to
match the power and heat demand of the case study.

The Tchebycheff method, used to explore the trade-offs between objectives,
minimizes the maximum weighted deviation from an ideal solution, expressed as:

Loo(x, &) = max[A; - [fi(x) — 2]

where x represents the decision variables, f;(x) is the ith objective function, z is the
ideal value for the ith objective, and A; is the weight for the i-th objective (Feng et al.
2014).

Problem Formulation The process begins with defining the decision variables,
which include parameters such as RES power, battery energy, fuel cell and elec-
trolyzer power, boiler power, tank capacities, and the inclusion of a heat exchanger.
These parameters are fed into the simulation model along with system metadata,
which specifies the configuration (electric- or heat pump-driven) and governs the
activation of specific components. The simulation then calculates techno-economic
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results, such as Net Present Cost (NPC), Levelized Cost of Electricity (LCOE),
Levelized Cost of Storage (LCOS), Loss of Power Supply Probability (LPSP) and
Loss of Heat Supply Probability (LHSP), as well as environmental metrics like
greenhouse gas (GHG) emissions.

Net Present Cost (NPC) is calculated as:

= Zk Crepkj+Z'C0M ij Csalkn
C ot = Cinv,io + — - — — qyn
N Z 0 ,:ZI (1 +ady ;(1+d)

where

e nis the lifetime of the project (set to 20 years in this study) and d is the real interest
rate (which is a function of the nominal interest rate and the annual inflation rate)

® Cin,i,0- is the investment cost of component i Cpp 1 ; is the replacement cost of
component k in year j.

® Coum i is the operation and maintenance cost of component i/ in year j.

® C,a k.n 1s the salvage value of component k at the project’s end.

LCOE and LCOS are calculated as:
Where:

Cnpc,gen 1S the net present cost of electricity generation components (€).
Cnpc storea 15 the net present cost of the storage system (€).

E,j is the total energy demand covered in year j (kWh).

Egiorea j 1s the total energy stored and later used in year j (kWh).

LPSP and LHSP are calculated as:

{17 Eu' }-17 Hu'
Zj_l ) LHSP _ Z]_l 5]

LPSp = == Szt
> -1 Ea > -1 Ha,

where

e L, ;and H,; are the unmet electricity and heat demands in year j.
e LE;;and H, ; are the total electricity and heat demands in year j.

Specific GHG emissions are calculated as:

Z,’ (Gcon,i + Grep,i - Gsal,i) + Gfuel,pmd + Gﬁ,tel,cons

GHG =
Z Edemand

where

e The first summation represents the total GHG emissions from the power genera-
tion and storage i components, including construction, replacement, and salvage
value adjustment.
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® Giuel proa and Gy cons Tepresent GHG emissions from biofuel production and
consumption.
® Ejemana 18 the total energy demand covered in the project (kWh).

The weighted objective function aggregates these outputs, rescaling them for
uniformity and incorporating penalty terms to ensure feasibility. For instance, penal-
ties are applied if the LPSP or LHSP exceed acceptable thresholds, or if fuel-based
GHG emissions are non-zero. Mathematically, the problem is formulated as:

min F'(x) = wy - NPC(x) + wp - LCOE(x) + w3 - LCOS(x) + w4 - LPSP(x)
+ ws - LHSP(x) + wg - GHG(x) + P(x)

where

e x is the vector of decision variables, i.e.:

[Pvpowers andpowers Fcpowerv ELpowers Hydrogencapacityy
Batterycapaciry, Generatoryoyer, ElectricBoilerpyer,

HeatPump poyer, WaterTankqpaciry, HeatExchangerg,er ]

e P(x) is the penalty term (e.g., for unmet demand, infeasibility).
® wi, wy, w3, wa, W5, we are the weights for each objective, reflecting relative
importance.

The Powell method systematically explores the parameter space and iteratively
adjusts decision variables to minimize the scalarized objective function. This ensures
robustness in identifying the global minimum, even for non-smooth or noisy objective
functions. The method balances competing objectives by minimizing the worst-case
deviation from ideal values. For example, mismatches in power and heat supply are
penalized, leading to optimal sizing of the components. The optimization reshapes
supply curves to align with demand, ensuring that the energy balance constraints are
respected. Here is the list of types of constraints and bounds on variables that are
implemented to maintain realistic and feasible solutions:

1. Energy Balance Constraints:

T T T T
S Sp(dt = [ Dy(D)dt, [ Sp(t)dt = | Dy(t)dt
0 0 0 0

where S,(7) and S;,(¢) are the power and heat supplied by the system at time ¢,
while D, (¢) and D (t) are the respective demands.
2. Component Constraints:

Xmin =X = Xmax
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Ensuring component sizes in vector x remain within operational limits.
3. System Reliability Constraints:

LPSP < LPSP 4y, LHSP < LHSP 0x
Combination of Powell and Tchebycheff methods: Specifically for this case
study, the Tchebycheff method was used to evaluate combinations of LPSP and

LHSP with respect to a desired ideal solution (z*):

Leo(x, &) = max[A; - |[LPSP(x) — LPSP*

, Ay - |LHSP(x) — LHSP*|]

where LPSP* and LHSP* are the ideal values (e.g. 0.1% or 1%), while A, and A, are
weights for prioritizing LPSP and LHSP.

The optimization code computes NPC, LCOE, LCOS, and GHG for each point in
the LPSP, LHSP space, generating a Pareto front by systematically varying weights
in the scalarized objective function, enabling exploration of trade-offs between NPC,
LCOE, LCOS, and GHG emissions. At convergence, the set of optimized parame-
ters and corresponding objective metrics are calculated and output. The optimized
system design reflects the best possible trade-off between technical, economic, and
environmental performance, while ensuring that power and heat demands are met
efficiently.

3.5 Technical, Economic, and Environmental Input
Parameters

The parameters for the different electric and thermal components presented in Table 3
were used as inputs to parameterize the model for optimizing the three hybrid energy
storage systems (HESS) configurations. These values, including performance metrics
such as efficiencies, lifetime, flow rates, or defined operational ranges (e.g., state-
of-charge limits), ensure accurate representation of each component behavior within
the system. This detailed parameterization enabled the model described in Sect. 3.4
to evaluate technical feasibility, system reliability, and the optimal configuration for
achieving performance targets.

Table 4 consists of the main economic parameters, including investment costs,
replacement costs, and operational and maintenance expenses, to be used as an
input into the optimization model to assess the economic feasibility of HESS
configurations.

Finally, Table 5 includes the greenhouse gas (GHG) emissions data for each
component as critical inputs for the model to evaluate the environmental sustainability
of the HESS configurations (Bionaz et al. 2022). These lifecycle emissions metrics
enabled the optimization process to prioritize low-emission technologies and assess
the overall environmental footprint of each configuration.
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Table 3 Technical input parameters
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Component Parameter Value
Li-ion battery Minimum SOC 0.2
Maximum SOC 0.9
Charge efficiency 0.95
Discharge efficiency 0.95
Lifetime 15y!
PEM electrolyzer Avg. efficiency (LHV basis) 0.63
Modulation range (% of rated power) 10-100%
Lifetime 67 000 h
PEM fuel cell Avg. efficiency (LHV basis) 0.5
Modulation range (% of rated power) 6-100%
Lifetime 40,000 h
Hydrogen tank Minimum SOC 0.2
Maximum SOC 0.9
Lifetime 25y
Biofuel generator Fuel consumption 220 g/kWh
Lifetime 20,000 h
Converter Efficiency 0.955
Rectifier Efficiency 0.93
Water tank Minimum temperature 40 °C
Maximum temperature 80 °C
Electric boiler Efficiency 0.95
Heat loss coefficient 0.1 kWh/h
Heat pump COpP 35
Heat exchanger Efficiency 0.85
Pump Efficiency 0.85
Flow rate 0.01 m3/s
Head 10 m

3.5.1 Results and Discussion

The performance of hybrid renewable energy systems was evaluated across three
configurations: Electric-driven (ED), Heat Pump-driven (HPD), and Advanced Heat
Recovery (AHR) systems. This evaluation, based on the yearly load profile of the
dairy farm, incorporates economic, environmental, and operational considerations.

! Unlike fuel cells, electrolyzers, and generators (which are rated in operating hours due to contin-
uous operation), the battery lifetime is input in years in the model, as it degrades based on both time
(calendar aging) and usage (cycle aging).
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Table 4 Economic input parameters

Component Investment Replacement OM

PV system 1545 €/kW - 24 €/kWl/y
Wind system 1175 €/kW - 3%ly of Inv. cost
PEM electrolyzer 4600 €/kW 35% of Inv. cost (67,000 h) 3%/y of Inv. cost
PEM fuel cell 1978 €/kW 35% of Inv. cost (40,000 h) 3%ly of Inv. cost
H, storage 470 €/kg - 2%y of Inv. cost
Li-ion battery 275 €/kWh 50% of Inv. cost (15 y) 10 €/kWh/y
Biofuel generator 420 €/kW 420 €/kW (20,000 h) 2€N

Electric boiler 100 €/kW - 3%ly of Inv. cost
Heat pump 1500 €/kW - 2%y of Inv. cost
Water tank 500 €/unit* - 2%y of Inv. cost
Heat exchanger 200 €/kW - 1%y of Inv. cost

4 Unit = 1000 L

Table 5 Environmental input parameters

Component GHG

PV system 304.0 kgCO,eq/m?

Wind system 226,741.7 kgCO,eq/turbine

PEM electrolyzer 190.5 kgCOreq/kW

PEM fuel cell 405.5 kgCOzeq/kW

H; storage 67,820.6 kgCO,eq (capacity of 100 kg of hydrogen)
Li-ion battery 130.7 kgCO2eq/kWh

Biofuel generator

17.4 kgCO,eq/GJ (diesel production)
2.9 kgCO,eq/1 (diesel combustion)
107.7 kgCOzeq/k VA (gener. manufacturing)

Electric boiler 50 kgCOzeq/kW
Heat pump 100 kgCO2eq/kW
Water tank 2.5 kgCOzeq/L
Heat exchanger 150 kgCOeq/kW
Pump 75 kgCOeq/kW

Insights were drawn from the results presented in Table 6 and additional analysis
from Figs. 11 and 12.

Yearly load profile. The analysis was conducted by assessing the yearly load profile
of the dairy farm, taking into account economic, environmental, and operational
factors. Figure 11 illustrates the state of charge (SOC) of the battery, hydrogen, and
thermal storage throughout the year for the advanced heat recovery (AHR) system.
Figure 12 presents the load demand, split into power and heat load demand, for a
typical winter and summer week.
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Table 6 Technical, economic, and environmental results for the three HES configurations: Electric-
driven (ED), Heat Pump-driven (HPD), and Advanced Heat Recovery (AHR)

unit ED HPD AHR
Power generation
PV kW 84.1 454 39.6
Wind kW 219.3 77.3 71.5
Biofuel generator kW 19.8 4.9 4.7
Electrical storage
Battery kWh 392.5 190.3 189.5
Fuel Cell kW 72.3 523 51.7
Electrolyzer kW 41.3 39.2 38.8
Hydrogen tank kWh 3251 2950 2953
Thermal storage
Electric boiler kW 10.6 - -
Heat pump kW - 17.8 5.7
Water tank 1 1000 1000 1000
Heat exchanger kW - - 4.9
Results
NPC EUR 1033860 |632278 604 181
LCOE EUR/kWh 0.51 0.46 0.45
LCOS EUR/kWh 0.50 0.58 0.55
LPSP % 0.12 0.12 0.16
LHSP % 0.09 0.03 0.00
GHG specific gCOzeq/kWh | 241.19 293.46 290.42
GHG-system kgCOzeq/yr 32187.99 |17 130.51 |16951.79
GHG-fuel kgCOzeq/yr 2 870.21 794.46 793.88
Heat demand covered by surplus heat | % - - 9.12%
RES curtailment % 38.59% 19.04% 18.29%

As observed, the high utilization of storage components during autumn, winter,
and early spring highlights that renewable energy system (RES) production is signif-
icantly lower during these months due to reduced solar radiation in Nordic regions,
resulting in lower PV output. This creates a net power deficit, as shown by the negative
power balance, requiring continuous discharge of the battery, hydrogen system, and
water tank to meet power requirements. This is particularly evident in Fig. 12, where
the typical winter profile shows a high reliance on hydrogen and battery storage to
cover power demands.

In contrast, during the summer, the system frequently experiences surplus energy
conditions, with the exception of the last weeks of June and August where the intense
discharge peaks observed in both the battery and the hydrogen tank SOC are related
to the use of the feed blower. During the surplus periods, the battery, hydrogen,
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and water tank remain at maximum state-of-charge (or maximum temperature), and
renewable generation almost entirely meets the power demand. Heat load demand,
which includes both space heating and hot water, is primarily fulfilled by the heat
pump. However, a notable fraction, approximately 9% as shown in Table 6, is covered
by surplus heat recovered from the hydrogen system.

This heat recovery remains consistent year-round, as illustrated in Fig. 12. The
surplus heat is recovered either during deficit conditions, when the fuel cell is in
operation, or during surplus conditions, when the electrolyzer is active.

Technical, economic, and environmental analyses were conducted, revealing key
interactions between energy generation, storage, and thermal recovery systems.
These findings offer a detailed understanding of their impacts on cost, emissions, and
system reliability. The outcomes of the three system optimizations are summarized
in Table 6.

The Electric-driven system demonstrates a reliance on larger generation capacities
and storage components to meet energy demands. For example, it requires 219 kW
of wind energy, supplemented by 84 kW of PV power, to support a battery capacity
of 392 kWh and a hydrogen tank size of over 3200 kWh. In addition to the high
resource investment, this configuration produces substantial greenhouse gas (GHG)
emissions of 32,188 kg CO,-eq/year, of which 2870 kg CO,-eq/year only attributed
to the biofuel consumption from the generator. This system also incurs the highest Net
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Present Cost (NPC) of € 1,033,860, underscoring the financial burden of achieving
almost zero Loss of Power Supply Probability (LPSP) through purely electric-driven
mechanisms.

While the Electric-driven system at the Rye site was initially designed to cover
only the electric-specific demand, the REMOTE installation successfully provides
for a potential case study that implements space heating and hot water demand as
well, even in its fully electric configuration. This is still achieved using only one
225 kW wind turbine and 86 kW of installed PV power. However, as observed in
Table 6, the other two systems offer more efficient solutions for meeting heat demand,
highlighting the advantages of incorporating advanced thermal energy management
systems.

The Heat Pump-driven system introduces a thermal management strategy that
reduces dependency on electricity for meeting heat demands. This system achieves
significant reductions in resource requirements, including a smaller wind generation
capacity (77 kW, about one third of the installed capacity), battery size (190 kWh),
and hydrogen tank capacity (2950 kWh). Additionally, the inclusion of a heat pump
(18 kW) optimizes thermal energy usage, contributing to nearly halving the system’s
yearly GHG emissions to 17,130 kg CO;-eq/year, with reduced generator utiliza-
tion and fuel consumption yearly emissions falling to just 794 kg CO;-eq/year.
These improvements are achieved with a substantially lower NPC of € 632,278. The
Levelized Cost of Electricity (LCOE) decreases from $0.51/kWh in the Electric-
driven system to $0.46/kWh in the Heat Pump-driven system. While the Levelized
Cost of Storage (LCOS) increases slightly from $0.50/kWh to $0.58/kWh, this
increase is attributed to the larger, but also more efficient, storage capacity which
enhances renewable energy utilization by reducing curtailment (from 38 to 19%).
The integration of the heat pump, with its high Coefficient of Performance (COP),
allows a significant portion of thermal energy demand to be met with minimal elec-
trical input. This improves the overall efficiency of the system by shifting energy
demand from direct electrical use to a more effective thermal energy pathway, ulti-
mately reducing resource consumption and emissions while optimizing renewable
energy utilization.

The Advanced Heat Recovery configuration builds on the Heat Pump-driven
system by incorporating a heat exchanger (5 kW) to recover waste heat from the
fuel cell and electrolyzer. This recovery mechanism allows for the smallest genera-
tion capacities (40 kW PV and 71 kW wind) while maintaining comparable storage
sizes (190 kWh battery and 2953 kWh hydrogen tank). While GHG emissions remain
largely unchanged, the integration of the heat exchanger leads to a 5% reduction in
Net Present Cost (NPC), decreasing from € 632,000 to € 604,000. Additionally,
this configuration achieves a lower LCOS, dropping from € 0.58/kWh to € 0.55/
kWh. The ability to recover surplus heat, which meets 9% of the system’s heat
demand, alleviates the need for additional heating energy input. With a total NPC
of $604,000 and an LCOE of $0.45/kWh, this configuration delivers both economic
and environmental advantages, achieving optimal performance.
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Heatmap Profiles from Tchebycheff Optimization. The optimization process
conducted using the Tchebycheff method, computes LCOE, LCOS, and yearly GHG
emissions (tonCO,eq/yr) for each point in the LPSP, LHSP space, generating a
Pareto front by systematically varying weights in the scalarized objective function.
At convergence, the final set of optimized parameters and corresponding objective
metrics (reported in Table 6) are calculated and output.

When modeling the system using the Tchebycheff method, the impact of achieving
low LPSP and LHSP on LCOE, LCOS, and specific GHG emissions (gCO;eq/
kWh) has been analyzed. The results, presented as 2D heatmaps in logarithmic scale
(Fig. 13), align with the Pareto front obtained from the Tchebycheff method and
provide insights into the trade-offs between system reliability, costs, and environ-
mental impacts. The heatmaps compare the LCOE, LCOS, and GHG emissions for
two different system configurations: the electric-driven (ED) system (left column)
and the advanced heat recovery (AHR) system (right column).

When aiming for extremely low LPSP and LHSP, the higher costs of LCOE
are largely driven by the need to oversize renewable energy sources. This over-
sizing is essential to ensure that both electrical and thermal energy demands are met
consistently, even during periods of low resource availability. Achieving such reli-
ability from the system significantly impacts the LCOE. More generation capacity
and infrastructure are required, which increases the overall cost. The effect is more
pronounced in the ED system (Fig. 13a), where the higher absolute values of LCOE,
compared to the AHR system (Fig. 13b), reflect the increased dependency on over-
sized electrical generation and storage due to the absence of an efficient thermal
recovery system. While the contour slopes are similar, the higher baseline costs in
the ED system indicate a stronger economic impact when achieving low LHSP.

For LCOS, the dynamic is slightly different. In the AHR system (Fig. 13d), while
the cost is still influenced by achieving low LPSP and LHSP, it is primarily affected
by the size of the electrical energy storage systems, such as batteries and hydrogen
storage. As suggested by the almost vertical contour lines, thermal energy storage
(and LHSP) contributes relatively little to the overall cost, as it tends to be more
cost-effective compared to its electrical counterparts. This distinction highlights that
while LCOE and LCOS are interconnected, the key cost drivers differ in the AHR
system. LCOS values in the ED system (Fig. 13c) follow a similar trend to LCOE,
meaning both power and heat reliability contribute to cost. However, the impact of
LHSP on LCOS is still lower than LPSP, suggesting electrical storage remains the
dominant driver.

When it comes to the yearly GHG emissions from the hybrid systems, they are
heavily influenced by the sizing of electrical storage components in both the ED
and AHR systems, particularly at very high LPSP. The large-scale deployment of
batteries and hydrogen systems, which may involve emissions from production and
infrastructure, adds to the carbon footprint.

However, when attempting to achieve both low LPSP and LHSP, the oversizing
of electrical storage remains the primary driver of GHG emissions, particularly in
the ED system. In the AHR system (Fig. 13f), the thermal energy storage does not
significantly contribute to emissions; rather, the additional renewable capacity needed



176 R. Scipioni et al.

Electric-driven system Advanced heat recovery system
10 0.52
=
_ ]
£ 2
5 17 2
I
w
- o
()
-
107
10t
<
S g
a 10° <
) )
T w
(%]
o
9
107t 0.41
10! 33
o)
>
=
— (9]
X ~
I} o)
o 100 ]
[%2) c
5 2
(O]
I
)
107 : 1 107 13
10-1 10° 10!
LPSP [%] LPSP [%]

Fig. 13 Heatmap Profiles from Tchebycheff Optimization: LCOE, LCOS, and yearly GHG emis-
sions for the electric-driven system (a, ¢, e) and for the advanced heat recovery system (b, d,

f)

to ensure ultra-low LHSP may introduce embodied emissions related to material use
and infrastructure expansion.
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4 Conclusions

This study builds on the original installation at a remote milk farm in Rye, Norway,
as part of the REMOTE Project. The original system, designed to meet the site’s elec-
trical demands, consisted of a hybrid renewable energy system integrating an 86 kW
photovoltaic (PV) system and a 225 kW wind turbine, supported by a hydrogen-
battery storage solution. The initial design focused on optimizing the use of local
renewable resources, employing a 550 kWh lithium-ion battery for short-term energy
storage and a 50 kW proton exchange membrane (PEM) electrolyzer, integrated with
a 100-kg hydrogen storage and a 100-kW PEM fuel cell for long-term energy storage
and conversion. Hydrogen was stored at 30 bars, eliminating the need for compres-
sion, while a biofuel generator served as a final backup to ensure complete off-grid
operation.

Observations from the original case study highlighted the critical role of heating
requirements, such as hot water and space heating, as a significant component of
the site’s overall energy demand. While the initial system was primarily designed to
address electrical energy demands, it was recognized that optimizing the system to
account for thermal energy needs could significantly enhance its overall efficiency
and sustainability. Building on these insights, this study analyzed an extended system
configuration as a potential future case study.

The extended system design incorporates thermal energy storage (TES) and heat
pump technologies to address the heating demand more effectively. Although these
components were not physically installed, their integration was modeled to explore
how they could improve energy efficiency, economic performance, and environ-
mental impact. Specifically, TES was evaluated as a cost-effective solution for
meeting thermal energy demands, while heat pumps with a high Coefficient of Perfor-
mance (COP) were analyzed for their ability to shift thermal demand from direct
electrical energy use to more efficient pathways. Additionally, advanced surplus
heat recovery mechanisms, such as waste heat utilization from hydrogen-based tech-
nologies, were incorporated to assess their potential to minimize energy waste and
reduce operational costs.

This analysis serves as a foundation for identifying strategies to enhance the
original system’s performance and provides a roadmap for potential future upgrades
to address the combined thermal and electrical energy needs of similar off-grid sites.

The results of the analysis highlight the critical advantages of hybrid systems that
integrate thermal and electrical energy solutions. The Electric-driven configuration
demonstrated the ability to meet both electrical and thermal demands using existing
PV and wind installations, supplemented by large-scale energy storage. However,
this system requires substantial resource investments, including a 392-kWh battery
and a 3251-kWh hydrogen tank, leading to the highest Net Present Cost (NPC)
of €1,033,860 and greenhouse gas (GHG) emissions of 32,188 kg CO;-eq/year.
While the system could provide reliable energy, its cost and environmental perfor-
mance underscored the inefficiency of relying solely on electrical-driven solutions
for combined energy demands.
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The Heat Pump-driven and Advanced Heat Recovery configurations were
designed to address the site’s significant heating requirements more efficiently. The
Heat Pump-driven system incorporates an 18-kW heat pump to reduce reliance
on electrical energy for thermal demands, achieving significant reductions in NPC
(€632,278) and GHG emissions (17,130 kg CO,-eq/year). The system’s LCOE of
€0.46/kWh, lower than the Electric-driven system, reflects the shift from electrical
energy to more efficient thermal pathways enabled by the heat pump’s high COP.
Although the Levelized Cost of Storage (LCOS) increased slightly from €0.50/kWh
to €0.58/kWh, this increase was offset by improved renewable energy utilization,
reducing curtailment from 38 to 19%.

Building on this, the Advanced Heat Recovery configuration introduces a heat
exchanger to recover waste heat from hydrogen-based technologies, covering 9% of
the heat demand with surplus heat. This system achieved the lowest NPC (€604,000),
GHG emissions (16,952 kg CO;-eg/year), and a balanced LCOE of €0.45/kWh,
demonstrating its superior economic and environmental performance. By recovering
heat and reducing energy waste, the Advanced Heat Recovery system achieved the
optimal balance between cost and energy efficiency.

Seasonal performance analysis further emphasized the benefits of integrating
thermal solutions. During winter, when solar resources were limited, systems incor-
porating TES and heat recovery effectively utilized wind energy and maintained
consistent performance, while the Electric-driven system relied heavily on over-
sized storage to meet seasonal demands. The exponential relationship between Loss
of Power Supply Probability (LPSP) and Loss of Heat Supply Probability (LHSP)
with economic and environmental parameters, illustrated in the heatmap analysis,
shows that achieving extremely low LPSP and LHSP significantly increases costs
and GHG emissions due to the need for oversizing renewable energy sources and
electrical storage systems. While LCOE is primarily impacted by RES oversizing,
LCOS is driven by the scale of electrical energy storage, with thermal storage playing
a minor role.

In conclusion, this study demonstrates that extending the original Rye case study
to include hybrid configurations with TES, heat pumps, and waste heat recovery
significantly improves energy efficiency, economic performance, and environmental
impact. The Advanced Heat Recovery system, in particular, emerges as the optimal
solution for meeting the site’s combined thermal and electrical demands. These find-
ings offer valuable insights for designing future renewable energy systems, high-
lighting the importance of integrating advanced thermal management technologies
to achieve sustainable, cost-effective, and reliable off-grid energy solutions.
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Southern Climates: Hybrid Energy ®)
Storage for Cooling and Supplying ek
Electrical Load

Domenico Ferrero and Massimo Santarelli

Abstract In this chapter it is addressed the application of hybrid energy storage
(HES) combining batteries and hydrogen energy storage in the off-grid/microgrid
scenario within southern climates. Hybrid battery-hydrogen Power-to-Power elec-
tricity storage concept has been thoroughly assessed under the EU-funded REMOTE
project that demonstrated the feasibility of the hybrid storage concept through on-
site demonstrations and techno-economic evaluations. The HES demonstration plant
installed in southern Europe in Spain (Gran Canaria) within REMOTE project has
been selected as case study. This demonstrator is an energy storage solution for
photovoltaic (PV) integration in the microgrid of a cattle farm. The chapter provides
the detailed description of demonstration plant, including performance indicators
calculated from its initial months of operation, the estimation of its environmental
performance compared to base-case internal combustion engine generators, and
the economic estimation of the Levelized Cost of Electricity (LCOE) and Storage
(LCOS).

Keywords Power-to-power + Hybrid storage * PV integration + Energy storage
demonstration - LCOE - LCOS

1 State-of-the-Art

In this chapter, we address the application of hybrid energy storage (HES) in the off-
grid/microgrid scenario within southern climates, focusing particularly on insular
cases. By “southern climate,” we refer to Southern Europe, which is predominantly
characterized by a Mediterranean climate.

The Mediterranean climate features mild winters and cool summers, especially in
island regions. Winter temperatures generally stay above 5 °C and rarely fall below
0 °C, while summer daily peak temperatures typically reach around 30 °C, moder-
ated by sea breezes. These mild seasonal variations lead to moderate but predictable
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heating and cooling demands in buildings, confined to winter and summer, respec-
tively. In spring and autumn, outdoor conditions often align with indoor thermal
comfort levels, minimizing the need for active climate control (Katsaprakakis et al.
2020). In the European islands located in the Atlantic Ocean at the same latitudes of
the Mediterranean sea, the climate is even milder showing little seasonal temperatures
variation over the course of the year; as a result, there is only a minor requirement for
summer-time cooling or space-heating in winter, and the majority of thermal energy
demand in buildings is for domestic hot-water heating.

The climate-driven heating and cooling requirements affect not only residen-
tial buildings but also agricultural, commercial, industrial, and institutional build-
ings. Despite the favorable climate, energy consumption in Mediterranean buildings
remains disproportionately high. This is primarily due to inadequate insulation in
building envelopes, affecting both opaque and transparent surfaces. A comparative
analysis of annual heating energy consumption per square meter of conditioned space
revealed that uninsulated buildings in Greece consume more energy than insulated
buildings in colder countries like Denmark, Finland, and Switzerland (Balaras et al.
2005).

On the generation side, the Mediterranean region has considerable potential for
developing renewable energy sources (RES), most of it remaining untapped. The
region’s current installed capacity includes 90 GW of solar PV and 82 GW of wind
power, but its estimated solar and wind potential exceeds 3 TW (ECCO 2025). As
the share of RES in the region is projected to increase, there is a growing need for
reliable and efficient energy storage systems (ESS) to manage the intermittent nature
of RES. Islands, in particular, offer prime opportunities for investment in renewable
energy and storage systems due to their abundant wind and solar resources and
the high cost of electricity generation from thermal power plants. To maintain grid
stability, however, island network operators impose strict limitations on renewable
energy expansion. ESS provides an effective solution to overcome these restrictions,
enabling greater integration of RES.

Hybrid energy storage systems (HESS), which combine two or more storage
technologies, emerge as cost-effective solutions by leveraging the complementary
strengths of different storage methods. As introduced in Chap 7, HESS was thor-
oughly assessed under the EU-funded REMOTE project (2023). This project demon-
strated the feasibility of hybrid hydrogen-battery storage systems in both northern
and southern Europe through on-site demonstrations and techno-economic evalu-
ations. Hydrogen proved cost-effective for long-term storage, while batteries were
more efficient for short-term cycling. For further details on the advantages and costs
of hybrid battery-hydrogen storage systems, readers are referred to Chap. 7.

In the context of insular Mediterranean applications, Karapidakis et al. (2023)
demonstrated the effectiveness of hybrid hydrogen-battery storage to significantly
reduce electricity production costs in Crete. The hybrid hydrogen-battery storage can
be improved by incorporating also thermal energy storage (TES), enabling the use of
heat pumps for the conversion energy from electricity to thermal energy to be stored
in TES. Reversible heat pumps are a highly efficient option for renewable heating
and cooling in buildings. For instance, Martinopoulos et al. (2016) compared various
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heating systems in Greece, finding heat pumps to be the most cost-effective solu-
tion for insular buildings based on total lifecycle costs. During summer, reversible
heat pumps play a critical role in microgrid systems in Mediterranean climates by
providing efficient cooling. Urbanucci et al. (2019) highlighted the role of heat pumps
in trigeneration systems for renewable district heating and cooling microgrids. Simi-
larly, Vourdoubas (2019) investigate the possible use of systems driven by solar
electricity for cooling in the mediterranean region, with heat pumps identified as the
most efficient solution.

Within the REMOTE project, two demonstration plants were installed in southern
Europe: one in Agkistro, Greece, and the other in La Aldea de San Nicolds, Gran
Canaria, Spain. The Greek demonstrator served as a backup electricity system for
a small agri-food processing facility, specifically supporting the drying process of
aromatic herbs. The Spanish demonstrator, on the other hand, functioned as an energy
storage system for photovoltaic (PV) integration in the microgrid of a cattle farm.

The Spanish demonstrator notably showcased the application of hybrid energy
storage for RES integration in southern climates. Although heat pumps were not
included in the site’s microgrid, the cattle farm’s electrical load included significant
cooling demands (e.g., from a chiller). The hybridization of the site could be further
enhanced by incorporating heat pumps and TES.

In the following section, we provide a detailed case study of the demonstra-
tion plant, including performance indicators calculated from its initial months of
operation.

2 Case Study: Integrated Battery and Hydrogen Storage
for Power-to-Power Application in Southern Climates.
The Demonstration Plant of the REMOTE Project
in Gran Canaria (ES)

2.1 Plant Description

Within the REMOTE project, a microgrid has been installed in Agropecuaria Furel,
located in La Aldea de San Nicolas, Gran Canaria (Spain). A photovoltaic plant
provides renewable electricity to the microgrid. The demonstration plant, provided
by the project partner Inycom, consists of a power-to-power (P2P) system based on
hybrid battery and hydrogen energy storage. The P2P plant is composed by: a Li-Ion
battery, an alkaline electrolyzer, a PEM fuel cell stack, compressed hydrogen storage,
and a backup diesel genset. The micro-grid configuration for the energy supply to
the farm is depicted in Fig. 1.

The PV plant has a nominal power of 100 kW (peak 110 kW), and the hours of
equivalent sunshine are 1684 h/year at the selected site. The microgrid electricity
storage system consists of a 100 kW inverter (Norvento GridMaster, Spain) devel-
oped for isolated systems or microgrids and a 100 kWh battery bank of Lithium-LFP
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Fig.1 Schematic architecture of the microgrid

technology (Pylontech, China). The hydrogen plant is composed of an 80 kW elec-
trolyser (Idroenergy, Italy), one hydrogen storage of 50 kg (Calvera Hydrogen, Spain)
and 100 kW of fuel cell (Ballard, Denmark). A 100 kVA backup diesel generator is
also installed onsite.

Electrolyzer data are summarized as follows:

Alkaline technology

Nominal size: 80 kW

Hydrogen compressor: 5 kW

Operation Temperature: 40-60 °C

Operating pressure: 4.5-6 bars

Max H, Production: 13.4 Sm?

Hydrogen Purity: 99.5% (after purifier: 99.999%).
Pressure outlet: 200 bar.
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Fuel cell data:

PEM fuel cell technology
Nominal size: 100 kW

H; consumption nominal: 2.6 g/s
Operating pressure: 7 bar
Operating temperature: 50-70 °C.

Hydrogen storage data:

Compressed hydrogen, cylinders

Nominal storage size: 50 kg

Storage elements: 68 cylinders (50 L/cylinder), 3400 L total volume
Working pressure: 200 bar.

SCADA systems have been installed for the control and monitoring of the plant.

Before installing the plant, a demand measurement campaign was conducted to
assess the energy requirements of the facility and establish baseline consumption
levels. This analysis revealed that the consumption profile is cyclical, aligning with
the livestock farm’s milking cycles. Each day consists of three milking cycles occur-
ring every 8 h, resulting in nearly identical demand profiles throughout the day, as
illustrated in Fig. 2 (upper panel). These cycles generate electricity demand peaks
of up to 65 kW. The profiles remained consistent throughout the week and exhibited
no seasonal variation.

Subsequently, a new cooling system was installed, significantly increasing the
energy demand. Unlike the milking cycles, this demand proved to be much less stable
and more challenging to manage. The new cooling facilities rely on instantaneous
cooling, leading to dynamic and less predictable energy requirements, as shown in
Fig. 2 (lower panel). With this updated configuration, the peaks increased up to
120 kW.

The operation strategy implemented is based on prioritizing the charge of the
battery during excess PV production, while during the ESS discharge phase the fuel
cell is used to cover the base load and the battery the electricity peaks.

The operation strategy is summarized as follows:

1. In case the generation of the PV is lower than the demand, all the PV is used to
cover the loads. Then, batteries and genset are used to supply the remaining part
of the load.

2. In case there is an excess of RES, the system charges the batteries.

3. Incase there is an excess of RES, and the SOC of the batteries is above 90%, the
electrolyser is operated in order to produce hydrogen. The electrolyser operation
stops when batteries reach SOC of 70% and the excess renewable energy is
shifted towards the battery recharge again.

4. The fuel cell and the batteries work always in parallel. The fuel cell has a constant
setpoint and the batteries are used to generate whenever there is a peak of demand,
and to absorb the fuel cell energy in case the demand suddenly decreases.
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Fig. 2 Schematic of the electric load profile of the farm, without cooling (upper panel), with cooling

(lower panel)

5. Whenever the energy that could give the batteries plus the fuel cell is not able to
cover the load, a diesel genset would be used.

6. The fuel cell and the batteries supply the energy until the system runs out of
hydrogen or until the SOC of the battery goes under 15%. In case the battery
runs out of energy, the diesel generator starts and supplies the energy for the
loads, and it also recharges the battery. In case the SOC of the battery is over
30% and there is still hydrogen to be used, the fuel cell and the battery cover the
loads until there is no hydrogen left (Fig. 3).
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Fig. 3 Operation strategy: charging phase (left), discharging phase (right)
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2.2 Key Performance Indicators

The selected KPIs are the ones that express how the renewable generation is provided
to the load by direct coupling or through the P2P system, and how efficiently the
storage chain through batteries and hydrogen has performed.

The KPIs have been divided in three categories:

e Joad-related KPIs
e RES-related KPIs
o P2P-related KPIs.

Other indicators have been estimated to analyze the system performance:

e Environmental indicators
e Economic indicators.

2.2.1 Load-Related KPIs

The electricity demand of the final user can be covered directly by the RES installed
on-site when the demand and production are matching, or by the P2P system when the
electricity demand exceeds the renewable production. In general, the load coverage
over the time horizon of the analysis is expressed as:

LD,,; = LDggs + LDgr + LDpc + LDg (D

where LD,,, is the total load, LDggs is the load directly covered by renewable elec-
tricity (e.g. the load directly covered by photovoltaic generation LDpy ), LDpy is the
load covered by battery, LDpc is the load covered by the fuel cell and LDg is the
load covered by the genset.

The different contributions to the total load of Eq. (1) are calculated as KPIs, as
follows:

e Percentage of the total load covered by the photovoltaic (PV) generation over the
time horizon of the analysis:

%LDpy = - 100 2)

e Percentage of the total load covered by the battery (BT) over the time horizon of
the analysis:

LD
BLDpp = —51

- 100 3)

tot

e Percentage of the total load covered by the fuel cell (FC) over the time horizon of
the analysis:
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LDrc
LDy

%LDpc = 100 4)

e Percentage of the total load covered by the genset over the time horizon of the
analysis:

LDg
%LDg =

-100 (&)

tot

2.2.2 RES-Related KPIs
The RES usage over the time horizon of the analysis has been estimated as:
RES;os = RES1p + RESpr + RESE, + RESAux (6)

where RES| p, is the renewable production directly provided to the load, RESgr is the
RES fraction used to charge the batteries, RESg; is the RES fraction converted to
hydrogen in the electrolyzer and RES 4y is the fraction of RES generation consumed
by the auxiliary systems of the P2P plant. The RES-related KPIs calculated are the
fractions of the different terms of Eq. (6) to the total RES generation.

e Percentage of RES sent to load over the time horizon of the analysis:

RES:p

9RESp = - 100 @)

tot

e Percentage of RES sent to battery (charging) over the time horizon of the analysis:

RES
WRESpy = ——b"

-100 ®)

tot

e Percentage of RES sent to electrolyzer over the time horizon of the analysis:

RESE;

%RESEr; =
Rl T RES,,

- 100 ©))

e Percentage of RES sent to auxiliaries over the time horizon of the analysis:

RES
BRESyux = —2 100 (10)

tot

2.2.3 P2P-Related KPIs

The efficiency of the P2P system has been estimated for the different sections of
the system (i.e., electrolyzer, fuel cell, battery, hydrogen storage) and for the entire
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plant. The efficiency of electrolyzers and fuel cells can be estimated both in terms of
power (instantaneous efficiency) or energy (integrated efficiency over time), as these
technologies are continuous machines that perform the electricity-hydrogen conver-
sion. In contrast, the efficiency of batteries, hydrogen storage, and the overall system
can only be evaluated over a specified time horizon, as these involve energy storage
processes (i.e., within the battery or hydrogen storage system). For this reason, the
efficiency of the battery, hydrogen storage, and the entire system is expressed as
round-trip efficiency—calculated as the ratio of energy released to energy input
during charging—over the analysis time horizon.

Electrolyzer efficiency over the time horizon of the analysis has been calculated
as:

H 2[7 rod
EL

(1)

np2G =

where H2,,,q is the energy/power content (LHV basis) of the hydrogen produced,
and EL is the electric energy/power input to the electrolyzer.
Fuel cell efficiency over the time horizon of the analysis has been calculated as:

FC
H 2cons

nGap = (12)

where H2,,,; is the energy/power content (LHV basis) of the hydrogen consumed
by the fuel cell, and FC is the electric energy/power output of the fuel cell.

The round-trip efficiency of the battery storage system over the time horizon of
the analysis has been calculated as:

BT, (13)
IRT BT = BT., — (SOCgr ena—SOCpr s1ar)-Capsr
ch BT ch

where BT, is the energy released by the battery during discharge, BT, is the energy
in input to the battery during charging, Cappr is the battery capacity (energy) and
npr.ch 18 the charging efficiency of the battery. The terms SOCpr ong and SOCgr s1ar
are the State of Charge (SOC) of the battery at the end and at the beginning of
the time horizon considered for the analysis. The denominator includes a correction
term to take into account the SOC variation during the time horizon. Indeed, if the
SOC decreases in the time period of the analysis, the amount of energy that has
been retrieved from the storage must be accounted in the balance, also including the
charging efficiency to take into account that the input energy for storing the amount
of energy corresponding to the SOC variation has been higher due to battery charging
losses. In the case of a positive SOC variation, the correction term excludes from
the balance the energy that has been used to increase the SOC, including also the
charging efficiency.

The round-trip efficiency of the overall hydrogen storage system (i.e., from elec-
trolyzer to fuel cell) over the time horizon of the analysis has been calculated
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as:

FC

I — (SOCH2,ena—SOCH2 510t ) -Capma
NEL

NRT,H2 = (14)

In this case, the correction term at the denominator has the same meaning of
the battery SOC correction described above, but it is calculated using the SOC and
capacity (in terms of energy) of the hydrogen storage and the electrolyzer efficiency.

The round-trip efficiency of the hybrid storage system over the time horizon of
the analysis is calculated as:

B BTy + FC 1
"RT tor = BT., — ASOCgr + EL — ASOChy-Capha (15)
ch 0BT ch NEL

This KPI is the combination of the KPIs of battery and hydrogen storage.

2.2.4 Environmental Indicators

The evaluation of the environmental performance of the system has been performed
by calculating the CO, emissions reduction compared to electricity generation by
Diesel-fueled internal combustion engines (ICEs), which are the state-of-the-art for
the off-grid electricity generation in remote locations.

An efficiency of 30% has been assumed for the Diesel-fueled ICEs, with a lower
heating value of 10 kWh/liter for the fuel. Both the emissions related to Diesel
production and combustion have been considered, to calculate the equivalent CO,
emission per liter of fuel.

The EU average value of 17.4 kgCOyeq per GJ of produced diesel was assumed for
the fuel production phase (European Commission, Directorate-General for Energy
2015). This value refers to a well-to-tank approach, from extraction up to the final
consumer (with the exclusion of the combustion phase). A value of 2.9 kgCOyq per
liter of diesel burnt was hypothesized for the combustion process (Fleck and Huot
2009), which lies in the range of 2.4-3.5 kgCOyq/liter reported by Jakhrani et al.
(2012).

2.2.5 Economic Indicators

The economic performance has been evaluated by calculating: (1) the Levelized
Cost of Electricity (LCOE), to estimate the cost of the electricity provided by the
complete system (i.e. including PV and genset) to the user, and (2) the Levelized
Cost of Storage (LCOS) to show the cost of the electricity provided to the user by
the electricity storage system.

The LCOE (in €/kWh) was evaluated as follows:
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CnpC, o1
Ler _Eiorj
Jj=1 (1+dy

LCOE = (16)

where Cypc ;o 18 the net present cost (in €) of the complete system (i.e. PV, storage
and genset), £, ; is the total electrical demand (in kWh) during the j-th year and Lpg
is the project lifetime, assumed equal to 20 years. A discount rate d of 3% has been
used in the calculation.

The net present cost includes the capital investment Cj,, ; (in €), the operation and
maintenance costs Cogu i j (in €/year), the energy cost for the genset fuel C; j (in
€/year), and the replacement expenditures C,, ;; (in €/year) incurred throughout
the lifetime of the system:

Lpg
> i Cosm.ij  Di Chuelj Z‘Crepij>
C ot — Cinv,i + : — + . =+ : — 17
NPC 1ot E,- , E < (L tdy A +dy (A +dy (17)

j=1
The LCOS (in €/kWh) was evaluated as follows:

CNPC ,storage

ZLPR Estorage.j
J=1 (14dYy

LCOS = (18)

where Cnpc sorage 15 the net present cost (in €) of the hybrid storage system (i.e.
battery, electrolyzer, hydrogen storage and fuel cell), and Egp/qge ;- (in kWh) is the
electricity provided to the user by the battery and the fuel cell.

The economic data required to evaluate the LCOE and LCOS are listed in Table 1.
The economic data were assumed according to previous techno-economic analysis
performed by the authors (Marocco et al. 2021). Among the investment costs, those
of the electrolyzer anfuel cell have been scaled compared to reference values using
the cost exponents reported in the table.

2.3 Results of the Operation

The results presented are based on the data collected during the first 6 months of
operation of the demonstration plant. During this period, the microgrid provided
164 MWh to the farm and the electrolyzer. The recorded PV generation was 81 MWh
and the diesel genset produced 87.5 MWh (values of the microgrid sections, net of
losses). During the period of the data analysis, the electrolyzer was always operative
from the beginning of the monitoring period, while the fuel cell was operative from
the second month with a limitation to 50% of the nominal power, due to the ongoing
commissioning and optimization of the plant.

The photovoltaic plant together with the batteries have been in operation before
the installation of the hydrogen section of the ESS plant, and the photovoltaic plant
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parameters Parameter Value
PV plant
Investment cost 1547 €/kW
Fixed O&M 24 €/(kWeyear)
Lifetime Project lifetime
Li-ion battery
Investment cost 550 €/kWh
Replacement cost 50% of investment
Fixed O&M 10 €/(kWheyear)
Lifetime 10 years
H2 tank
Investment cost 500 €/kg
Fixed O&M (% of inv. cost) 2%lyr

Lifetime

Project lifetime

Alkaline electrolyser

Ref. specific investment cost, iy, ref 2000 €/kW

Ref. rated size, Prared, ref 300 kW

Cost exponent, 1 0.65

Replacement cost of the stack 25% of investment
Fixed O&M (% of inv. cost) 4%/yr

Lifetime (stack) 10 years

PEM fuel cell

Ref. specific investment cost, Ciny, ref 3947 €/kW

Ref. rated size, Prared, ref 10 kW

Cost exponent, n 0.7

Replacement cost of the stack 25% of investment
Fixed O&M 4%/yr

Lifetime (stack) 10 years

was almost never reaching the maximum nominal power (100 kW), as the installation
was not able to provide power into the electricity grid. Typical operating profiles of
a day are shown in Fig. 4.

After the installation of the H, plant and the activation of the new cooling facilities,
the demand increased significantly. In Fig. 5 it is shown the corresponding operating
profiles for a day.

In order to analyze the operation strategy implemented, two specific cases are
shown.

The first case is representative of the operation when excess RES are available
(Fig. 6). In Fig. 6 (upper panel) it is possible to see how, as soon as the SOC of
the batteries (in red) is over the 90%, the PV power (orange) drops as there are no
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loads to supply, and then the electrolyser (blue) is powered on to store the excess of
RES by producing hydrogen. Batteries are used to maintain the electrolyzer power
at the set-point when there are fluctuations of the PV power production. As soon
as the SOC of the batteries goes under 70%, as shown in Fig. 6 (lower panel), the
electrolysis is stopped, letting the batteries (green) charge again.

The operation profiles during night operation are shown in Fig. 7. It is possible to
see how the fuel cell (purple) covers the constant demand and the batteries (green)
only the peaks.

A summary of the energy balances of the electrolyzer over the testing period is
shown in Table 2.
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Table 2 Electrolyzer measured operative data

Total electricity consumption of the electrolyzer system (kWh) | 6541

Total electricity consumption of the electrolyzer system (without stand-by | (kWh) | 3011
consumption)

Hydrogen production (kg) 55.3
Average efficiency (LHV) of the electrolyzer system (%) 28.2%
Average efficiency (LHV) of the electrolyzer system (without stand-by (%) 61.2%
consumption)

The efficiency of the electrolyzer was always in the range from 60 to 70%, in
line with state-of-the-art data for commercial alkaline electrolyzers. Of the total
electrical energy consumed by the electrolyzer system, approximately 50% were
due to electricity consumption in stand-by conditions, which are responsible for a
power consumption corresponding to the 3.5% of the rated power of the electrolyzer.
The total amount of hydrogen generated was about 55 kg and the average electrolyzer
efficiency was 61.2% (without taking into account stand-by electricity consumed).

A summary of the energy balances of the fuel cell over the testing period is shown
in Table 3. Overall, the total electrical energy produced by the stack system amounted
to 235 kWh, of which approximately 150 kWh were supplied to the micro-grid. The
efficiency of the Fuel Cell from field operation was always in the range from 50 to
65%, with an average value of 60.8%.

The KPIs calculated are summarized in Table 4.

In the Table, the np, is the efficiency of the electrolyzer system (excluding the
standby consumption), ng2p is the Fuel Cell system efficiency, and the ngy pr is the
round-trip efficiency of the battery calculated using Eq. (13). During the period of
the analysis, the RES provided directly 39% of the load of the farm (155 MWh),
the batteries the 13% and the Genset the 48%. As previously stated, the fuel cell
operation was limited during the plant testing period. For this reason there is an
higher utilization of the Genset.

Overall, the off-grid hybrid microgrid demonstrated to be effective in reliably
integrating solar PV production on the site. The battery energy storage showed an
high round-trip efficiency of 87%. The RES generation accounted for 81 MWh, 76%
of which was used to provide electricity to the farm and the remaining part to charge
the batteries (13%) and to produce hydrogen (11%).

In order to estimate the available margin for increasing the effectiveness of the
storage system to integrate the PV production in the microgrid of the site, the PV
curtailment has been estimated. The theoretical production of the PV plant (110 kW

Table 3 Fuel cell measured operative data

Total electricity produced by the Fuel Cell stack (KkWhpc stack) | 235

Total electricity delivered by the Fuel Cell system to the micro-grid | (kWhac grid) 150
Average AC efficiency (LHV) of the Fuel Cell system (%) 60.8%
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Table 4 Results: KPIs Load (MWh) 155.0
Electrolyzer (MWh) 8.8
Estimated PV curtailment (MWh) 28
LDggs (%) 39%
LDgT (%) 13%
LDg (%) 48%
RES (MWh) 81
RESgT (%) 13%
RESLp (%) 76%
RESEL (%) 11%
np2G (%) 61.2%
naop (%) 60.8%
MRT,BT (%) 87%

peak) on the site has been calculated using the software PVGIS (EU Science Hub,
Joint Research Center 2024), which amounts to 109 MWh in the 6 months of the plant
operation, and the difference between the theoretical PV production and the effective
measured production corresponds to the curtailment, that is 28 MWh. This value,
even if calculated from a theoretical estimation, indicates that there is a not negligible
fraction of PV production that could not be directly delivered to the load or stored.
Hence, the storage system could potentially store and integrate more renewable
electricity on the site with an optimized management. It is worth noting that the
first 6 month of operation had been affected by the setting-up of the system and by
limitations on the hydrogen part of the storage system, and it is expected that after the
starting phase the storage system will increase its utilization factor and consequently
its effectiveness to integrate the PV source.

In general, the results also show that there is a limited PV excess to be used by
the P2P system, this fact causing a low utilization factor for the storage technologies
installed. In order to overcome this limitation, it is foreseen to increase the PV plant
size to 150 kW onsite. It is worth mentioning that batteries were partially recharged
using genset energy during the night, and that with an increased PV availability for
hydrogen production and battery storage, the genset use for battery recharge would
be also reduced.

2.4 Environmental and Economic Performance

The measured data cover a limited period of 6 month. In order to evaluate the perfor-
mance of the system from an environmental and economic perspective, the analysis
has been extended on a yearly scenario and considering a total lifetime of the plant
of 20 years.
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Different scenarios have been analyzed:

Base-case: genset only

Case 1: current operation

Case 2: improved PV integration (current PV size: 100 kW)
Case 3: increased PV size (150 kW)

Base Case

The base case is developed as reference for the environmental performance. In
this case, all the load is provided by the genset. On annual basis, the fuel consumption
is estimated to be around 100,000 L of diesel, corresponding to 729 tons of COxq
per year.

Case 1 Current Operation

In this scenario, the plant operation is assumed to continue with the current perfor-
mance for all the lifetime (20 years). This scenario reflects a non-optimized perfor-
mance of the storage system. In this case, the yearly emissions are 350 tons of COxq
and the economic performance indicators estimated are 0.57 €/kWh for the LCOE
and 1.50 €/kWh for the LCOS. As expected, the LCOS value is very high, reflecting
the low utilization of the storage system. The LCOE value is lower due to the high
contribution of the direct PV utilization (RES;p = 76%). The value of the LCOE
is coherent with the values of 0.5-0.8 €/kWh estimated by the authors within the
REMOTE project for off-grid remote PV-fed Power-to-Power systems (Marocco
et al. 2021).

Case 2 Improved PV Integration

This case investigates a theoretical scenario in which the microgrid management
is optimized and all the estimated PV curtailment—28 MWh—can be used. It is
assumed that 50% of the additional PV production can be directly coupled with
the load, while the remaining 50% is stored (35% to the battery and 15% to the
electrolyzer) and provided to the load by the battery and by the fuel cell. Under
this assumption, the load covered by the genset in the first six months reduces from
74.4 MWh to 50.8 MWh, decreasing the emissions (on a yearly basis) to 294 tons of
COyq/year. The economic performance indicators estimated are 0.47 €/kWh for the
LCOE and 1.02 €/kWh for the LCOS. Compared to the current case, the relevant
LCOS reduction is due to the better utilization of storage, with 57 MWh provided
from the battery—41% increase from the current case—and 2.52 MWh from fuel
cell compared to 0.3 MWh (estimated yearly) of the current case.

Case 3 Increased PV Size

In the last case investigated, the PV size is increased to 150 kW. The PV production
has been estimated by PVGIS (EU Science Hub, Joint Research Center 2024)—
around 300 MWh yearly—and it has been assumed that 50% of the PV production is
directly covering the load, while the remaining part is stored in the battery (35%) and
in hydrogen (15%) and later used to cover the load. In this case, the emissions are
reduced to 135 tons of COxq/year, and the electricity from genset is reduced from
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Table 5 Environmental and economic performance of the system

Emissions (ton COgeq) | LCOE (€/kWh) | LCOS (€/kWh)
Base-case 729 - -
Case 1: current operation 350 0.57 1.50
Case 2: improved PV integration | 294 0.47 1.02
Case 3: increased PV size 135 0.39 0.59

74 MWh of the current case to 29 MWh on 6 months of operation. The economic
performance indicators estimated are 0.39 €/kWh for the LCOE and 0.59 €/kWh
for the LCOS, clearly showing the improved effectiveness in the utilization of the
investment done for the storage system.

The environmental and economic indicators are summarized in Table 5.

3 Conclusions

This chapter has shown the analysis of the energetic, economic and environmental
performance of hybrid energy storage (HES) applied in a off-grid/microgrid scenario
within southern climates. The case study analyzed is a hybrid battery-hydrogen
Power-to-Power demonstration plant installed in Gran Canaria within the REMOTE
project. The real operation data showed that hybrid storage demonstrated to be effec-
tive in reliably integrating solar PV production on the site, halving the emissions
compared to areference case based on fossil-fueled genset. The scenarios investigated
showed that an effective management of the storage system installed in the micro-grid
could be able to increase the PV integration and further reduce the reliance on the
genset, and consequently emissions. With an improved storage use, the LCOE and
LCOS value of the current installation could be reduced from the estimated 0.57 €/
kWh and 1.5 €/kWhto 0.47 and 1.02, respectively. The increase of the renewable PV
generation on the site—without changing the storage capacity—could be an effective
strategy to further reduce emissions to less than 20% of the reference case and to
reduce LCOE and LCOS to more competitive values of 0.39 €/kWh and 0.59 €/
kWh, respectively.
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Abstract Renewable energy communities (RECs) facilitate the local synergy
between different energy forms and offer an opportunity to couple electrical and
thermal energy demands with local renewable energy sources and locally sited
thermal and electrical storage. This application presents a complex integration setting
for the assessment of hybrid energy storage, motivating the development of a new
assessment and benchmarking framework. This chapter will revisit relevant electrical
and thermal storage technologies suitable for REC integration and hybrid energy and
storage systems. A benchmarking framework for application-level assessment of
hybrid energy storage systems is proposed. Requirements and relevant KPIs for the
REC application of a multi-domain hybrid storage system are identified. To demon-
strate the benchmarking framework on the REC application, a complete reference
implementation is presented, including configurable system inpucts, optimisation
and simulation modules as well as a calculation module for performance indicators.
A showcase of the reference benchmark is computed and analysed.
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1 Introduction and Motivation

Energy Storage Systems (ESS) have a key role in enhancing renewable energy
sources’ ability to contribute to grid stability, flexibility and resilience. In a fully
renewable energy system, energy storage is required on several time scales to buffer
and balance between intermittent and variable energy supply and the non-flexible
energy demand. The integration of energy storage systems with renewable energy
power plants in bulk energy systems has been extensively studied, with their benefits
well-documented. Especially remote and island systems as well as microgrids, also
called “electrical islands”, depend on energy storage to complement the intermittent
and variable nature of renewable energy sources (RES) for their operation in isola-
tion from the bulk energy system. Since the fluctuations of RES availability appear
both on short and longer time scales, the balancing energy from ESS must also be
available on several scales. Hybrid Energy Storage Systems (HESS) offer the vision
to combine different types of ESS to optimally match the balancing needs.

As part of a HESS, thermal energy storage systems often offer more cost-effective
long-term energy storage than the often-dominant electrochemical ESS. The effi-
cient combination of electrical with thermal storage further motivates investigation
of potential thermal energy consumers in addition to purely electrical consump-
tion, increasing the effective energy efficiency. The integration of production and
consumption of both thermal and electrical energy domains is economically possible,
e.g. under the regulatory paradigm of Renewable Energy Communities (RECs).!

As with any storage solution, the eventual benefits of hybrid energy storage must
be assessed in such an application context. For any given storage technology, there are
clear indicators of technological progress: efficiency, lifetime (cycle life), capacity
cost (€/MWh), response time, which apply to a broad range of applications. For
individual storage applications, a simple demand profile typically is sufficient to
assess how key performance indicators quantified in the procurement of the appro-
priate technology. For hybrid storage solutions, however, the quantification is much
less apparent: the indicators of several technologies would have to be combined,
the decision on how the individual storage subsystems are used will depend on a
control system with dispatch optimization considering application objectives, and
the optimal integration also depends on application considerations, where comple-
mentarity and flexibility of demand, energy conversion technologies and energy
transport infrastructure need to be taken into account.

The main question to be addressed in this book chapter is: How can benefits and
technology trade-offs of within hybrid energy storage solutions be benchmarked for
applications where electrical and thermal loads are to be served as well as renewable
energy production is available for local consumption?

Hybrid energy storage can be beneficial when there is complementarity between
several storage technologies, so that the most advantageous combinations can be
expected to beat a single technology. However, since the technology parameters of

I RECs were first legally defined in the European Union Directive 2018/2001 on the promotion of
the use of energy from renewable sources (Dec. 2018).
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hybrid storage are not restricted by any specific storage technology, and the technolo-
gies used will interact in a given application context, it is not meaningful to assess
competitiveness on a set of standard indicators that are quantified independent of the
application. Instead, the idea would be to assess the technologies in an application
context using benchmark systems that can accommodate a variety of storage tech-
nologies. Such benchmark systems should represent relevant applications and allow
for tuning of all relevant parameters, enabling the investigation of combinations of
various storage technologies.

This chapter presents the concept of this application-oriented assessment approach
and illustrates it on a reference application of renewable energy communities. The
renewable energy community application is a complex application model, involving
thermal and electrical energy production, consumption and storage. Such appli-
cations are also expected to bring hybridization benefits in terms of the comple-
mentarity between thermal and electrical energy processes, e.g. by recovering and
storing renewable or waste heat sources in addition to supplying renewable heat from
electricity-based infrastructure.

As a benchmarking approach, the objective of the given framework is to enable
a FAIR and open approach to benchmarking. The presented model and calculation
pipeline is therefore aimed at an open-source approach, and the development of both
models and calculation codes is well- documented.

1.1 A Benchmarking Framework for Hybrid Energy Storage
Systems with Complex Application Integration

The proposed benchmarking and assessment framework addresses the suggested
requirements, following a simple structure as illustrated in Fig. 1. The main purpose
of the assessment framework is to integrate assessment of key performance indicators
with a configurable benchmark system. The notion of “benchmark” comprises a
reference application, including an application model, with a preselected set of key
performance indicators (KPIs).

The framework supports the calculation and reporting of both static (fixed by
technology choice) and dynamic (computed by a simulation model) performance
indicators. Static KPI can be derived directly from the system structure definition,

System
configuration Configuration + scenario
INPUT CONFIG | INPUT SCENARIO
Module ‘

Quantified KPI

Static KPls

Dynamic KPls

configuration

Fig. 1 Conceptual outline of assessment framework
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such as the devices and materials used; static KPIs need to be updated when a user
selects a different set of system parameters or replaces modules. Dynamic perfor-
mance indicators require a dynamic simulation of the system’s operation and can then
be calculated based on system information and the time traces of the simulation.

The main idea of this approach is to harmonize the calculation principles and to
deliver an integrated system view of all relevant KPIs for a hybrid energy storage
application. For example, operating costs, lifetime and efficiency of a hybrid storage
solution require a dynamic simulation, since the mix and contributions of each tech-
nology will vary on the operating demands and control strategies employed; the
critical raw materials used to compose the respective storage solution, in contrast,
are based on static look-up in respective databases. The focus of this chapter is to
outline the benchmarking concept and to illustrate its configurable application to a
renewable energy community case.

To perform reasonably in an application context, the hybrid energy storage or
energy system also requires some form of dispatch optimization as well as logic for
the real-time coordination of the respective storage systems. Such an application-
oriented assessment method enables a technology-neutral approach to performance
comparison. From a technology assessment point-of-view, we would require a larger
set of such benchmark models, (at least) one for each of the applications considered.
As renewable energy production as well as consumption profiles can vary widely
depending on geographical conditions, the formulation of a benchmarking approach
should eventually also consider this geographical dependency.

1.2 A Renewable Energy Community as Reference Case
for Electro-Thermal Hybrid Energy Storage

A reference case was conceived to demonstrate the assessment of a complex hybrid
energy storage system, integrating multiple electrical and thermal storage systems
in one application. The application is considered as grid-connected Renewable
Energy Community, in part because of the additional challenges of evaluating the
performance of grid-connected systems as opposed to fully islanded energy system.

To construct arealistic system, the parameters of an existing electrical system were
used and amended with suitable thermal consumption, energy harvesting, energy
conversion, and thermal energy storage technologies. A schematic of a sample renew-
able energy community with hybrid electrical and thermal energy storage is illustrated
in Fig. 2.

The electrical grid and resources for the reference case of an energy community
is based on an existing electrical system available at the CEDER research facility in
Soria, Spain. Itis a micro-grid composed of a medium voltage ring (15 kV) with seven
low-voltage substations. Each of these substations has combinations of renewable
energy sources, energy storage systems, and consumption (electric load) connected.
The complete microgrid is monitored and can be managed in real time.
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Fig. 2 Concept of arenewable energy community with hybrid electrical and thermal energy storage

To complete the CEDER-based system with a thermal network aspect, the given
electrical systems is coupled with a fictional thermal network which includes two
Concentrated Solar Power (CSP) plants at a different temperature level parametrised
for the irradiance of the selected location, a thermochemical storage, a phase change
material (PCM) storage, a boiler, a molten salt energy storage system integrated
with, a Rankine cycle system for the electrical production. This system has a classic
Rankine cycle using compressed steam superheated at 550 °C and an Organic
Rankine cycle using an organic fluid to manage the lower temperature of the second
CSP. Thermal and electrical loads include hospital, residential buildings, offices,
hotels and some industrial facilities such as a pelletizer. Several of these thermal
components are based on structures and research results associated with a research
facility in Portici, Italy.

2 Electrical, Thermal and Hybrid Energy Storage
for Renewable Energy Communities

With a growing share of discontinuous renewables on the electricity grid, such as
wind and solar, needed to meet international decarbonization targets, it is becoming
increasingly difficult to balance supply and demand, ensure grid stability and avoid
distortions in electricity markets, so there is a need for increased research and devel-
opment of energy storage and system flexibility. This section provides background
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on existing thermal and electrical storage technologies as well as the literature on
integrating storage and hybrid storage in renewable energy systems applications,
including the application of multi-domain renewable energy communities.

2.1 Thermal Energy Storage

Thermal storage, together with other forms of energy storage, can provide significant
help, especially by integrating its various types of storage technologies.

Thermal Energy Storage and Coupling with Renewable Energy Production.

Thermal storage technologies are in most cases less expensive than electrical energy
storage and, especially at high temperatures, they can power Rankine or Bryton cycles
for the production of electrical energy and chemical processes for the production of
synthetic fuels that represent a further efficient storage solution for the coupling not
only of the electrical sector, but also of mobility.

The fields of application, considering different temperature levels, concern:

e Residential heating and cooling, including domestic hot water;

e Waste heat valorisation and continuity in the thermal and/or electrical supply of
powered industrial processes;

e Coupling with CST/CSP (Concentrating solar thermal/power) plants, both to
produce electrical energy and for the powering of industrial processes (SHIP);

e (Carnot batteries (CB) include a set of multiple technologies having the common
basic principle of converting electricity into thermal energy, storing it in thermal
energy storage systems (TES) and reconverting the heat into electricity, when
needed. In the charging phase, the electrical energy is used to heat a thermal storage
medium. This task can be performed by a traditional heat pump (HP), an electric
heater or any other technology, such as direct conversion by Joule effect (P2H:
power to heat). Similarly, in the discharge phase, any heat engine technology can
be used, using Rankine, Brayton, Stirling or other different thermodynamic cycles,
such as thermoelectric, thermionic and thermo-photovoltaic systems. Pumped
Thermal Energy Storage (PTES) is a type of Carnot battery.

The main types of thermal energy storage are:

e Sensible (SHTES): energy is stored or released through an increase or decrease
in the temperature of the storage medium. Therefore, these systems use the heat
capacity of the material to store energy, and this is always present in a single
phase, usually solid or liquid. The most common example of a SHTES with a
liquid medium is water, while a solid medium would be a rock-type one. Both
have the advantage of being cheap storage materials. The specific heat capacity
of water is about four times higher than the rock-type one. However, water needs
high pressures to reach temperatures above 100 °C, while rock-type material
can easily reach temperatures of 700 °C. For a SHTES system, the efficiency
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strongly depends on the effectiveness of the insulation provided against heat
losses. Depending on this, a SHTES can achieve an efficiency included in the range
between 50 and 90%. Generally, STHES systems have a low specific energy, in
the range of 10-50 Wh/kg. This leads to very large storage tank sizes. The capital
costs associated with a SHTES system are in the range of 3400-4500 $/kW, while
the price per unit of stored energy is in the range of 0.1-10 $/kWh.

e Latent (LHTES): the materials used are called PCMs. The energy released or
absorbed during the phase change is known as latent heat. These transitions occur
at an approximately constant temperature, thus facilitating the stabilization of
the temperature over which the heat transfer occurs. They have the advantage of
having a high specific energy (50-150 Wh/kg) compared to SHTES systems. The
capital costs required for LHTES are in the range of 6000-15,000 $/kW, and the
price per unit of stored energy is in the range of 10-85 $/kWh, significantly higher
than for SHTES systems.

e Thermochemical (TCES): these storage systems are based on the principle of
feeding chemical reagents with thermal energy, resulting in their dissociation
into other components that can be separated, allowing them to store the supplied
thermal energy. When needed, these components are made to react with each
other, to return the energy previously supplied. The capital cost required for a
TCES system is the lowest of the three types of storage technologies, in the range
of 1000-3000 $/kW, and, in addition, the energy density, of 120-250 Wh/kg, is
the highest. However, the price per unit of stored energy is 8—100 $/kWh, making
it the most expensive of the three storage technologies, because it has currently a
low TRL, especially for the high temperature applications.

Benefits from Combination of Different Thermal Storage Technologies

An emerging method for an energy storage system combines latent and sensible
thermal energy storage systems.

For instance, (Laing et al. 2012) developed a combined storage solution for direct
steam generation in CSP plants with a concrete storage for superheating steam, and
a LHTES for evaporating water. A 700 kWh prototype plant was built at Litoral of
Endesa in Carboneras, Spain.

In Rome (Italy) a hybrid TES prototype is under construction including a module
able to store 40 kWh of thermal energy by PCMs, followed by a concrete module
of about 150 kWh and another 40 kWh PCM TES with a higher phase change
temperature. The overall operating temperature range of the system is 290 + 450 °C
(Liberatore 2024).

The benefits of these kind of systems are expected in a positive effect both to
facilitate the management of the system due to stabilization of the Heat Transfer
Fluid outlet temperature for many hours and to provide high-quality heat to the user.

Novotny et al. (2022) highlighted the importance of utilizing excess electricity to
drive a Power-to-Heat (P2H) system, generating a temperature difference (thermal
exergy). This can involve both hot and cold storage. During discharge, this stored
thermal exergy is reconverted into electricity through a Heat-to-Power (H2P) system.
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Dumont et al. (2020) illustrated an emerging method for a large-scale energy
storage system, along with a charging cycle involving an Organic Rankine Cycle
(ORC) and a discharging cycle involving a heat pump. It combines latent and
sensible thermal energy storage systems. The authors demonstrate the potential of
this combination through a temperature-entropy graph.

Some authors have reported the coupling of low temperature heat sources also with
PTES (Pumped Thermal Electricity Storage) (Rehman et al. 2015). Other hybridiza-
tion methods for medium—high temperatures used to obtain more compact cement-
based TES consist of adding a shape-stabilized amount of PCM to their mix-design,
so as not to compromise their thermo-mechanical performance. Such a hybrid sensi-
tive/latent storage medium has the advantages of low concrete cost combined with a
higher energy density (Miliozzi et al. 2021).

2.2 Electrical Storage for Renewable Energy Systems

Electrical energy storage offers the capacity to convert available surplus electricity
into a storage form and to retrieve it in form electricity again. Bulk mechanical
electricity storage has been available in form hydroelectric or pumped storage (grav-
itational) or compressed air (thermodynamic), which both depend on geographical
features. Electrical and electrochemical energy storage systems, such as batteries
and supercapacitors, are more flexible in terms of geographic deployment.

Energy storage mechanisms depend on the chemical and physical properties of
the materials involved. In these systems, energy is typically stored in chemical form
within the electrode materials (batteries) or through charge accumulation at interfaces
(supercapacitors).

Batteries

Batteries store energy through chemical processes, specifically faradaic reactions or
redox reactions, which take place at the anode and cathode. These reactions involve
the transfer of electrons during oxidation at the anode and reduction at the cathode,
enabling the conversion between chemical and electrical energy.

Battery storage technologies come in various forms, each characterized by
attributes like energy efficiency, specific energy, and cycle duration. Lead-acid
batteries, one of the oldest and most widely used technologies, are favoured for
bulk energy storage due to their low cost and reliability (Mustafizur et al. 2020).
However, they suffer from limitations such as short lifetimes, low energy density, and
a restricted depth of discharge (DOD), which impacts their efficiency and usability,
and they face environmental challenges due to the toxic nature of lead. In contrast,
lithium-ion batteries provide significantly higher energy efficiency (90-95%), longer
lifespans, and superior power density, making them ideal for electric vehicles. These
advantages come at a higher initial cost and with concerns around the sourcing of crit-
ical raw materials like lithium and cobalt (Mustafizur et al. 2020; Mitali et al. 2022).
Flow batteries, on the other hand, stand out for their flexibility, allowing power
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and energy capacity to be scaled independently. This makes them well-suited for
large-scale grid applications, though their lower energy density and larger physical
footprint limit their use in space-limited applications, Additionally, the most widely
used vanadium flow batteries entail higher costs compared to lithium-ion batteries
(Poli et al. 2024). Finally, nickel-cadmium batteries offer high energy density, dura-
bility, and low maintenance requirements, performing well under extreme conditions.
However, they face environmental challenges due to the toxic nature of cadmium,
leading to a decline in usage as more sustainable alternatives, such as nickel-metal
hydride and lithium-ion batteries, have become available. Each of these technologies
presents trade-offs in cost, efficiency, and environmental impact, influencing their
application in specific use cases (Mustafizur et al. 2020; Mitali et al. 2022).

According to the review article by (Mustafizur et al. 2020), electro-chemical
battery storage systems rank third in installed capacity, with a total power of 2.03 GW.
The most widely used utility-scale electro-chemical batteries are lead-acid, lithium-
ion, sodium-sulphur, nickel-cadmium, and flow batteries. Among battery technolo-
gies, Li-ion holds the largest market share, with a power production capacity of
1.66 GW, followed by sodium-based batteries (204.32 MW) and flow batteries
(71.94 MW).

Supercapacitors

Supercapacitors are considered a complementary technology to batteries due to their
unique characteristics, including high power density and exceptional cyclability,
although they exhibit low energy density. These devices store energy by separating
negative and positive charges. This separation allows supercapacitors to store static
electricity for later use, enabling rapid energy release when needed.

There are three main types of supercapacitors: electric double-layer capaci-
tors (EDLCs), pseudo capacitors, and hybrid supercapacitors. EDLCs store energy
through charge accumulation on both sides of the dielectric layer, a process that is
highly reversible and provides high power density. However, their energy density
is relatively low compared to batteries. Pseudo capacitors combine this mechanism
with Faradaic redox reactions, enabling improved energy storage through features
like a large contact area and short paths for electron and ion transport. Despite
these advantages, their performance heavily depends on precise control of electrode
properties such as morphology, structure, and composition. Deviations can lead to
reduced electroactive surface area and diminished performance. Hybrid supercapac-
itors integrate both Faradaic and non-Faradaic processes in their electrodes. Even
though some electrode materials like carbon and metal oxides may exhibit poor
conductivity, hybrid supercapacitors achieve high cycling stability, power density,
and energy density. This is often accomplished using advanced 3D mesoporous elec-
trode structures, which enhance their performance and affordability. These features
make supercapacitors an invaluable addition to energy storage systems, especially
in applications requiring quick energy discharge and high durability (Zhang et al.
2023).

In a HESS, supercapacitors are effectively utilized to mitigate short-term
voltage and frequency fluctuations in the grid. Their high-power density and rapid
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charge—discharge capability make them well-suited for handling transient distur-
bances. When integrated with larger energy storage systems, such as batteries,
supercapacitors act as a complementary component (Zhang et al. 2023).

Bocklisch (2015) highlights the advantages of combining storage technologies,
emphasizing how hybrid systems can enhance overall efficiency. This approach is
particularly valuable in mitigating the drawbacks or damages associated with reliance
on asingle technology, offering a more balanced and resilient energy storage solution.

2.3 Hybrid Electrical and Thermal Energy Storage in Energy
Systems Applications

The European Union Renewable Energy Directive (RED II), part of the Clean Energy
for All Europeans Package, defines “Renewable Energy Communities” (RECs),
establishes a governance framework for them, and enables energy sharing within
these communities. RECs are citizen-driven projects designed to advance the clean
energy transition through various forms of consumer co-ownership. These initiatives
empower local communities to engage in renewable energy production and consump-
tion, fostering resilience, enhancing energy efficiency, and supporting decentralized
renewable energy generation.

Storage systems are considered vital components of RECs. These systems play a
crucial role by storing variable energy and deploying it as dispatchable generation
during periods of high demand within the electrical grid (Lowitzsch et al. 2020). This
raises the question of hybridizing these storage systems: can combining different
forms of electrical and thermal energy storage provide enhanced benefits compared
to using them individually?

Whereas electrical and thermal energy forms are relevant to quite different appli-
cations and require different infrastructure. Hybridization of electrical and thermal
energy storage solutions is typically only relevant in applications where both forms of
energy are eventually required by an end user. From a physical perspective, thermal
storage at lower temperatures has lower quality, since it cannot be converted to
electricity. Depending on the infrastructure involved and the system boundary, the
services required, and the applicable legal and commercial conditions, the perfor-
mance criteria and applicable solution concepts vary widely, also in terminology and
technological maturity.

Storage System Integration with Renewable Energy in Applications

A report from the National Renewable Energy Laboratory (NREL) (Reilly et al.
2022) examines state-of-the-art wind-storage configurations and system controls,
along with the techno-economic sizing of wind-battery hybrid systems for different
grid types. Extensive research has been conducted on the design, regulation, and
management of energy within storage systems, with a strong emphasis on optimiza-
tion algorithms for sizing individual components. In their review article, Nkwanyana
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et al. (2023). Examine the optimization techniques used in the design, configuration,
and deployment of various RESs and different storage systems.

Future economic feasibility studies have explored the impact of configuration-
location combinations in HES hybrid systems. Schleifer et al. (2023) demonstrated
that smaller batteries can achieve similar economic performance to larger ones when
paired with complementary PV-wind systems. They also analysed how the energy
and capacity values of PV-wind-battery hybrid systems might evolve over time across
locations with differing levels of solar and wind complementarity. Aykut Fatih Guven
et al. (2024) take a nuanced approach by exploring a range of scenarios involving
load demand and generation fluctuations due to the variability of RESs. By utilizing
real-world data on load, wind speed, and solar irradiance, alongside multiple storage
options, they examine various algorithms for convergence and optimize the system
to identify the most efficient configuration. As can be seen, a lot of these studies
focused on specific storage technologies and their optimal integration into a RES
system.

Sector Coupling in Hybrid Energy Systems

Sector coupling refers to the exploitation of flexibility options and associated benefits
(e.g. increased renewable energy adoption) across energy usage sectors, such as
electricity and heating or electricity and transportation.

The studies mentioned above do not include sector coupling. Sector coupling
between electricity and thermal systems is recognized as a crucial strategy for maxi-
mizing the full potential of RESs and supporting the achievement of green energy
transition goals6. This approach enables excess renewable energy to be stored and
converted into heat using boilers or heat pumps, which can then be stored in thermal
energy storage systems, such as pumped thermal energy storage (PTES), for later
use (Steinmann et al. 2019).

Vehicle-to-Grid (V2G) and Vehicle-to-Home (V2H) technologies have been
proposed as innovative solutions to support decarbonization efforts. The core concept
involves utilizing the batteries (Lithium-ion) of electric vehicles (EVs) to store energy
during periods of low demand and discharge it during peak hours to assist with peak
shaving. To evaluate their feasibility and effectiveness, various techno-economic
models have been developed. Feasibility studies have also been conducted on inte-
grating HRES into renewable energy hybrid microgrids and vehicle-to-grid/home
systems. Garcia-Vazquez et al. (2022) studied the feasibility of a hybrid renewable
energy system with an energy storage system for a house, where the vehicle-to-home
(V2H) option is considered as a backup/support system and focused on the sizing
of PV panels and storage devices. The widespread adoption of these technologies
by the public remains to be seen in the future. A study conducted in Norway—one
of the countries with the highest EV adoption rates—highlighted key strategies to
encourage uptake. These include providing financial incentives such as tax credits,
launching educational campaigns to emphasize the benefits of EVs with V2G capa-
bilities, expanding EV charging infrastructure, and fostering the development of a
robust public—private V2G ecosystem (Mehdizadeh et al. 2024).
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Goyal et al. (2024) propose a design for a sector-coupled microgrid that inte-
grates the electric, thermal, hydrogen, and transport sectors. Their design incorpo-
rates battery storage for electricity and hydrogen storage tanks for hydrogen. The
study evaluates the techno-economic impacts and total emissions, indicating that a
decarbonized sector-coupled microgrid is both feasible and effective in advancing
sustainability goals.

Electro-Thermal Hybrid Storage Energy Systems Applications

Sihvonen et al. (2024). investigated an electrical-thermal hybrid storage system,
involving an underground pumped hydro storage (PHS) system and a sand-based
high-temperature thermal energy storage (HTTES), an electrical thermal energy
storage, which is coupled with power-to-heat and discharged into district heating
(DH) in an island energy system. Their findings highlight a clear need for storage
capacity from diverse sources. However, this study did not consider electrical storage
components, such as batteries and supercapacitors, revealing a gap in comprehensive
research on integrating both thermal and electrical storage systems into RESs grids,
particularly when coupled with power-to-heat technologies.

Geographical Variability Effects on Hybrid Energy Storage Applicability

Most studies investigate the application of hybrid energy systems assessments for a
specific given geographic location or area. Zhu et al. (2024) conducted a comprehen-
sive review of the findings and limitations associated with various REss and storage
solutions implemented at different sites worldwide.

Our review identified several studies that address different types of consumption
data and load profiles based on seasonality. Enrique Rosales-Asensio et al. (2024)
examined two distinct use cases of buildings in different locations—New York and
California—using REopt to determine the optimal sizing of storage systems for
minimal costs and emissions. The study revealed a high level of complexity, with
outcomes heavily influenced by factors such as solar irradiance, load profiles, and
the energy tariffs applied. Kobashi et al. (2022) investigated the integration of EVs
in commercial and residential districts across cities in Japan. Their study concluded
that such strategies could play a significant role in advancing urban decarbonization
efforts. Lysenko et al. (2023) modelled the variable nature of RES and consump-
tion as a random process in their study of hybrid power systems with storage. This
approach was used to analyse and optimize the sizing of the storage battery system,
accounting for the stochastic behaviour of energy generation and demand. Mazzeo
et al. (2020) investigated the worldwide techno-economic mapping and optimization
of standalone and grid connected PV-wind HRES to supply the electrical demand of
an office building district. These studies, however, neither account for sector coupling
nor offer a comprehensive framework for analysing alternative use cases.
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3 Benchmarking Framework for Hybrid Energy Storage

Hybrid energy storage technology performance is characterized by three aspects that
are each influenced by the application they operate under: (a) storage technology
performance, (b) interaction and integration of multiple storage technologies, and (c)
the control and coordination strategies. To assess the potential impact of variations
in material, device, integration and control system parameters at an application level,
it is of interest to offer a benchmarking approach that accounts fully for the relevant
constraints and performance criteria for the given application.

Since modelling and simulation of energy storage in energy systems applications
is critical for planning and technical assessment of potential energy solutions, there
exists a wealth of planning and technical design tools and models in the field, each
aimed at different purposes. However, benchmarking contrasts with the requirements
planning and technical design, which typically include a case-by-case adaptation of
model and analysis approach: the performance estimation via a benchmark instead
requires a stable but configurable and easily adaptable benchmark model.

Another dimension of interest would then be to consider adaptation to the
geographic and associated environmental conditions which induce a systematic and
consistent variation of input parameters that would substantially affect outcomes,
given different demand and resource availability. In this section, we will outline a
benchmarking framework that supports the above-listed requirements.

3.1 Requirements for Application-Level Performance
Assessment for Hybrid Energy Storage

To develop a framework for benchmarking for hybrid energy storage at application-
level, we shall consider the key ingredients of the benchmark model: an appropriate
system application model (system boundary and dynamics), associated modelling
tools (potential modularization and configurability), assessment scenarios (ensuring
consistent input data), and the identification of relevant performance assessment
criteria.

3.1.1 Functional Aspects of an Application-level Benchmark

An effective benchmark case should consider and represent the following aspects:
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Dynamic Simulations Covering the Full Application Range Including Partial
Charge Performance

Storage systems must be able to respond quickly to verify the flexibility to be provided
to users and grid services needed for RES integration, including the time scale.
For thermal systems, partial charge studies quantify how much performance can
degrade when operating temperatures are dynamically varied as compared to the
thermodynamic design.

Application-Level Cross-Domain Integration of Storage with Non-Storage
Sub-Systems

Hybrid thermal/electrical integrated systems should have significant advantages in
terms of reducing energy losses. Such application-level benefits cannot be assessed
at the level of storage technology.

Multi-Model Capability

Hybrid energy storage applications, accrue benefits from operating over a wide
range of timescales and behaviours relevant to application-level performance. A
single model cannot capture the full range of these application-aspects. A benchmark
requires a set of jointly configurable models.

Control Strategies

Control strategies determine the system behaviour and performance in view of a
control objective, concerning, for example, power/capacity range, fluctuations in
electricity prices, electricity demand, power production and any waste heat integra-
tion as well as produce a clear environmental benefit especially for lower greenhouse
gas emissions. Several control strategies may be combined to cover several time
scales.

Performance Indicators and Cost Estimates

A benchmark is defined by its ability to summarize performance of a specific
technology in reference to specific performance indicators. Such indicators should



Benchmarking of Hybrid Thermal and Electrical Storage for Renewable ... 217

cover the full range of relevant technological, economic and sustainability indi-
cators, consistent across sub-modules. E.g. cost reduction should be comparable
sustainability trade-offs in the use of critical raw materials.

Assessment Reference Scenarios and Geographical Adaptation

Benchmark-style assessment requires a reference set of input operating scenario data.
In RES based systems, the geographical location used as reference has significant
effects toward the evaluation of a given system design. In principle it is possible to re-
locate a given model to a distinct geographical location by altering the environmental
variables and associated input time series.

3.1.2 Limitations of Existing Modeling Tools in View of Benchmarking
Requirements

Modelling tools used for performance assessment are not designed to meet all of
the above listed requirements for benchmarking. Distinguished by the modelling
purpose, we can revisit typical capabilities of energy system planning/optimisation
tools and technical design and analysis tools.

Modelling and Planning Tools for Hybrid Energy Systems and Assessment
Criteria

Since both renewable energy and demand tend to be fluctuating, uncertain and uncon-
trollable, the performance of a storage solution needs to be assessed in context of its
application, e.g. to balance energy supply and demand, or provide the minimum cost
of energy, given electricity market prices and varying tariffs, and possibly also to offer
flexibility back to the energy system/electricity grid. Planning tools contain models
of storage technologies and consider the expected behaviour over time of renewable
energy supply and energy demand, a planning tool typically offers to optimize a
system (configuration, sizing) for a given performance indicator (e.g. revenues, total
system cost, CO, emissions). A challenge for most planning tools is, however, that
electricity storage operates across time and across time scales, that revenues from
multiple sources can be stacked, but also that the resource allocation at different time
scales interact. An additional challenge in the planning of hybrid storage solutions is
that there is an interaction between storage types, depending on the optimal forward-
looking allocation as well as on the real-time reactive control algorithms, operating
on a timescale of microseconds to minutes. It is therefore challenging to determine
an appropriate problem reduction without too many (over-)simplifying assumptions.
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There is a wide range of energy planning and modelling tools available that are
capable of modelling hybrid energy systems, both as open source, free software (e.g.
EnergyPlan?) and commercial software (e.g. Plexos,> Homer Pro*). These software
packages are widely used for sizing, simulating operational scenarios, and optimizing
multi-domain energy systems—covering thermal and electrical components—while
integrating hybrid renewable and conventional energy sources, as well as multiple
storage technologies. However, given that some of these tools come with limitations.
For example, Plexos and Homer Pro are not free to use and typically require paid
licenses, which can be a barrier for many users. While EnergyPlan is a free software
for modelling smart energy systems, its hard-coded heuristics make it difficult to alter
performance objectives, assess technology variants or to integrate it in a pipeline with
other tools. A common challenge with the adoption of commercial planning tools
is the lock-in situation since the models are typically not transferrable or open to
modifications, and the performance objectives are built into the system. Limited
configurability and openness become a barrier when more complex adaptations are
required, as in the case of hybrid energy storage for grid-connected renewable energy
communities.

Alternative to commercial planning tools are open-source energy system models.
There is a wide range of open software models (https://wiki.openmod-initiative.
org/wiki/Open_Models), each with a specific modelling, planning or assessment
scope. Most models are built around an economic optimization capability, enabling
optimization over time scales of days to decades.

Assessment of Non-Stationary Behaviour and Dynamic Technical
Performance

In contrast with the energy systems modelling tools, a separate category of technical
modelling software aims to represent the detailed dynamic (transient) behaviour of
the technical system, typically in time scales from hours to microseconds, depending
on the domain relevant physical phenomena and technology investigated. Here the use
of commercial modelling software is dominant (e.g. MATLAB/Simulink, TRNSYS,
Dymola, PSS/e), but also open-source platforms exist (e.g. Octave, Modelica/
OpenModelica). Here, modelling tools can be divided in all-purpose (e.g. Simulink,
Modelica) and domain-specific tools (e.g. PSS/e for Power systems, TRNSYS for
Thermal applications).

2 https://energyplan.eu/
3 https://www.energyexemplar.com/plexos
4 https://homerenergy.com/products/pro/index.html
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System Boundaries and Their Effect on Model Detail and Assessment Criteria

Depending on the size, geographical extent, or electrical grid connection type, hybrid
energy systems vary widely in the applicable technologies as well as the relevant
services to be accounted for. Practical planning tools typically abstract the technolo-
gies and simplify the application service to allow for a general tool implementation,
foregoing technology details for the benefit of a generic and simple planning tool.
Detailed technical models increase time-resolution and thus enable the investigation
of non-stationary physical phenomena that can affect the integration technologies
and performance of the integrated system. Such detailed models limit the system
boundary and accuracy of representation to the relevant time scale and relevant
transient interactions.

The system boundary also affects the objectives, incentive structures and technical
operating parameters of an energy system design. For example, an isolated (island)
energy system is simpler to model in a planning tool (e.g. EnergyPlan), but the tool
faces limitations when applied to scenarios where the system is connected to the grid
and influenced by e.g. dynamic market prices and external grid interactions.

Geographical Adaptation of Assessments

Data sources like SECURES-Met (Europe) and TRNSY'S (World) offer precise mete-
orological information, such as radiation and wind speed, which are vital for esti-
mating solar and wind energy production. Similarly, electricity prices and associated
tariffs and taxes vary significantly across regions; as most electricity networks in
Europe are fully transparent on electricity prices, so such data can be located and
integrated for several world 1regi0ns.5 Finally, consumption data, which also varies
geographically and seasonally, is equally essential for developing a comprehensive
assessment tool. Comprehensive, geographically organized and aggregated data on
electricity, heat and fuel consumption is available, e.g. via (Hidalgo and Uihlein
2023). However, for assessing storage performance, detailed and disaggregated time-
series are required, based on the modelling assumptions and time resolution; this
aspect is difficult to achieve based on geographical databases alone. Here represen-
tative time series may be chosen from public databases,® considering an approximate
match of e.g. climate, culture and business operating hours, but also synthetic load
profile generation should be considered as a valid approach to represent characteristic
load behaviour.

5 An overview of useful data sources for electricity prices is listed here: https://wiki.openmod-ini
tiative.org/wiki/File:Electricity_prices

6 https:/wiki.openmod-initiative.org/wiki/Data



220 M. Blanco et al.

Challenges with Existing KPIs and Performance Assessments

Key performance indicators (KPIs) are intended to enable technology-neutral assess-
ment to differentiate technologies by performance for the same application. It is often
desired to identify optimal performance or a performance trade-off between alter-
native technologies. Optimization methods may use a cost function to represent the
performance indicators directly—generating an optimal design for the considered
“cost”. Above-mentioned planning tools will optimize typically by minimizing the
total system cost (investment and operational), considering other technical criteria
in the form of constraints (e.g. reduce/eliminate exchange with the power grid). For
planning, where a wide range of alternatives need to be considered and traded off,
such simple criteria are useful.

The suitability of a design, however, can in most applications not be reduced to a
single straightforward cost (function) or constraint. The need to reduce complexity for
optimization purposes also implies that the model details cannot completely capture
the full range of criteria, so detailed dynamic models may be required to extend the
assessment. It is therefore meaningful to formulate additional performance criteria
that may be derived from the available application models.

3.2 The Proposed Application-Level Assessment Framework

This work focuses on developing a technology-neutral, open-source framework to
quantify the application-oriented KPIs of configurable HESS, including electro-
thermal storage. The framework is intended to be adaptable to alternative geographic
locations, enabling seamless integration of generation and consumption data to facil-
itate comprehensive analysis based on the application-level system performance.
Figure 3 outlines the main components and interactions in the proposed application-
level assessment framework. Notably, the framework imposes a fixed benchmark
theme, which then determines the content of the configuration (light blue), model
(red) and KPI calculation (green) modules. Following the principle of benchmarking,
a user interacts with the configuration, not the models or the KPI selection.

Application Benchmark Definition and Models

For a given application, the benchmark defines a specific application with a refer-
ence system configuration, relevant performance indicators and a complete reference
implementation of the required models. Baseline scenarios and valid KPI ranges are
identified for the given application. Static computations and data are available for
configuration-driven calculations of static KPIs. The computational modules that
perform the calculations for the associated KPIs are also included to avoid inter-
pretation issues in text-based definitions of performance indicators. The model is
documented fully so that a user can interpret and interact with the system and
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Fig. 3 Schematic of assessment framework with benchmark context

scenarios configuration. An application benchmark typically comprises several sub-
models, such as for example a scheduling model and a dynamic operational model in
order to represent relevant dynamics in all timescales associated with the quantified
performance indicators.

System and Scenario Configuration

For the benchmark model, it is essential that the calculations are harmonized and any
modifications to the benchmark parameters are traceable. It is therefore paramount
to enable a file-based parametric configuration of the benchmark model, enabling to
document and trace parameter changes to observed effects and to enable comparison
of results across the literature. The user interface of the benchmark is therefore
mainly in the specification of system configuration and scenario parameters, enabling
the otherwise consistent and automated assessment of a given benchmark across
several sub-models. Examples of adjustable parameters is the selection of size or
numbers and types of storage modules of different types of storage included in
the benchmark. Users may be able to investigate alternative efficiency among the
technologies. An extreme case of configurability would be the possibility to alter
the geo-location of the application, as this would result in the need to automatically
update the location-associated time series and parameters, as discussed above.

Module Configuration and Model Adaptation

The application benchmark should ideally be formulated in such a way that itincludes
and is enabled to operate with a wide range of storage technologies, which may
or may not be activated. An intended but more comprehensive adaptation of the
benchmark could be performed to integrate and alternative storage technology. The
benchmark application model would have to be updated with a drop-in replacement
of the respective model components in all the required sub-models.

Assessment Pipeline Automation

An implementation of this proposed benchmarking framework would be greatly
facilitated by means of a configuration-driven software pipeline, where the input
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parameters, simulation model results and resulting performance indicators are calcu-
lated based on an automated and parallelizable process. This approach will facilitate
the integration of the proposed framework in automated assessment pipelines.

Consideration of Geographically Adaptive Benchmarking

Since datasets for renewable energy production are available based on geo-location,
the complexities in the geographical adaptation are more present in the representa-
tion of the consumption profiles. Another feature in a benchmarking approach would
be flexibility on integration options that match the local build environment, regula-
tory requirements and so on. These complexities cannot be addressed all at once.
However, a framework that facilitates the geographical adaptation of the benchmark
in a computational sense (i.e. by parameterization of the relevant variables) would
greatly facilitate the future adaptation of the given benchmark case to various local
conditions. The suggested approach is therefore a clustered adaptation to specific
design-geolocations, where the complete dataset is available and the benchmark has
a meaningful representation for the given application.

3.3 Considerations on Performance Indicators

Key performance indicators are the main device of comparison stipulated by a bench-
mark. A benchmark setup should in principle include many pre-defined performance
indicators to ensure consistency of comparisons. On the other hand, the prioritization
of a small number of “key” performance indicators facilitates the discourse.

From Performance Indicators to Application-Oriented KPIs

In view of designing a valid application-oriented benchmark system for hybrid energy
storage, it is important to consider a selection of key performance indicators that are
relevant to be quantified by means of the application-oriented benchmark model.
There are technical considerations on the requirements for computing aggregate,
dynamic KPIs for a hybrid storage application, there are criteria to select and prioritize
KPIs.

On Computation Requirements for KPI Calculation and Aggregation

A recent analysis of performance indicators for hybrid energy storage systems in
Heussen et al. (2025a) and Scipioni (2025) suggests a classification of by several
characteristics, that are important to establish a basis for comparison of hybrid to
non-hybrid energy storage solutions. The two main considerations for a given KPI
are (a) the relevant method of aggregation of KPIs from single-technology KPIs to
KPIs representing the HESS performance, and (b) the variability subject to dynamic
behaviour of the storage in operation.

Assessing overall system performance is to aggregate the KPIs using different
methods:
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e Weighted Average KPIs: These are KPIs calculated based on the proportional
contributions of each component in the hybrid system.

e Cumulative KPIs: KPIs representing the total contributions of all components,
reflecting the overall system performance.

¢ Dominant- or Limiting- Technology Influenced KPIs: These are KPIs that are
influenced by either the strongest or the weakest technology in the system.

e Application-level KPI: KPI to benchmark the performance (enhancement) of an
integrated system design, for a given application (requires a benchmark system
implementation)

The second distinction can be made between dynamic and static KPIs. Static
KPIs are primarily determined by the inherent material or device properties of the
system components. In contrast, dynamic KPIs require evaluation of time-dependent
behaviour in an application; for hybrid energy storage, this behaviour is also influ-
enced by the interactions among storage technologies. These dynamic metrics require
a representation of the controlled system behaviour under representative operating
conditions.

A further distinction relevant to computation of KPIs is whether the indicator can
be computed independently of (absolute KPI) or with reference to a baseline value
(relative KPI). In application-based benchmarks Dimensioning-based vs. Fixed-
sizing-based KPI: KPIs that consider system sizing based on operational dimensions
versus fixed-sizing approaches.

On the Formulation of Key Performance Indicators for Application-Level
Assessment

Firstly, performance indicators should reflect a sufficiently holistic view on tech-
nology performance so that important trade-offs are directly apparent from an anal-
ysis. For example, if economic improvements come at the cost of sustainability
performance this should become immediately evident. Thus, a relevant set of perfor-
mance indicators should include at least one indicator from each “technical”, “eco-
nomic” and “sustainability” categories. Secondly, the importance of performance
indicators should be weighed by the interest of relevant stakeholders in those indi-
cators. Finally, the prioritization of KPI is driven by the considered application and
its associated technology-neutral service requirements. To select effective KPI the
authors therefore suggest the following criteria for the formulation and selection of
KPIs: quantitative, technology-agnostic, reproducible, mathematically robust, and
well-defined across the system’s entire operating range. Additionally, they must
effectively capture key objectives.

In summary, we suggest the following criteria for discussing and selecting KPIs:

® Quantitative and Comparable: KPIs that are measurable and can be compared
across different systems or technologies.

® Replicable/Reproducible: KPIs that can be consistently replicated across various
scenarios or studies.

e Feasible to quantify with the given benchmark: KPIs that can be effectively
quantified using the established benchmark.
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e Mathematically Sound/Well-defined: KPIs that are defined clearly and are
supported by sound mathematical principles.

® Relevant to the Application: KPIs that directly apply to and reflect the objectives
of the specific system use cases, motivated by.

e Absolute, if possible: Give preference to KPI defined in absolute terms instead of
relative to a reference scenario since citation of reference baselines weakens the
general interpretability outside the application context.

The proposed criteria assisted in the below reported KPI selection process.

4 Technology Neutral System Requirements for REC

In this section performance indicators and functional requirements for a REC are
outlined.

4.1 Storage Services in a REC Application

The foundation for RECs is the “Community” setting and its identification with a
renewable energy supply. Renewable energy production (bio, thermal, electrical) is
volatile and does not meet consumption needs for thermal, chemical or electrical
energy in time. Storage can shift this energy in time and thus may enable a fully
autonomous energy supply if the community were entirely based on an islanded or
isolated energy system. However, the REC concept also applies to grid-connected
communities, where at least the electricity exchange with the environment is possible.

Regarding the non-functional requirements for the integration of multi-domain
hybrid energy storage systems in a Renewable Energy Community, three main groups
of services can be facilitated: a) cross-domain energy balancing services, b) slow
response grid services, and c) fast response grid services.

The first set of services is associated with optimizing energy efficiency, energy
cost and minimizing CO, emissions and operates over timescales of hours to days.
Here the thermal storage systems and cross-domain energy conversion units come
to bear. The second and third group of services are focused on the balancing of the
electricity flows. In case of exchange with the electricity grid it would be concerned
with electricity prices and ancillary grid services, or, in case of a fully islanded/
isolated system, it would be the local frequency and power balancing.

Slow-response grid services ramp in the range of tens of seconds to minutes,
for a step equal to nominal power) and last in the range of one or several hours
at nominal power. Examples of objectives in this group of services are minimizing
consumption from the grid, reducing the curtailment of renewables, or participation
in the electricity market for maximizing profit. Fast response grid services operate in
the range of hundreds of milliseconds to a few seconds and last in the range of minutes
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at nominal power, such as participation in ancillary services (frequency regulation)
or other fast response grid services (angle stability, reactive, etc.) current or future.

4.2 Performance Indicators for a Renewable Energy
Community

Performance indicators should enable the assessment of hybrid energy storage contri-
butions in an ‘open’ energy system application, i.e. a REC may exchange energy with
its surrounding infrastructure. This section reports on the KPI selection for RECs,
considering the criteria introduced in Sect. 3.3.

Relevant Performance Indicators for RECs

To quantify the benefits of hybridizing various energy storage technologies in a
technology-neutral manner, the application-level performance should measure the
effectiveness of the HESS in supporting the above listed services. If we further
consider the stakeholders setting expectations to the REC, additional KPIs may
emerge:

e End Users: Both residential, municipal, and industrial (SME) end users, who have
evolved from passive participants to active contributors in the energy chain due
to liberalization.

e Transmission and Distributed System Operator (TSO/DSO): Responsible for
managing the high, medium and low voltage networks, ensuring the security
and reliability of the energy system.

e Regulatory Authorities and Institutions: These stakeholders establish the rules
and regulatory frameworks, ensuring that all parties adhere to the appropriate
guidelines. They are also responsible for transposing EU regulations into national
laws.

e Other Market Operators: This category includes electricity producers, aggre-
gators, suppliers, Energy Service Companies (ESCOs), DR aggregators, and
prosumers

It is self-evident that the services listed above are dynamic in nature and only
a dynamic representation of the REC can offer the information needed to quantify
them. Therefore, dynamic KPIs are required to evaluate system performance.

From a literature review on KPIs in energy system management (Scipioni 2025)
three categories of relevant KPIs emerged: technical, economic, and sustainability
indicators. Indicators within each category often overlap in scope and not all are
relevant to the REC application.

Selected KPIs for This Case Study

In Table 1, a list of selected KPIs is presented to evaluate the REC from different
aspects. The selection of KPIs for assessing RECs is driven by the need to evaluate
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their sustainability, economic, and operational performance. System Energy Effi-
ciency ensures optimal use of renewable resources, reflecting energy waste. Mean-
while, System Operational CO, Emissions quantify the sustainability aspect, high-
lighting decarbonization efforts. The Flexibility Factor measures the system’s ability
to adjust consumption, generation, or ESS based on market/system status.

Economic assessment is a crucial aspect of REC development, highlighting
Capital Expenditure (CAPEX) and Operational Expenditure (OPEX) as essential

Table 1 List of KPI for this case study

Name Description Expected range for | Classification
REC from literature
System energy The ratio of consumed energy to | 85-95% Dynamic,
efficiency the total generated energy. This | (Manso-Burgos absolute,
KPI is mainly relevant to etal. 2022; M et al. | application-level,
regulatory authorities 2023) technical
System The sustainability performance | 0.08-0.2 kgCO,/ Dynamic, relative,
operational CO, | of an energy system by kW*! (Bianco et al. | application-level,
emission comparing its carbon emissions | 2021; sustainability, SH:

to a baseline scenario

Manso-Burgos et al.
2022; M et al. 2023;

all

Angelakoglou et al.
2020)

Flexibility factor | Quantifies the technical —*2 Dynamic,
capability of the system to adjust absolute,
consumption, generation, or application-level,
energy storage systems to import technical

energy at the lowest price and
export energy at the highest price
within the overall trade market.
Relevant to consumer & DSO

Capital Initial investment costs required | 1500-2000 €/kW | Static, absolute,
expenditure to set up renewable energy 3 application-level,
(CAPEX) infrastructure and related assets, economic

defined here as Initial installation

cost per kilowatt of installed

capacity
Operational Costs associated with operation | — €/KWh Static, absolute,
expenditure and maintenance after the initial application-level,
(OPEX) setup economic
Levelized cost of | The total discounted costs 0.15-0.40 €/KWh | Static, absolute,
electricity incurred over the lifetime of a 3 application-level,
(LCOE) power generating economic

system—including CAPEX and
OPEX—by the total electricity
generated during its lifespan

Table Notes: *(1) Range estimated for “fully self-supplied”—"fully grid-supplied”; *(2) New KPI
definition; *(3) Ref. Chap. 6
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KPIs. CAPEX represents the initial investment required for energy generation,
storage, and infrastructure, while OPEX covers ongoing costs such as maintenance
and management. These costs help in evaluating financial decision-making. Addi-
tionally, Levelized Cost of Energy (LCOE) provides standardized metrics for quanti-
fying costs of electrical energy, considering instalment, operation, and management
costs over the lifetime of the system. Together, these metrics provide a comprehensive
assessment framework, supporting various key aspects of the system.

4.3 Functional Requirements for Hybrid Energy Storage
Integration

To enable the services and integration of hybrid energy storage across electrical and
thermal domains, we can establish a set of functionalities that need to be established
and available for a REC to actively manage and benefit from the integration of
electrical and thermal energy storage into a multi-domain hybrid energy storage
system.

Power Grid

In terms of voltage levels, a wide range of voltages would be valid, from low voltage to
medium voltage. Presumably it will be low voltage (400 V) for small RECs but could
have an accessible medium voltage connection point. For larger RECs it is possible
to have medium voltage distribution (e.g. 15 kV). Regarding power, the maximum
rated power (determined by the rated power of the connection transformer) could
be sufficient with the sizing already done with the renewable generation systems for
cases oriented to consumption management and generation maximization, however,
for an operation in the electricity markets to maximize profit, it may be necessary to
have a contracted power equal to the power of the renewables plus the installed ESS.

Storage systems could be connected in a distributed manner along the grid, or at the
point of connection of the REC to the grid, depending on the service to be provided.
For example, a large ESS plant connected at the REC PCC could provide electricity
market operation services, while a distributed system could provide voltage stability
services within the RES distribution grid.

Communication for monitoring and control

The communications network interconnects each device with the overall REC energy
management system. This network must be capable, in terms of hardware, of being
able to interconnect all the devices in a robust way and be able to manage the
frequency of the commands and the variables to be monitored. It is possible to use a
dedicated grid such as an Ethernet network or to wire an RS485 type communication
network, or to integrate into the electrical distribution network by means of PLC
(Power Line Communication) type systems. The storage systems should be able to
be integrated into the REC’s communication grid.
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Control and monitoring system

The overall REC energy management control system would be responsible for
sending power commands to each system so that the objectives/services to be imple-
mented are fulfilled. Through the communications grid, it would communicate via an
internal communications protocol, presumably a field bus (e.g. MODBUS) with each
of the generation systems, storage, and—if any—manageable loads. Depending on
the size of the power grid, this system could have an additional distributed monitoring
system, so that in addition to monitoring information from each of the generation and
storage devices, monitoring is available with dedicated devices at different points in
the internal REC network.

Electric power generation

These are the elements that inject electrical power into the grid and can be conven-
tional generation directly connected to the grid—synchronous power generating
module (e.g. hydroelectric plants, diesel generators) or connected through electronic
converters—power park module (e.g. wind generators). In the following, this section
describes converters as a type of equipment or system.

The generation systems should be able to be controlled by the overall energy
management system, so that they share the same communications protocol, and
exchange the required setpoints and monitoring signals.

Electrical energy consumption

Electrical energy consumption can be manageable or unmanageable. The unman-
ageable ones will be desirable to be monitored, and the manageable ones can be
connected to the grid through electronic converters (e.g. an electric vehicle charger)
or not (such as an industrial process that can be interrupted, like a pelletizer). Similar
to generation, certain types of loads could be associated with storage systems for
various purposes, such as ensuring uninterrupted power supply to such loads.

Electronic converters

Power electronics devices are responsible for interconnecting the internal AC distri-
bution grid of the REC with, and forming part of, storage systems, renewable genera-
tion systems, and—if any—manageable loads. These power electronics systems are
usually connected at low voltage (e.g. 400 V) but it would be possible to connect them
at medium voltage (either using multilevel configurations or by means of transformers
integrated in the systems).

The converters usually integrate the power management control of each individual
device, which must integrate appropriate communication protocols to integrate into
the overall power management system. The amount of data and its frequency may
depend on the service in question to be provided by the REC, for example, partic-
ipating in the electricity market (one day-ahead) may involve fortnightly setpoints,
while participating in secondary frequency regulation may involve setpoints every
4 s. These requirements may define the necessary communications protocol, with
the most common being the use of how buses (e.g. MODBUS, CANOPEN, etc.).
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4.3.1 Heat Networks

Heat networks deliver heat from one or several central sources through insulated pipes
to buildings for space and water heating. This heat often comes from cogeneration
plants powered by fossil fuels or biomass. However, heat-only boilers, geothermal
energy, heat pumps, solar thermal, industrial waste heat, and even nuclear power
plants can also be used. District heating plants are generally more efficient and have
better pollution control than individual boilers. If combined with heat and power they
can be an effective way to reduce carbon emissions.

Control and monitoring of the thermal system

Control and monitoring of thermal systems includes the optimized management of
heat production (using different energy sources efficiently), the distribution network
(reducing heat losses and ensuring an adequate heat supply to all users), and demand
(monitoring consumption and encouraging efficient energy use). Various technolo-
gies, such as sensors (namely thermocouples), valves, control units, management
software, and communication systems, are used to achieve these goals.

Heat generators

Heat generators are essential components in various applications, from heating resi-
dential buildings to powering industrial processes. The most important ones could
be summarized in the following categories: combustion-based, such as furnaces,
boilers, and water heaters; electric-based, which use electricity to generate heat;
solar thermal, that can capture solar energy and convert it into heat, like solar water
heaters, solar air heaters or for higher temperatures: concentrated solar heat plants.
Besides, geothermal generators are a useful way to adopt the Earth’s natural heat to
produce thermal renewable energy.

Thermal power generators

Thermal power generators are devices that convert heat energy into electricity, so
they function as sector coupling devices. Typical technologies are Rankine cycle
(steam) or using heated compressed air in case of Bryton cycle.

Thermal energy storage

A thermal energy storage t is a component that allows heat or cold to be stored for
later use in a variety of applications, such as heating and cooling buildings, generating
electricity, and powering industrial processes. Its application is essential for ensuring
supply continuity for users of renewable energy, particularly solar. These components
can operate for different durations: short (hours), medium (days), or long (seasons).
Depending on the application, they can utilize sensible, latent, or thermochemical
heat.
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Heat Exchangers

They are devices designed to transfer heat between two or more fluids, used in a wide
range of applications, from heating and cooling buildings to industrial processes.
These devices can be realized in various configurations, including shell and tube
(with plain or finned tubes), plate, spiral, and coil. Heat exchangers are essential
components in many engineering systems, and their proper design and operation are
crucial for ensuring efficiency and safety.

5 How Hybrid Energy Storage Meets Identified Needs
and Its Expected Benefits

The requirements for the case of a renewable energy community have been outlined
in the previous section. This section provides the specific application and model
where the suitable hybrid energy storage configuration is defined.

5.1 the Renewable Energy Community with Hybrid Energy
Storage

This case study of a renewable energy community with multi-domain hybrid energy
storage solution is based on the physical characteristics of an existing microgrid
facility, complemented with a virtual thermal power setup. The reference system for
this complex renewable energy community is illustrated in Fig. 4. The energy storage
solutions are added as modules that can be scaled to fit.

Electrical Subsystem

The given electrical system is an experimental facility of CIEMAT dedicated to
develop and test renewable energy systems, located at Soria (Spain). This facility is
a micro-grid composed of a medium voltage ring (15 kV) with 7 substations for low
voltage transformation as shown in Fig. 4.

Electric power generation, energy storage and electricity consumption are
distributed among the substations.

In particular, the given microgrid has the following power generations systems:

¢ 5 wind turbines with a total installed capacity of 150 kW
1 photovoltaic power plant and photovoltaic panels installed on the roofs of the
offices with total installed capacity of 360 kW

e A diesel generator (for emergency events) with an installed capacity of 100 kW

The electrical consumers of this microgrid are the following:

e 3 different office buildings
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e | pelletizer facility (linked with a biomass power plant under commissioning),
capacity of 100 kW electric.
e § electric vehicle chargers.

The microgrid has two relevant energy management systems, i.e. a complete DC
grid to manage DC loads and battery-based storage systems, and a grid decoupling
system to manage power within the power ring and emulate specific power frequency
behaviours (not part of this model).

Thermal Subsystem

In addition to the physically present electrical system, the model includes a comple-
mentary fictional thermal network, based on components available in another lab
facility.

The thermal power will be generated from renewable sources such as:

e A concentrated solar power plant (CSP) with an internal ESS based on molten
salts. The output power of the CSP + ESS system has been evaluated for the
irradiance of CEDER locations to maximize efficiency and power production.

e The CSP has the particularity that has a Rankine Cycle to allow heat conversion to
electricity a part of the generated thermal power. This element permits to link both
grids, electric and thermal, and it is considered essential in the energy management
of the complete system.

The thermal consumption has been generated from real data and from standard
consumptions of open databases. The available power consumption profiles to be
considered has been hospitals, offices, residential buildings, hotels, and industrial
loads. The consumptions have been scaled to the same scale as the real electric grid.
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Hybrid Energy Storage System

The electrical ESSs considered in the reference model are based on real systems
available in CEDER facilities. All ESS considered are connected to low AC voltage
(400 V) by means of individual power electronic converters that allow managing the
power delivered or stored by each subsystem. The analysis considers, in order to size
the energy storage in the system, define the number of stacks or systems based on
the following consideration of basic stack of each ESS type:

e A pumped hydro storage system with 50 kW of installed capacity and 2000 m?
of deposit.

e The considered electrochemical energy storage system is modelled based on a
stack of LiFePO,4 with 82 kW and 82 kWh of rated power and energy, respectively.

e A 150 kW fast energy storage system based on supercapacitors and a flywheel
has been modelled, supporting grid stability analysis; however, this example study
uses only a 1 h time resolution, it is not active.

In the thermal grid, molten salt-based systems are already integrated into the
CSP and TSP and are governed as integrated part of the power plants themselves.
An additional ESS based on PCM is integrated as pure thermal storage module to
actively contribute to energy management.

The complete complex multidomain system will be controlled by a single
energy management system to optimize performance metrics, as described further
in Heussen et al. (2025a).

5.2 Expected Benefits from Hybridization

This section explains how energy storage contributes to benefits in the REC and how
it is expected to enhance KPIs.

Expected Areas of Benefits

Benefits from the hybrid energy storage in the Renewable Energy Community appli-
cation arise in two fundamental ways. Firstly, the introduced thermal energy storage
systems enable and facilitate the integration of thermal renewable energy into the
REC, thereby replacing fossil sources of energy, such as a combined heat and power
plant or direct oil burners. Secondly, the cross-domain hybrid energy storage system
optimizes the operation of the available energy storage systems with respect to
efficiency and grid-oriented flexibility, which adds financial benefits.

To quantify this range of benefits, a set of four KPIs is proposed. The benefit of
enabling solar energy in meeting thermal energy demands massively offsets carbon
emissions, measured in terms of a relative KPI, the Operational CO, emissions, since
the carbon offset is relative to a reference technology. The optimization benefit is asso-
ciated with reducing energy losses (KPI: System Energy Efficiency), reducing cost
of grid-procured electricity (KPI: Operating cost) and creating additional revenues
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by means of flexible operation with respect to the electricity grid (KPI: Flexibility
Factor). With reference to the criteria outline in Sect. 3, these KPI cover technical,
economic and sustainability criteria.

Quantification of Benefits Using Selected KPI

As outlined in Sect. 4.2, a set of KPIs has been identified to quantify the bene-
fits of hybrid storage systems in the REC: system energy efficiency, system oper-
ational CO, emissions, and the flexibility factors. These KPIs have been selected
to provide a comprehensive assessment of sustainability, technical and economic
performance of hybrid storage systems. This subsection provides specific definitions
and explanations of these KPIs.

In evaluating hybrid storage systems, it is essential to not only quantify perfor-
mance improvements but also conduct a trade-off analysis to understand poten-
tial compromises, which further motivates the need for these KPIs. In this regard,
system energy efficiency highlights how effectively the system minimizes energy
losses during conversion and storage processes. System operational CO, emissions
provide insight into sustainability performance, emphasizing the reduction in carbon
emissions relative to a baseline scenario. Meanwhile, the flexibility factor and its
variations help evaluate both technical and economic trade-offs, such as the system’s
ability to technically shift energy imports and exports during favourable price periods
to reduce costs and economically maximize revenues.

Considering these KPIs, we can assess the system performance and quantify
trade-offs like cost reductions and potential energy losses, that lead to an informed
decision-making in the configuration of hybrid storage systems.

System Energy Efficiency

This metric measures how effectively an energy system utilizes the energy it gener-
ates. In essence, it is the ratio of the energy that is consumed to the total energy
produced. The energy efficiency can be calculated for any types of energy in a hybrid
power system as follows:

Efficiency =(Consumed energy
+ Energy exported) /(Total generated energy
+ Energy imported)

For a hybrid system with thermal and electrical subsystems, thermal and electrical
efficiency can be calculated as follows, respectively:

Efficiency_th =(Consumed thermal energy
+ Thermal energy converted to electricity)
/(Total generated thermal energy

+ Thermal energy converted from electricity)
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Fig. 5 Thermal and electrical energy flows in a hybrid energy system

Efficiency_el =(Consumed electricity + Exported electricity
+ Electricity converted to heat)
/(Total generated electricity + Imported electricity
+ Electricity converted from heat)

Figure 5 illustrates the interaction between different components of a thermal-
electrical energy system, emphasizing how these interactions influence overall
system energy efficiency. Energy efficiency in this context refers to how well the
system minimizes energy losses and maximizes the use of both electricity and heat
throughout the energy conversion, storage, and consumption processes.

System Operational CO, Emissions

This indicator quantifies the sustainability performance of an energy system by
comparing its carbon emissions to a baseline scenario (Bianco et al. 2021). The
baseline is defined as a situation in which all energy demands are met using tradi-
tional energy sources, such as fossil fuels. The metric expresses the reduction ratio in
CO; emissions achieved by employing cleaner or more efficient technologies. The
formulation is as follows:

(Baseline CO, emission — Actual CO, emission)
ECO, =

Baseline CO,emission

A higher value reflects a more significant reduction in the system’s carbon
footprint.
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Flexibility Factor

Inspired by established flexibility KPIs outlined in review paper (ClauB- et al. 2017),
an enhanced flexibility factors has been devised in this section to comprehensively
address the dynamics of energy systems. In this chapter, we just calculate the
following flexibility factor and refer to the documentation for more factors (Heussen
et al. 2025a).

The proposed Flexibility Factor represents the combined significance of imported
energy at the lowest price time slots (LPT) and exported energy at the highest price
time slots (HPT) within the overall trade market. It quantifies the system’s tech-
nical ability to import energy during LPT and export energy during HPT. Thus, it is
formulated as follows:

FF =(Energy imported during LPT
+ Energy exported during HPT)
/(Total energy imported + Total energyexported)

In this study, price slots are categorized based on the median price: prices above
the median are classified as high-price time slots, while prices below the median are
classified as low-price time slots. It is worth noting that the factor depends on import/
export volumes and price variability. Besides, the calculation assumes that the total
amounts of energy import/export remain constant. Special cases include fixed pricing
or when transactions are absent during asymmetrical pricing. For simplicity, we have
not delved into further details. The detailed formula and other flexibility factors can
be found in Heussen et al. (2025a).

Cost Analysis: CAPEX, OPEX, and LCOE

This section presents key economic indicators for evaluating the financial viability of
anenergy system. These indicators include capital expenditure (CAPEX), operational
expenditure (OPEX), and levelized cost of energy (LCOE). The CAPEX, OPEX, and
LCOE are calculated as shown in the following.

e Capital Expenditure (CAPEX) accounts for the total investment required to
establish an energy system, including the costs of equipment and installation.

e Operational Expenditure (OPEX) represents the fixed annual costs incurred
in maintaining system operations. These costs are assumed to remain constant
throughout the project’s lifetime.

e Levelized Cost of Energy (LCOE) quantifies the cost of generating energy over
the project lifetime, incorporating investment, operational, and fuel costs. It is
calculated using the following formula:

n n

LCOE =Y [C,+ 0+ F)/(1+1)']/ ) [E/A+r)]

=1 =1
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where C; represents the capital expenditure in year 7, O, denotes the operational
expenditure in year ¢, F; accounts for fuel costs in year ¢, and E; represents the
energy generated in year ¢. r is the discount rate, and n is the project lifetime in
years. Key assumptions include a plant lifetime of 25 years, which is standard for
this type of facility, and an annual discount rate of 3.41% (Mongird et al. 2019).
A lower LCOE indicates improved cost-efficiency in energy generation. The metric
provides a comparative basis for evaluating different energy systems under varying
economic and operational conditions.

6 Technical-Economic and Sustainability Analysis
of REC—Proof of Concept Study

A system model of the fully integrated renewable energy community with hybrid
electro-thermal energy storage and conversion has been developed in parallel by
using MATLAB Simulink as modelling environment, and an optimization module
in the CPLEX environment. MATLAB Simulink was chosen to enable the poten-
tial investigation of faster time scales relevant to the electrical system integration
and operation and due to the availability of models suitable for investigating this
timescale. The optimization module is used for sizing optimization of components
in the system and performing daily economic energy dispatch among HESSs and
other dispatchable components. Simulink and optimization models are presented in
detail in Heussen et al. (2025a), and the source code is available for evaluation at
Heussen et al. (2025b).

For basic usage of the benchmark system, the following parameters are intended
for adjustment by users:

— Day—Represents the simulated day of the year (0-365).

— P nominal—Defines power profiles for production and consumption, measured
in peak kWs.

— Type of ESS—Specifies the type of electrical storage unit, selectable from options
1to3.

— Ness—Sets the number of parallel storage stacks (0-500).

— SoCi—Determines the initial state of charge for storage systems on a scale from
Oto 1.

— Location—TIdentifies the system’s geographical placement, such as Soria or
Portici.

— Profile Case—Defines the type of electric vehicles, building consumption, and
pelletizer processes (see documentation for details).

Due to the modularity of the provided benchmark and the modelling framework,
additional changes are straightforward to implement for advanced users, such as:

— Extension of the benchmark to other input data profiles and other locations
— The addition of alternative consumption profiles
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Fig. 6 Pipeline dispatcher and different modules of the system

The modular design of the system also facilitates the alteration of the system to
serve more advanced study goals:

— Alternative electrical storage models (via drop-in replacement of existing storage
models)

— Extension of simulation models to investigate performance criteria at faster time
scales.

The calculation pipeline orchestrates the execution of a given study main-
taining consistent parameters and configurations across optimization and simula-
tion modules, ensuring traceable documentation of the process. The Dispatcher, as
shown in Fig. 6 and as the core coordination module, manages the flow of data and
computations across different components of the framework using Python.

The pipeline consists of the following key stages:

System Inputs: This stage includes time series datasets and component features,
providing the foundational data required for simulations and analyses.

User Inputs: Users define the study configuration, specifying parameters and
settings to tailor the simulation according to specific research or design objectives.
Optimization: This module processes input parameters and performs opti-
mization computations, improving system performance based on predefined
constraints and objectives.

Simulink: The framework interfaces with Simulink to execute dynamic simula-
tions, validating and refining system behaviour through time-domain analysis.
KPI Calculator: KPIs are calculated based on simulation results, offering
quantitative insights into system performance and efficiency.

Output: The results, including optimized parameters, simulation outputs, and
performance metrics, are documented and stored for further analysis.

The Dispatcher integrates these components, ensuring seamless data exchange
and execution order. This structured approach enables the automatic documentation
of input data, parameters, and results, facilitating reproducibility and traceability.
Additionally, it supports integration into larger data pipelines, such as impact assess-
ments of design parameters or statistical design of experiments, making it a robust
tool for complex system analyses.

The source code and data for the REC Benchmark are available in the public
dataset (Heussen et al. 2025b), and further use cases as well as the user interface are
documented in Heussen et al. (2025a).
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Baseline Configuration Design

A basic system design was chosen based on heuristics that enable the REC to operate
in a fully self-sufficient mode. This is an extreme case for a grid-connected REC and
leads to high system costs but aligns well with the remote off-grid cases studied in
previous book chapters.

To evaluate the performance of the hybrid storage system in various conditions,
first, four representative days were selected through analysis, with one day chosen
from each quarter of the year. The selection was performed using the k-medoids
clustering method (Kaufman and Rousseeuw 1990), leading to the selected days for
design: 20 February 2022, 23 May 2022, 28 July 2022 and 16 December 2022.

After selecting days, a basic dispatch is run through a simple rule-based approach
used to allocate energy resources for each day, ensuring that energy storage is avail-
able for the next day. It consists of a thermal dispatch, where the Rankine Cycle
system converts excess thermal energy into electricity for peak-saving, and the PCM
system manages the remaining thermal energy. The electric dispatch prioritizes maxi-
mizing grid power delivery while minimizing grid power intake, using pumped hydro
storage to reduce power exchange and batteries to manage residual energy. Shiftable
loads such as EVs are not considered.

The dispatch process results in specific daily storage requirements, evaluated in
three key metrics:

Power-based requirement: Storage capacity needed to meet power constraints.
Energy-based requirement: Storage capacity required to satisfy energy demands.
Final storage requirement: The maximum of the power-based and energy-based
requirements, ensuring system feasibility.

The results give the storage units’ requirements for each day presented in Table 2.

Based on the analysis, the baseline storage capacities for the hybrid system
are determined as average value of final storage requirement of the four main
representative days as follows:

e 83 units of Battery Stacks
® 9 units of Hydro-Pump systems
e 28 units of PCM storage systems

Table 2 The storage units’ requirements for each representative day
nDay dateDay nBAT nHyP nPCM
51 20-Feb-2022 4 94 94 7 9 9 14 26 26
143 23-May-2022 3 77 77 7 11 11 13 26 26
209 28-Jul-2022 4 107 107 7 11 11 19 31 31
350 16-Dec-2022 4 53 53 7
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Although one unit of Supercapacitor Energy Storage appears in the results, it is
not utilized, so it has been removed from the study. The features of the ESSs are
illustrated in Table 3 (values represent one unit/module).

Scenario Definition

To evaluate the impact of hybrid storage system variations on the REC, three different
scenarios are considered, listed in Table 4, where variations between PCM and
Battery storage module numbers were considered for approximately equal investment
and maintenance cost. The idea of this scenario choice is to investigate trade-offs
between electrical and thermal storage options in the REC application. Each scenario
is investigated twice, using a self-sufficiency objective function, and an economic
objective function. The economic scenario means that we minimize the total energy
costs, while the self-sufficiency scenario means that we minimize the energy drawn
from the grid.

Scenario Assessment Results

To assess the economic KPIs, CAPEX LCOE, and OPEX are listed in Table 5,
calculated for the baseline configuration showing the initial capital cost of €757.65/
kWh, which reflects the investment needed for full self-sufficiency in energy supply.
Besides, the LCOE is 0.097€/kWh, and operational cost is obtained €1.54/kW,
supporting the economic viability of the system.

For the performance evaluation, two days 51 and 143 were selected from the
four original k-medoids-clustered design days to represent a range of seasonal and
operational conditions. Table 6 compares system performance under self-sufficiency
and economic objectives. The KPIs shown in the table reflect the average values
calculated from these two days.

Table 3 Features of the storage systems

Features Pumped-hydro energy storage Battery PCM
Maximum output power (kW) 450 6806 1400
Efficiency 75% 95% 90%
Capacity (kWh) 2575 6806 5740
Operation and maintenance cost (c£/ 0.002 0.005 0.003
kWh)

Table 4 Scenarios for hybrid storage system configurations and capital costs

Scenarios Number of battery stacks | Number of PCM modules | Total capital cost of
storages

Scenario 1 83 28 3,373,545

Scenario 2 88 20 3,380,925

Scenario 3 78 36 3,366,165
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Table 5 Economic indicators

. KPIs Value
of hybrid storage systems,
including CAPEX, LCOE, Initial capital cost (CAPEX) 757.6476 €/kWh
and OPEX Levelized cost of electricity (LCOE) | 0.097€/kWh
OPEX 1.54€/kW

Across all scenarios, the flexibility factor remains relatively stable, ranging
between 0.58 and 0.62, indicating that flexibility is not a major differentiator in
this comparison. The more significant variations are observed in efficiency and CO,
emission reduction.

It is observed that Scenario 1 offers strong overall performance, with high effi-
ciency (0.93-0.94) and the greatest CO, emission reduction’ under the economic
objective (0.45 kg/kWh). Besides, Scenario 3 (economic) achieves the highest
efficiency (0.98) while maintaining moderate emissions reduction (0.35 kg/kWh),
making it suitable for performance-driven applications. In contrast, Scenario 2
(economic) shows the lowest efficiency (0.86) and minimal emissions reduction
(0.02 kg/kWh), suggesting it is the least favourable configuration among the three.

Finally, the LCOE remains constant at 0.097-0.098€/kWh across all scenarios,
suggesting that this difference in battery and PCM module configurations does not
significantly affect the overall cost of electricity generation.

7 The reduction in CO, emissions in our system—comparable to a fully renewable setup—can only
be evaluated based on the energy exchanged between thermal and electrical systems. This assessment
relies on the emission factors of the electrical and thermal grids. The emissive factor represents
the greenhouse gas emissions (primarily CO,) associated with the production and distribution of
electrical and thermal energy. The emissive factors used in this study are 0.354 kgCO,/kWh for the
electrical grid and 0.202 kgCO,/kWh for natural gas.
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Future Mobility and Transport Solutions

Preface

The decarbonization of the transportation sector is crucial to mitigate global climate
change and entails several fields, from road and rail to maritime and aviation. To
decarbonize named sectors, technology must balance efficiency, energy density,
and environmental impact. Chapter “Hybrid Energy Storage System for BEV and
FCEV Charging Stations—Use Case for Aluminum as Energy Carrier” provides
insights to the integration of aluminum as an energy carrier as a novel approach
to hybridizing battery electric vehicle (BEV) charging and fuel cell electric vehicle
(FCEV) hydrogen refueling. Aluminum helps improve the flexibility and reliability
of EV infrastructure and to cover further grid related services. Maritime applica-
tions are in the focus of Chapter “Waterborne Transport. Hybrid Power Supply for
Electrification of Port Infrastructures, Shore-to-Ship Power, and Ship Power and
Propulsion”. Here, hybrid propulsion systems and shore-to-ship power solutions
demonstrate how different energy hybridization strategies can reduce greenhouse gas
emissions. Chapter “Hybrid Energy Sstorage Systems in Rail Transport” aims at the
electrification and hybridization of railway systems. Such systems offer a promising
alternative to diesel-powered trains, supporting the transition toward a greener rail
network. In Chapter “Battery Systems for Air Transport Climate Neutrality”, the
ongoing developments of airborne battery technologies, hybrid-electric propulsion,
and hydrogen-based systems are highlighted and their potential to align air travel
with European Green Deal objectives is discussed. Chapter “On-Board Integration
of Hybrid Energy Storage Systems in Heavy Duty Vehicles: The Electric Buses
Use Case” presents hybrid propulsion systems for urban electric buses, comparing
three configurations—LiFePO4 battery (LFP) with Proton Exchange Membrane Fuel
Cell (PEMFC), LFP with Vanadium Redox Flow Battery (VRFB), and Ni-NaCl
battery with PEMFC—against a conventional LFP-powered electric bus. The find-
ings highlight the advantages of hybridization in extending range and increasing
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battery lifespan, exploiting the potential for a more efficient and sustainable tran-
sition. In sum, this section addresses the interplay of emerging technologies across
multiple modes of transportation. Each chapter provides a comprehensive perspec-
tive on the role of hybrid energy systems in the broader sustainability transition for
the transport sector.
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Abstract The development of electric vehicle (EV) charging infrastructure and load
management remains a significant challenge in the transition to sustainable mobility.
This chapter explores the use of aluminum (Al) as an energy carrier to enable a hybrid
management of BEV charging and fuel cell electric vehicle (FCEV) hydrogen (H,)
refueling. The use of aluminum enables on-site power and flexible H, generation,
enhancing flexibility and versatility in EV charge management strategies. The study
introduces this emerging concept, providing a theoretical foundation for its techno-
economic implications and presenting a formulated use case that examines the poten-
tial of the Al wet-combustion process for large hybrid charging stations. By lever-
aging aluminum’s high energy density, recyclability, and multi-functionality, this
approach offers a promising pathway to improve charging infrastructure resilience
and energy efficiency.
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1 Introduction

There is a high need of energy storage systems to mitigate flexible generation and
charging behavior of a growing number of electric vehicles (IEA 2024). Here, hybrid
energy storage systems (HESS) can play a crucial role in providing such flexibility
services. These services are needed on several levels, starting from private owners
using home charging stations, up to large fast charging stations located at a highway
level. Other larger applications are electric buses or trucks where charging power can
reach multiple MW-scales. However, considering a high equality factor of charging
can lead to local grid parameter violation or worse, a breakdown of power supply
(Mahmud et al. 2023). There are several energy storage alternatives to support the
charging of electric vehicles via renewable energies, in particular hybrid energy
storage solutions (Yadav et al. 2023; Al Wahedi and Bicer 2020; Gonzalez-Rivera
et al. 2021). Here, a broad variety of combinations of storage solutions is proposed,
starting from batteries with supercapacitors, thermal storage, H, production and
batteries and more recently the use of reactive metals. The latter represents a rather
new way of storing energy for both short and long term with the possibility of offering
multiple services for electric mobility and are considered as hybrid energy storage
systems.

Moreover, the realization of a decarbonized economy requires the development
of large energy storage solutions capable of buffering the daily, weekly and seasonal
fluctuations of energy (electricity) generated from renewable energy sources (RES),
as, solar and wind power (Denholm and Mai 2019). The implementation of such
sustainable, low-cost, and large-scale storage systems is urgently required, but still
full of challenges.

Reactive metals as aluminum, magnesium, iron have both high volumetric and
gravimetric energy densities and can be converted in different ways on multiple
power levels. In addition, they are highly suitable for long term storage and can
be transported using existing infrastructures (trains, ships, road transport) (Barelli
et al. 2020). After their use, metal oxides can be collected and then be recycled (i.e.,
reduced to the metal state) using processes powered by renewables (Bergthorson
2018). Aluminum is one of the most promising candidates due to its favorable prop-
erties. It is as a functional construction and energy material with vital significance
for achieving the determined sustainable development goals. Mainly, Al demand is
dominated by the transport (27%), construction (24%), and packaging (15%) sectors.
One notable point is the anticipated demand growth in the transport and energy appli-
cations of aluminum. Until 2050, expected demand growth of the transport sector
corresponds to 55% in relation to the year 2017 (Aluminium 2019). This increased
demand may support the sector coupling of aluminum production for a case where
aluminum is used as an energy storage material at the same time.

A kg of aluminum under theoretical considerations has an energy density of
8.6 kWh, as 4.2 kWh in the form of heat and about 4.4 kWh of energy in the form
of Hy, i.e., 0.111 kg equivalent based its lower heat value (LHV = 33,3 kWh kg!)
when it is oxidized with water (Petrovic and Thomas 2011). The volumetric energy
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density equals 23.5 kWh 1! versus 2.3 kWh I'! of liquefied H,, making aluminum
also a potentially viable solution as a H, storage carrier.

This chapter provides an overview of current strategies for using HESS for the
integration and charge management of EV charging stations. The focus is set on
Aluminum as energy carrier as a possible solution to do so. Different Al-conversion
paths and current system designs are briefly introduced. Then a use case for an Al
wet combustion system and its techno-economic performance is provided. Finally,
relevant KPIs and sustainability implications are discussed.

2 Hybrid Energy Storage System for Integration Charge
Management of EV Charging Stations

In the following some selected examples are provided to display how HESS can
support the charge management of EV-charging stations. (See Table 1) The aim of
the section is to provide an overview of current potential solutions for hybrid energy
storage systems and how they can support the transition towards electric vehicles.

The work of (Yadav et al. 2023), presents a power management scheme for EV-
charging on AC and DC side via the combination of a supercapacitor with a generic
EV battery. Here the supercapacitor reduces the stress on the non-defined EV battery
due to sudden changes in generation and normal operation and allows to reduce
overall power consumption.

A broader HESS concept has been proposed by (Al Wahedi and Bicer 2020) for
the off grid-based charging of up to 80 electric vehicles per day through renewables,
in particular with PV, wind turbines, and biomass based Rankine cycle located in
Qatar. The system consists of lithium-ion batteries, H,, Ammonia, and a phase change
based thermal storage unit. The H,, and NH3;, produced via renewables and stored
on site is combined with fuel cells. The latter are supported by lithium-ion batteries.
The main advantage of the hybrid solution is a high exergy efficiency, with positive
impacts on the single components during their operation.

A Model Predictive Control-Based Optimized Operation of a Hybrid Charging
Station for Electric Vehicles has been investigated by (Gonzalez-Rivera et al. 2021).
Here a combination of a PV-system, a battery, fuel cells and electrolyzers to support
six fast charging units is modelled. The results indicate a positive impact of HESS
regarding overall operation cost, NPV, and reduces grid utilization.

Roslan et al. proposed a combination of a H, storage system including an elec-
trolyzer and fuel cell in combination with a AC/DC conversion multiport network
and a Li-ion battery for EV charging in Malysia (Roslan et al. 2024). Here a set of
economic (COE, NPC and LCOH,) and one environmental KPIs (e.g., CO, emis-
sion reduction) is calculated using HOMER®. The calculations indicated promising
results of the proposed HESS system, helping to achieve a stable electricity supply
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Table 1 Comparison of selected studies on HESS for EV-charging support

N. Musicco et al.

Source Scope Technology KPIs Hybrid storage
benefit
Yaday et al. Power Supercapacitor Power Avoiding battery
(2023) management with battery consumption stress, lower
system for PV reduction power
based charging consumption
Wahedi et al. Proposition of a | PV, Li-Ion Energy Improvement of
(2020) stand-alone fast batteries, Phase efficiency, overall exergy
EV charging Change Material | Exergy efficiency
station running on | thermal storage, efficiency
purely hybrid RES | wind turbine, Hy
and ammonia
electrolyzers and
fuel cells, biomass
conversion
Gonazles-Rivera | Provision of an PV system, battery, | Grid use Lower utilization
etal. (2021) energy Hj system based | reduction, cost (—25.3%),
management on a fuel cell, efficiency, grid use
system based on a | electrolyzer, and utilization cost, | reduction
novel approach tank as an energy | net present cost | (—60%) and
using model storage system efficiency
predictive control improvement
Roslan et al. Techno-economic | Hj electrolyzer, COE, NPC and | Provision of
(2024) analysis of hybrid | tank and fuel cells. | LCOH, environmental
energy storage Li-Ion batteries, Emissions: and economic
system for electric | Wind and CO,, CO, SO, | benefits
vehicles charging | PV-system, and an | NOx,
stations using AC/DC conversion | particulate
renewables multiport network | matter, and
unburned Hp
Giiven et al. Identify hybrid PV, wind turbine, | LCOE, NPC, Provides
(2025) systems to ensure | biomass, Payback favorable
the electricity electrolyzer, Hp Period, OPEX, |economic
supply to tank, fuel cell, CAPEX, performance due
EV charging batteries, inverter | Emissions: to high
stations CO», CO, SO,, |renewable
NOX, potential,
particulate emissions are
matter reduced

with reduced CO; emissions. Also, several recommendations for EV-charging infras-
tructure are provided in terms of modelling, optimization or potential of exploring
further technologies for electricity conversion.

Giiven et al., investigate hybrid systems to ensure electricity supply to EVs in
the Cukurova region of Adana, Turkey (Giiven et al. 2025). A combination of a
biomass gasifier, a H, electrolyzer, tank and fuel cell, photovoltaics and wind turbines
to support local EV charging stations has been analyzed via six different design
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scenarios. In sum, the system is regarded as beneficial in terms of net present cost,
and levelized cost of electricity in areas with a high solar irradiation. Again, as in
Roslan et al., HOMER® has been used for modelling.

There are several studies on HESS in the specific application field of supporting
EV-charging infrastructure. Interestingly, all systems include batteries, and mostly
H; to exploit the benefits of short and long terms storage. The used KPIs are mainly
techno-economic in the selected studies, with the inclusion of different emission
factors.

3 State-of-the-Art: Use of Aluminum as an Energy Carrier

3.1 Electrochemical Conversion

The combination of Al production via inert-anode smelting and Al conversion to
electricity via Al-air batteries is a potential option to achieve cost-effective and
zero-carbon-emission seasonal/annual energy storage is highly required for the Zero
Emission Scenario (ZES) by 2050. (See Fig. 1) Although Al-air batteries may play a
significant role, two main issues of this battery technology need to be addressed for
the realization of Al production/conversion systems (APCSs) with high round-trip
energy efficiency (RTE) (Xu et al. 2024). The first one is the limited energy conversion
efficiency of Al metal into AI(OH); (later transformed into Al,Os for reuse in Al
production), which is determined by the effective Al utilization and the cell discharge
voltage. The spontaneous chemical reaction of Al metal in alkaline electrolytes leads,
in fact, to H, evolution and thus low coulombic efficiencies (although the evolving
H; could be collected and utilized). Additionally, the polarization occurring at both
the Al metal anode and the air cathode leads to low cell discharge voltage, i.e.,
low voltage efficiency. Both hurdles contribute to the low specific energy and RTE
of Al-air batteries. The second issue is the difficulty in collecting the discharge
product (Ersoy et al. 2022), e.g., MAI(OH)4 (M = Na, K) and/or AI(OH);. In alkaline
electrolytes, the typical discharge product MAI(OH), is highly soluble, converting
to the AI(OH); precipitate only at very high concentrations, i.e., when its solubility
limit is reached. However, reaching the solubility limit inside the cell results in the
precipitation of the solid product in the cell itself, causing the formation of an inert
coating on the Al electrode as well as the clogging of the positive air electrode, which
reduces the RTE even further. Therefore, these two aspects crucially affect the RTE
of an APCS.

To solve these obstacles, Al-air batteries have been extensively studied in the
past decades, but mainly from the materials aspects, including cathode catalysts for
oxygen reduction reactions, doping of the Al metal anode to suppress self-corrosion,
and electrolytes additives for more protective electrolyte/electrodes interphase (Liu
et al. 2022). However, little attention has been paid on factors beyond materials, that
actually affect the energy density delivered by Al-air batteries, particularly the RTE
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Fig. 1 Alproduction/conversion (P2A12P) system. Schematic of the combination of Al-air batteries
and inert-anode based Al electrolysis from Ref. (Xu et al. 2024). (Copyright of the authors)

of an APCS. In a recent publication (Xu et al. 2023), the accumulation of aluminate
in the electrolyte has been identified as one of the causes of the poor efficiency. To
address this problem, a seeded precipitation process has been demonstrated, allowing
the aluminate removal and electrolyte regeneration. A wider operation temperature
range is required to make it more efficient. A new cell design is also proposed,
integrating more functions. Since self-corrosion and energy inefficiency during the
electrochemical operation led to simultaneous heat release, cell design to maintain
the operating temperature at the optimal state and even utilize the released heat is
vital for overall energy utilization.

Figure 2 illustrates the operation of the cells employing 10 mL electrolytes upon
long-term discharge at 100 mA cm~2 and 50 °C. The Al foil electrode was nearly
consumed after 8 h and therefore changed with a new Al foil, while the same cathode
was used for the whole measurement. The initial electrolyte, 4 M KOH aqueous solu-
tion with 5 g L~' Na,Sn03-3H,0, was used for the initial 24 h discharge. Afterward,
the electrolyte was regenerated via seeded precipitation at 20 °C. Operating under
these conditions, the cell delivered the highest specific energy (4.29 kWh kg~!)
at 50 mA cm~? resulting from the best combination of conversion efficiency and
average voltage.

Besides the electrochemical conversion of aluminum into alumina, generating
electricity, there are two main approaches to exploit the high energy content of
aluminum through thermodynamic conversion as schematized in Fig. 3.

These approaches are (Bergthorson 2018):
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Fig. 2 a Voltage evolution and b average voltage and specific energy of a mechanically recharged
Al-air cell including electrolyte regeneration by seeded precipitation. ¢ Conversion efficiency,
Average voltage and Specific energy of the same cell subjected to discharge at different current
densities. Figure redrawn from Ref. (Xu et al. 2023) (Copyright of the authors)

Dry cycle: the energy of metallic powders is harnessed through direct combustion
with air and utilized by external combustion thermal engines.

Wet cycle: the reaction between aluminum powders and H,O, and consequently
the conversion of H,O into H,, can occur with either activated (activation methods)
or non-activated powders (conversion methods).

This distinction can be categorized as it follows.

3.2 Dry Cycle

3.2.1 Direct Metal-Air Combustion

Under the right conditions, aluminum reacts vigorously with oxygen to form
aluminum oxide (alumina). The fundamental reaction is: 4 Al + 3 O, — 2 Al O3
(Bergthorson et al. 2015). This oxidation is highly exothermic, releasing about 31 MJ
per kilogram of aluminum. However, the activation of Al by removal of the thin
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Fig. 3 Diagram of the different methods for water-aluminum and metal-air reactions to produce
zero-carbon energy

alumina layer requires extreme temperatures (> 2,300 K) or Al needs to be fed into
the combustion chamber as fine powder for efficient ignition at lower temperatures
(around 930 K) (Puri and Yang 2010). Benefitting from the substantial heat release,
Al is used in solid rocket fuels, offering high thrust and compact energy storage. Its
use in combustors for thermal energy and power supply purposes appears to be only
viable in external combustion engines where the extracted heat via reactor cooling is
utilized (Bergthorson 2018). Its utilization in external combustion engines is expected
to enable fine Al power combustion without sticking and wearing issues, similar to
the use of pulverized coal in thermal power plants. Nevertheless, the combustion
stabilization issue remains as the main hurdle in a combustor to transfer the heat
while capturing the alumina combustion products (Bergthorson et al. 2015).

3.3 Wet Cycle

Techniques aimed at overcoming the oxide barrier on aluminum, thereby enabling
reactions with water or steam, fall into two principal classifications: activation, which
necessitates a preparatory treatment that endows aluminum powders with the capacity
to react in the presence of water, i.e., conversion with water, and conversion with
steam, which is achieved through a single-phase steam oxidation process.
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3.3.1 Activation Methods

Activation methods prepare the material, rendering it reactive upon contact with
water. It is, therefore, upon contact with water that the effective production of Hj is
enabled. To achieve this, activation methods involve a mechanical treatment with the
addition of additives (salts) in the case of ball milling, and a thermal and pressurization
treatment in the case of atomization. In both instances, there is a significant energy
expenditure that impacts the energy balance.

Ball Milling

Mechanical ball milling emerges as an efficient method for the activation of aluminum
particles, optimizing their reactivity, particularly pertinent in the reaction with water.
This process conducted under inert atmosphere, combines mechanical alloying and
milling, resulting in the dimensional reduction of particles and the augmentation
of specific surface area. Such structural modifications expedite induction times and
increment H, production (Zhang et al. 2014; Alinejad and Mahmoodi 2009).

The reduction of particles to nano-powders, via high-speed milling, introduces
lattice defects and dislocations, fracturing the Al,O3 passivation layer. The introduc-
tion of specific additives, such as salts, metals, or oxides, during milling, facilitates
the formation of reactive composites and creates pathways for water penetration,
enhancing contact between aluminum and reactant (Du Preez and Bessarabov 2021).

The resulting composites exhibit irregular morphologies, with fissures and rough
surfaces, which amplify the reaction area. This increment, coupled with structural
defects, boosts hydrolysis kinetics, promoting a more efficient and sustained H,
generation. In summary, ball milling, through mechanical and chemical modifica-
tions, transforms aluminum into a highly reactive material, optimizing H, production
(Dossi 2024; Irankhah et al. 2018).

Atomization

Gas atomization represents a technique for the production of metallic powders acti-
vated for the reaction with water to produce H,. The process is based on the melting
of the metal in an inert atmosphere, followed by its fragmentation into micro-droplets
via high-pressure gas jets. The rapid solidification of these droplets generates spher-
ical particles, collected in a controlled environment to prevent contamination (Yang
et al. 2019; Wang et al. 2015).

This method is distinguished by its capacity to obtain powders with homogeneous
composition, essential for consistent hydrolysis performance and high H, yields.
The reduction of grain size and the use of inert gases minimize oxidation, increasing
reactivity. Atomization also promotes the disruption of the oxide layer, ensuring
complete reaction of the material. In summary, this technique offers precise control
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over the microstructure and reactivity of the powders, optimizing H, production
(Chen et al. 2021; Deng et al. 2024).

3.3.2 Conversion Methods
Alkaline or Acidic Water Solutions

The utilization of acidic or alkaline solutions represents an alternative methodology
for the conversion of water into H, through the reaction with aluminum powders.
Specifically, alkaline solutions demonstrate a greater efficacy compared to acidic ones
in the dissolution of the oxide layer, which impedes the reaction (Alviani et al. 2019).
The efficiency of the conversion process is influenced by a multiplicity of parameters,
including the molarity and pH of the solution, the porosity of the aluminum powders,
the dimensions of the particles, and the temperature of the water (Yang et al. 2019).

Sodium hydroxide (NaOH) is extensively utilized in alkaline solutions due to its
low cost, simplicity of using, and its nature as a strong base (Bolt et al. 2020; Testa
et al. 2024). This chemical compound proves particularly effective in disrupting the
superficial oxide layer, accelerating the reaction kinetics and reducing the induction
period. NaOH acts as a catalyst, promoting the exposure of fresh metallic surfaces to
contact with water and facilitating the production of gaseous H,, with the formation
of sodium aluminate as a byproduct.

Steam Oxidation

H, and heat production through reaction between aluminum powders and steam
is influenced by several factors, including steam temperature and pressure, purity,
specific surface area (the presence of pores facilitates the reaction), and particle size
of aluminum (Gao et al. 2023; Setiani et al. 2018).

The presence of high temperatures and pressures provides the advantage that
no additives or catalysts are required for the combustion of the powders to occur.
However, the energy used to superheat the steam can be recovered, for example, using
a steam turbine, resulting in a positive energy balance for the overall system (Farmani
and Eskandari Manjili 2024). The reaction products are AI(OH); and AIO(OH) at
temperatures ranging between 120 and 200 °C (Gao et al. 2023), and only AIO(OH)
up to 370 °C (Setiani et al. 2018; Kirton et al. 2024; Gao et al. 2024).

Typically, the system comprises several components: a steam generator, an inert
gas flushing system, a high-temperature furnace or reactor (ceramic or quartz)
(Etminanbakhsh and Reza Allahkaram 2023), a condensation system, a condensate
collector, adryer, and a H, analyzer (Gao et al. 2023; Liet al. 2017). For high-pressure
systems, the reactor is usually cylindrical and made of stainless steel (Setiani et al.
2018; Trowell et al. 2022).

The reaction can be divided into three phases. The first phase, known as the
induction phase, involves the weakening of the oxide layer due to temperature and



Hybrid Energy Storage System for BEV and FCEV Charging Stations ... 257

pressure, but the reaction has not yet started. The second phase begins with the
penetration of steam through the pores and the initiation of the reaction. In this phase,
the highest H, production occurs alongside the concurrent production of AI(OH);3 or
AlO(OH). In the third and final phase, H, production slows due to the deposition and
clogging of pores by AI(OH); or AIO(OH) (Gao et al. 2023; Trowell et al. 2020).

High temperature and ambient pressure steam oxidation

For micrometric aluminum powders (25 um), experiments have shown that at ambient
pressure and temperatures between 130 °C and 200 °C, a maximum H, production
yield of 14-31% can be achieved (Gao et al. 2023).

At higher temperatures, ranging from 450 °C to 650 °C, the effects of additives
such as NaBH,4 (Li et al. 2017) and NaF (Zhu et al. 2019) were studied to reduce
ignition temperature and time. However, in the case of NaBHy, a very low hydrogen
yield was observed, varying from 0.8 % to 1.6%, with a slight increase linked to higher
temperatures or the presence of the additive. Conversely, adding 10 wt.% NaF can
lower the ignition temperature from 960 °C to 743 °C and reduce the ignition time
from 60 to 27 s.

An alternative method to facilitate the reaction at high temperatures (600 °C)
within seconds, without requiring high pressures, involves electrically heating a
graphite rod (to temperatures above the melting point of alumina) inside the reactor.
This approach breaks the alumina layer (Etminanbakhsh and Allahkaram 2023).

A highly promising method is the aluminum steam oxidation proposed in (Barelli
et al. 2022a, b). Such a process allows to achieve in a fixed-bed reactor, at 900 °C
and ambient pressure, very high Al conversion rate to H», using non-activated Al
micrometric powder (particle size < 44 um). No additives or catalysts are used.
Produced powder consists mostly of spherical micro particles y-Al,O3 (83.4%w).
The remaining portion is Al (16.6%w). In a further phase of the study, the addition
in the reactor of alumina itself as inert material is proposed to avoid agglomeration
and reactor clogging. The tendency of alumina clumping is proved to be hindered
(Barelli et al. 2024), thus enabling a continuous process. Moreover, since only Al
and Al,O3 are added in the reactor, also the direct use of produced oxides in the
smelting process for fully recyclability is enabled as implemented in the power-to-X
framework described in Sect. 4.

High temperature and high-pressure steam oxidation

Setiani et al. studied the effect of temperature in the range from 230 °C to 340 °C
(Setiani et al. 2018), showing that higher temperatures corresponded to higher H;
yields. This study also examined the effect of pressure, which significantly increased
H, yield from 51% (270 °C, 55 bar) to 94% (280 °C, 62 bar). Trowell et al. demon-
strated that at higher pressures (130-250 bar) and temperatures between 280 °C
and 330 °C, yields of 100% can be achieved (Trowell et al. 2022, 2020). Gao et al.
observed that increasing the yield from 60 to 100% required raising the temperature
from 264 °C at 50 bar to 343 °C at 137 bar (Gao et al. 2024).
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3.3.3 Activation and Conversion Methods Comparison

Considering these methods of water-to-vapor conversion or activation of aluminum
powders for H, production, it is essential to acknowledge the limitations inherent
to each technique. In particular, according to a recent review focused on the subject
(Musicco et al. 2025), the following have to be considered:

® Atomization emerges as a technique for the rapid production of H, from ultrafine
aluminum particles; however, it necessitates specific alloys containing bismuth,
tin, and iron, which are subsequently present in the byproducts, and entails a high
energy consumption.

e The activation of aluminum powders via ball milling with salts is distinguished
by its simplicity and the cost-effectiveness of additives, offering environmental
advantages due to the absence of metals. However, the energy consumption of the
milling process limits its overall energy balance.

e The utilization of acidic or alkaline solutions, while simple and low-cost, presents
environmental and safety challenges related to byproduct management and plant
corrosion.

¢ The reaction with water steam, despite its high energy demand and severe oper-
ational conditions, offers a favorable environmental profile due to the production
of readily recyclable alumina, i.e., y-Al,O3 can be used in the smelting process
without additional steps, and the potential recovery of thermal energy utilized for
steam generation.

In summary, the selection of the optimal methodology depends on the application
context. Milling, atomization, and acidic/alkaline solutions exhibit limitations related
to byproducts and energy costs, whereas steam oxidation, although requiring critical
conditions, proves promising for sustainability and circular economy, owing to the
potential for energy recovery. Therefore, in the context of wet combustion, steam
oxidation emerges as the most promising technique for the utilization of aluminum
as an energy carrier, due to its potential energy sustainability and minimization of
environmental impact.

4 Use Case: Al Wet Combustion System

Herein we propose a flexible operating energy storage system to cope with the energy
demand using Al as a renewable electro-fuel (Barelli et al. 2020; Baumann et al.
2020). In particular, the wet combustion of Al yields heat, to generate electricity, as
well as H,, which can be used either for generating additional electricity or its direct
use for refueling FCEVs (Shkolnikov et al. 2011; Vlaskin et al. 2011). According
to the steam oxidation process of non-activated Al powder at 900 °C and ambient
pressure (Barelli et al. 2022a, b), the solid product (Al,O3) can be directly used in the
existing commodity-scale production of aluminum, allowing for the full recycling
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of the energy carrier without additional investments and leading to the full decar-
bonization using renewable energy surplus for the Al production (World Aluminium
2021).

For what above, the use case here investigated is the one represented by a
large scale multiservice station for FCEV/BEV in the framework of hybrid multi-
functional refueling/recharging stations for EVs. These stations, with an installed
electric power in the MW range, are usually installed along or close highways
infrastructure. The overall concept complies strongly with the circular economy
considering the whole life cycle of the material avoiding any need of intermediate
transformation (Gislev et al. 2018) as depicted in Fig. 4.

Regarding the reduction phase from the oxide to the metal, improvements in
the conventional Hall-Héroult aluminum production process towards the use of
inert electrodes are considered in the following. This to enable the CO,- and other
GHG-free production (Reverdy and Potocnik 2020; ELYSIS 2019), considering
their potential implementation at the industrial scale in the decarbonized European
scenario.

Moreover, the high volumetric energy density and the consequent high locally
storable capacity, enable the proposed concept of a multiservice station for EVs as
a source of flexibility for the grid, rather than a further load. Thus, the proposed
concept can provide an infrastructure development aligned with the electric grid’s
capabilities, aiming to potentially serve as a flexible component by integrating energy
storage systems to exploit surplus renewable energy generation, as well as for energy
self-sufficiency (Pelosi et al. 2023; Barelli et al. 2022a, b).

Regarding the potential implementation impact of the proposed concept, it is
highlighted as fast-charging infrastructure is not yet implemented in an extended
way in the continental Europe, except for Germany, Netherlands and France (Euro-
pean Automobile Manufacturers’ Association (ACEA) 2024). As regards H, refu-
eling stations, only a few points are present in the middle of Europe, mostly in
Germany. Therefore, an extended fast charging and H, refueling infrastructure has
to be developed to support the transition to EVs. To this regard, the Alternative Fuel
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Infrastructure Regulation (AFIR) targets 1,100 H, refueling stations across Europe
by 2030, even if such a target is considered significantly inadequate. Moreover, to
speed up infrastructure deployment and the transition to a sustainable mobility, a
multi-technology approach is recommended, creating hybrid stations to supply both
FCEVs and BEVs (Hydrogen Council 2021; IEA 2021; Bernard 2023).

4.1 System Configuration

According to these requirements, this use case considers a refueling/recharging
station for EVs consisting of 26 points of fast charging (150 kW each). This design
corresponds to the mean number of charging points per fast charging station assessed
in (Jochem et al. 2019) for the highway networks in France and Germany.

Therefore, an overall nominal electrical power of about 3.9 MW is considered to
be installed as illustrated in Fig. 5. Such a power is produced by exploiting both H,
and heat released by aluminum steam oxidation process.

Steam for the reactor feeding is produced by internal heat recovery, while
aluminum is fed in the powder form. The reactor temperature is maintained through
a further cooling by a secondary pressurized circuit feeding a steam turbine for
electricity generation.

Produced H; is used to fed a solid oxide fuel cell (SOFC). Downstream the
SOFC, operated at 750 °C and with a fuel utilization factor of 0.8, unburned Hj is
oxidized in a suitable afterburner. The exhausts from afterburning are expanded in a
gas turbine, producing additional electric power, which activates the compressor to
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supply pressurized air to the SOFC. The cathode feeding is subsequently preheated
by the turbine exhaust and then heated up to 800 °C through the cathodic thermal
regeneration.

This is the operation of the simplified layout of Fig. 5 when only electricity
production occurs. For the complete system layout and details on operating conditions
at both plant and components’ levels refer to ref. It is highlighted as the SOFC
polarization curve implemented in the model has been determined by tests at the
laboratory scale under the specific operating feeding conditions resulting from the
coupling with the aluminum steam oxidation process.

Moreover, to allow H; production for FCEVs, SOFC part load operation at 80%
and 65% of the nominal power (2 MW) is implemented (see Table 2), according to
the possible SOFC regulation at constant operating temperature within the 65-100%
range investigated and presented in (Barelli et al. 2017). Therefore, in relation to the
electricity and H, demands, part of the produced H; stream is delivered to a 245-bar
storage tank via a 5-stage compression section.

Performance is assessed through simulation at the different required electric loads.
Obtained results, summarized in Table 2, are processed to determine the Al-to-
Power (nm.p) and Metal-to-X (qy.x) efficiencies. Increasing the part load degree,
nm.x increases while nyp decreases. The ny.x increase is reflected also in the cycle
efficiency (np.x), determined in reference to the Power-to-X overall cycle.

To this aim, 11 kWh kg~! 5, specific energy consumption is considered. It corre-
sponds to a 15% reduction of the specific consumption typical of current best practice
Hall-Héroult electrolysis cells (ca. 13 kWh kg‘lAl) due to the implementation of the
wettable drained cathode technology, as remarked by Moya et al. (2015). Moreover,
further improvements are expected to result from the implementation of inert and
dimensionally stable non-carbon anodes. Finally, it is observed that the assumed
specific energy consumption for Al production (11 kWh kg~'4)) is only slightly
lower than the one already achieved in Norway (Segatz et al. 2016).

For these reasons, the assumption made on energy intensity of CO,-free Al
smelting process is considered comparable with reference to the decarbonized
scenario by 2050.

4.2 Techno-Economic Evaluation

Defossilisation of the mobility sector is a complex problem, the offered solutions aim
to respond to this demand with various environmentally-friendly solutions within
techno-economic limits. Consideration of techno-economics in this context is vital
for supporting decisions for the wide deployment and development of the infrastruc-
ture to mitigate the environmental and economic burdens associated with the energy
demand of the mobility sector while ensuring the grid stability. In this sense, use of
Al as an energy carrier in this context is potentially a suitable alternative. Hence, to
be able to have a better understanding if the proposed conversion path is applicable
in techno-economic terms, a 3.9 MW power capacity Al wet combustion system
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is considered for simultaneous supply of H, and electricity based on (Ersoy et al.
2022). The most important findings are briefly summarized here. The formulated
business case is assessed from a techno-economic perspective utilizing deterministic
and probabilistic estimation approaches.

First, the capital expenditures (CAPEX) are estimated considering equipment cost
(i.e., steam turbine, gas turbine, solid-oxide fuel cell (SOFC), heat exchangers, pumps
and other process equipment) utilizing learning curves. Furthermore, the installation
factors are introduced to estimate installed system costs. Additionally, other CAPEX
costs (i.e., engineering and procurement and construction (EPC) costs and working
capital) are included. Under these considerations the analysis estimates a CAPEX
of 4,200-6,200 € kW~!. The depreciable capital is then used for estimation of fixed
asset costs and salvage value of the system using Modified Accelerated Cost Recovery
System (MACRS) rates.

Accordingly, operational expenditures (OPEX) are included considering fixed
operation and maintenance (O&M) cost and insurance costs. The variable OPEX
consists of variable O&M cost of system, fuel costs and transportation costs
(aluminum or oxides) assuming a 400 km distance based on the annual operation
scenarios. Considering historical prices, probabilistic approaches are implemented
to incorporate the market price of Al ranging from 1.2 to 1.95 € kg~! (from 2014
to 2019). Considering the presented average price breakdown of Al in Table 3, the
share of different cost components is also incorporated to the economic evaluation
model.

Since the Al is not consumed but converted to its oxide, in this circular context it
makes more sense to consider a net price of Al accounting the reduced price due to
return of alumina to the smelter. The net cost of Al is estimated by deducting the cost
of alumina from the price of the Al, and it is assumed the other cost shares except
energy costs remain constant. Since the study exploratively evaluates the techno-
economics, energy costs scenarios are implemented considering the low price of
electricity during hours where renewable generation exceeds the demand, resulting in
an electricity price of 0-50€ MWh~!. Considering that the provided price breakdown
refers to Norway where electricity is provided at a cost-effective price (ca. 35 €
MWh) (Statistics Norway 2021), it is assumed that this scenario approximates the
case as summarized in the scenario overview in Table 4.

Table 3 Aluminum price

breakdown from Norsk Price cost components Share of cost components (%)
Hydro (Norsk Hydro 2020) Aluminum oxide 43

Energy costs 24

Carbon anodes 17

Fixed costs 11

Other process related costs | 5
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Table 4 Scenario-specific parameters, Al price, electricity price and energy intensities (Norsk
Hydro 2020)

Scenario Al price [€ kga] | A,O3 price [€ | Energy intensity | Electricity price [€
kgar™! eq.] [kWh kgAl~!] MWh~!]
Scenario-1 1.44-1.86 (w = |0.52-0.83 14.25 50
1.65)
Scenario-II 1.06-1.48 (n = 11 30
1.26) (= 0.67)
Scenario-III | 0.73-1.15 (W = 11 0
0.93)

Partial operation loads introduced in the system configuration part, and 4,000
full load hours annual operation duration are considered for the economic evalu-
ation similar to what is expected from other Power-to-X technologies. Hence, the
system will supply 10.4-16 GWh of electricity and 112-187 tons of H, annually
depending on the chosen partial operation load. Under given scenarios, discounting
the expenditures and amount of energy supplied during system’s lifetime a levelized
cost analysis has been conducted for electricity (LCOE) and H, (LCOH). The results
indicate an LCOE ranging from 152 to 334 € MWh~!, while the LCOH of Al-based
H, corresponds to 5.4—11.8 € kg~! based on various operation modes in the refer-
ence scenario. The breakdown of costs highlights that the cost is mainly driven by
the net cost of Al followed by CAPEX. Also, to analyze the sensitivity of the full
load hours, a sensitivity analysis is conducted as shown in Fig. 6.

Both LCOE and LCOH indicate a declining trend with the increasing full load
hours. The evaluation results suggest that the system remains viable under various
electricity pricing conditions, especially in low-cost or surplus renewable energy
scenarios. Findings indicate that aluminum-based energy storage can be a cost-
competitive alternative while improving energy security. In the context of EV
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charging infrastructure, this system supports both BEV charging and FCEV refuelling
by stabilizing grid demand through on-site energy generation, reducing dependence
on large-scale H, transport and storage. In particular, on the system level, hybrid
aluminum-powered EV charging stations can reduce peak load stress.

In conclusion, aluminum-based hybrid storage presents a flexible, scalable, and
prospectively sustainable solution for H, production and energy storage. While chal-
lenges remain in production efficiency and recycling, this technology has the potential
to complement conventional batteries and H, storage, with strong potential for EV
charging and broader energy applications.

4.3 Sustainability Aspects

Reactive metals such as Al offer a potential solution for improving the efficiency
and sustainability of EV charging stations, which are crucial for the transition to
clean energy and the reduction of global warming. However, several challenges need
to be addressed before these technologies can be fully utilized. These technologies,
including the solutions presented here, are still in the early stages of development,
making it difficult to assess their long-term viability and sustainability. The sustain-
ability considerations of using Al as an energy carrier are mainly associated with its
supply chain and circular use. Considering the entire supply chain, from raw materials
to final Al products, the sustainability hotspots can be summarized as follows:

1. Mining: Conventionally, Al is extracted from bauxite ore. Bauxite is primarily
mined in Australia, Guinea, China, Brazil, and India. The regional environmental
and social impacts in these mining locations need to be assessed within their
specific context.

2. Bauxite refining: Bauxite refining is one of the most significant sustainability
hotspots in the entire supply chain, mainly due to bauxite residue (red mud)
and its typical waste treatment approach. The residue is stored in large bauxite
lakes, where the alkaline, iron-rich red powder is mixed with water to prevent
airborne dispersion. However, this leads to soil alkalinity, water and air pollu-
tion, and long-term human health risks (Healy 2022). Although alternative treat-
ment methods are under development, they have not yet provided a techno-
economically feasible solution due to the low economic value of the extracted
minerals (Ujaczki et al. 2018).

3. Transportation: The Bayer process (bauxite refining) is usually conducted at the
mining site, after which alumina is transported over long distances to countries
where high-value-added Al products are manufactured.

4. Hall-Héroult Process: The conventional aluminum smelting process is highly
energy-intensive. Additionally, the use of carbon anodes in electrolysis leads to
CO; and perfluorocarbon (PFC or PFAS) emissions. Several mitigation strategies
are being developed, including:
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— Electrolyzer optimization and alternative designs to improve energy efficiency
and reduce greenhouse gas emissions.

— Integration of inert anodes and drain cathodes, which eliminate direct carbon
and PFC emissions. Significant progress has been made in these areas, and wider
adoption of these solutions is expected in the near future (Light Metal Age 2025).

The sustainability hotspots outlined above are critical for ensuring the sustain-
able implementation of the proposed concept. Since aluminum is used in a circular
system within the considered conversion pathway, most of these impacts, except those
from the smelting process are minimized, as aluminum can theoretically and prac-
tically be recycled indefinitely. However, the Hall-Héroult process requires special
attention, as it serves as the charging phase in the energy storage cycle, whereas
discharging occurs via wet combustion. The energy intensity of this process signif-
icantly influences the round-trip efficiency of the overall system. However, when
benchmarked against Power-to-X conversion efficiencies, the findings indicate high
potential for Al as an energy carrier, particularly due to its high volumetric energy
density. If ongoing decarbonization efforts in the Hall-Héroult process achieve the
desired advancements, a breakthrough adoption of aluminum-based energy storage
could occur.

Another critical consideration is ensuring that the oxides produced during
the combustion process are of smelter-grade purity, as impurities could hinder
aluminum’s circular reuse. The feasibility of this approach will depend heavily
on experimental demonstrations to validate the purity and recyclability of post-
combustion aluminum oxides.

5 Relevant KPIs

For the further development of the charging infrastructure and consideration of Al-
based hybrid energy storage, key technical, economic, environmental, and social
KPIs are identified.

From an energetic perspective, energy density and round-trip efficiency remain
as crucial parameters. In particular, the high volumetric energy density of Al makes
it an attractive energy carrier, allowing large amounts of energy to be stored in a
stable, inert solid. Theoretical assessments suggest that the round-trip efficiency of
the proposed concept has the potential to outperform or compete with other Power-to-
X technologies. Additionally, the system’s versatility in providing both electricity and
H, is a notable advantage. Another key KPI is the reaction time, ensuring the system
delivers energy promptly. While experimental validation is required, a maximum
reaction time of minutes must be ensured for practical implementation.

From an economic perspective, critical KPIs include the levelized cost of elec-
tricity/ Hp, cost of Al, operation and maintenance costs, and recycling cost and value
recovery. These factors are further influenced by parameters such as charging station
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energy capacity, refueling and regeneration cycle time, H, storage and handling
capacity, and scalability.

Given the sustainability objectives of the proposed concept, evaluating environ-
mental KPIs such as global warming potential, water consumption, acidification, and
resource depletion is essential. As circularity is a major advantage of this approach,
waste by-products and material circularity index are also key considerations.

Reliability and safety are fundamental, particularly in the context of charging
stations. Key KPIs include system stability and performance lifetime, fire and explo-
sion risks, resilience to grid disruptions, and compliance with public and indus-
trial safety standards. From a social perspective, social acceptance plays major role
regarding visual impact, health and safety considerations and overall sustainability.
Addressing these factors will be crucial for the successful deployment and public
adoption of the proposed Al-based HESS.
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Abstract Hybrid power supply systems integrate the use of different power sources,
converters and/or storages for the electrification of maritime applications in order
to reduce environmental impacts and contribute to resilience. In the area of port
infrastructure, there have been approaches to the hybridisation of RTG cranes, tugs
and drayage trucks, which have been equipped with batteries in addition to combus-
tion engines. These approaches can contribute to a reduction in fuel consumption of
up to 40% and thus to a reduction in greenhouse gas emissions and air pollutants.
With regard to shore-to ship power, there are promising solutions despite the lack
of harmonised standards, such as charging with lithium-ion batteries due their high
efficiency and power density, as well as battery swapping due to short recharging
times and the flexible use of energy from the grid. In the area of hybrid power and
propulsion systems, the comparison of diesel engines, fuel cells and batteries shows
that diesel engines have lower investment costs, but also lower efficiencies of up
to 52% compared to fuel cells with 60%. However, according to the EU HySeasIII
project, fuel cells combined with batteries can contribute to a significant reduction
in GHG emissions of up to 80%.

Keyword Battery storage *+ Decarbonization * Energy efficiency - Fuel cells -
Maritime sustainability - Resilience
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CAPEX Capital expenditures

CCCC China communication construction co.

CP Controllable pitch

DBE Diesel battery electric

DC Direct current

DCS Data collection system

DE Diesel electric

DoD Depth of discharge

DWT Deadweight tonnage

EGR Exhaust gas recirculation

EMSA European maritime safety agency

ESS Energy storage system

EU European Union

FP Fixed pitch

GHG Greenhouse gas

GM Generator/motor

GT Gross tonnage

HC Hydrocarbons

HFCBE Hydrogen fuel cell and battery electric

HFO Heavy fuel oil

hp Horsepower

HT-PEMFC High temperature proton exchange membrane fuel cell

HVSC High voltage shore connection

IAPH International association of ports and harbours

MO International maritime organization

km Kilometer

KPI Key performance indicator

kV Kilovolts

kW Kilowatt

LCA Life cycle assessment

LCC Life cycle costing

Li-ion Lithium-Ion batteries

Im Lane meters

LT-PEMFC  Low temperature proton exchange membrane fuel cell

LVSC Low voltage shore connection

MARPOL International convention for the prevention of marine pollution from
ships

MDO Marine diesel oil

MGO Marine gasoil

MW Megawatt

MWh Megawatt-hour

NMC Nickel-manganese-cobalt Li-Ion battery

NMCA Nickel-manganese-cobalt-aluminium

NOx Nitrogen oxides

OPEX Operational expenditures
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OPS Onshore power supply

PGM Platinum-group metals

PM; 5 Particulate matter 2.5 um

PMS Power management system

RoPax Roll on/roll off and passenger ferry
RoRo Roll on/roll off ferry

RTG Rubber tired gantry crane

SBC Shore-side battery charging
SBC-BS Shore-side battery charging—battery swapping
SFOC Specific fuel oil consumption

SPB Shore-side power banks

SOFC Solid oxide fuel cell

SOx Sulphur oxides

SSE Shore-side electricity

STS Shore-to-ship

TEN-T Trans-European transport network
TEU Twenty-foot unit container

1 Introduction

Worldwide seaborne trade totaled 12,027 million tons in 2022, declining slightly by
0.4% in that year. However, a growth rate of 1.2% was recorded for 2023 and an
expansion beyond 3% between 2024 and 2028 is expected (United Nations Confer-
ence on Trade and Development 2023). A growth trend will likely continue in the
future. In addition to freight transport, maritime passenger transport is also growing,
although it was significantly affected by the COVID pandemic. The passenger volume
reached 31.7 million passengers in 2023, surpassing by 7% the pre-pandemic level in
2019. Moreover, a 10% increase in capacity is forecasted for the years 2024 through
2028 (Cruise Lines International Association 2024).

The Fourth Greenhouse Gas (GHG) Study by the International Maritime Organi-
zation (IMO) estimates that maritime shipping contributed approximately 2.8% to the
global anthropogenic CO, emissions in 2018 (Faber et al. 2020). More recent statis-
tics from the IMO Data Collection System (DCS) platform gives account of a fuel
consumption totaling 212.3 million tons in 2021, resulting in estimated emissions of
660 million tons CO, after considering emission factors for different fuels (Marine
Environmental Protection Comittee 2022). In comparison, worldwide anthropogenic
CO, emissions were estimated at 36,816 million tons (Ritchie and Roser 2024).
While operational and technical measures have led to decrease in energy intensity
and higher efficiency, these gains have been outpaced by the growth of the sector,
therefore leading to increase of the of the total emissions produced by this industry,
what could lead to a higher impact in the future and a higher share of the total CO,
emissions. In addition, maritime transportation has considerable challenges for its
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transition and a complete fleet renovation or retrofitting is expected to take several
decades.

Although ships and their propulsion systems are often cited as the main source
of emissions, the issue is much more complex. The maritime sector involves not
only the water transportation activity itself, but also the activities occurring while
ships are at berth as well as the handling of cargo and passengers at ports which
can contribute massively to the environmental impact (Park 2022). On one side,
the IMO is responsible for developing and maintaining international regulations for
maritime shipping at international level. On the other side, port infrastructure and
their regulations tend to be managed locally by each country. This leads to different
regulations in force both on board or on shore.

In addition to the considerable pollution caused by cargo handling and passenger
activities at ports, ships at berth have also considerable emissions. At berth, although
the ship propulsion is not operating, other systems onboard require power. Often
these systems are lighting, air conditioning, electronic systems and any load due to
cargo handling. Thus, it is estimated that ships at berth emitted between 7.9 and 10.7
million tonnes of CO,eq emissions per year between 2018 and 2023 in the EU, which
represent a share of between 6.1 and 7.2% of the total emissions of ships bigger than
5000 gross tonnes in the EU (EMSA 2024). However, although ocean-going vessels
at port are important contributors to local air pollutants and GHG emissions, some
research also has shown that harbor crafts, cargo-handling equipment and heavy-duty
diesel vehicles have also relevant emissions, comparable or even higher than those of
the ships berthed at port, depending on the analyzed pollutant (Park 2022). Against
this background, several of these technological options are being tested, developed
and adopted both on as well as offshore to reduce local pollution and in addition
GHG emissions of maritime transportation, including electrification, hybridization,
and the use of renewable energy sources.

Hybrid power systems, which integrate the usage of multiple power sources,
converters and/or storages, offer a promising solution for reducing local pollution
and GHG emissions while also improving efficiency. In addition, electrification has
been seen as one alternative to integrate renewable energies into the energy supply
for waterborne transportation. Typically, hybrid power systems consist of internal
combustion engines and energy storage systems including technologies like batteries,
supercapacitors or flywheels. Other solutions may include fuel cells or other power-
generation technologies (Geertsma et al. 2017; Damian et al. 2022; Inal et al. 2022).
On the other hand, hybridization leads to the electrification of operations by the use
of multiple power sources that can be integrated as required. It also enables the inte-
gration of energy storage systems which, depending on the system specifications, can
be used as devices for peak shaving, load balancing and, in some cases, fully electric
operation (Kalikatzarakis et al. 2018). In addition to a possible reduction in envi-
ronmental impacts, this can also increase resilience, e.g. by enabling flexibilization,
redundancy, storage options and, to a certain extent, independent operation.

The next subchapters will explore the state of the art of possible hybrid solutions in
three key areas going from land to the shore by encompassing freight-handling infras-
tructure and vehicles/vessels at ports, shore-to-ship power technologies and onboard
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ship power and propulsion systems. In the latter case, selected key performance indi-
cators (KPIs) for technologies such as traditional internal combustion engines, fuel
cells and Li-ion batteries are explained and their possible developments partly up to
2050 are shown. The description of the state of the art will be finally exemplified
with a case study of a hydrogen fuel cell and battery hybrid ferry concept previously
developed in the project HySeas III.

2 Hybrid Power Solutions at Ports

Ports require extensive freight-handling infrastructure and vehicles. The construc-
tion and operation of both infrastructure and vehicles demand significant resources
and can lead to considerable air pollution and in general environmental impacts.
Traditionally, ports rely on local electrical grids for lighting, and to certain degree
for equipment operation. On the other hand, Fossil fuels are used for heavy machinery
like cranes and container handling equipment. With the need to reduce the emissions,
minimize the local pollution and move towards sustainability, ports are increas-
ingly electrifying their operations and integrating renewable energy sources like
photovoltaic panels and wind turbines into their energy supply.

According to a survey of the International Association of Ports and Harbours
(IAPH), 45% of the port investments in solar and wind energy are being executed
timely, although also 46% of the surveyed replied that they currently do not have any
planned investments in this subject (Notteboom and Pallis 2023). Energy Storage
Systems (ESS) such as electrochemical batteries are also being used for the storage
of fluctuating renewable energies and ensure a constant power supply and peak
shaving, both for stationary as well as for mobile applications (Kermani et al. 2021).
Alternative fuels or complete electrification are also envisioned to replace fossil fuels
used in the operation.

In this context, hybrid solutions that combine multiple generation and storage
technologies are becoming increasingly relevant as a potential alternative to systems
powered only by fossil fuels. In the next section, the hybridization trends of three
vehicles types commonly used in freight ports, rubber-tired gantry cranes, tugs and
drayage trucks, will be analyzed exemplarily.

2.1 Rubber Tired Gantry (RTG) Cranes

Rubber Tired Gantry (RTG) cranes are used to move and store containers at ports.
RTG cranes are mainly powered by diesel engines coupled with electric generators
to provide the power to lift the containers (Starcrest Consulting Group LLC 2012;
Antonelli et al. 2017). A typical RTG Crane is shown in Fig. 1, where the exhaust of
the diesel engine can be seen as a vertical rising pipe to the right of the crane. The
potential energy of the containers lifted is later dissipated during descent in resistive



278 J. C. G. Trillos and U. Brand-Daniels

loads (Antonelli et al. 2017). Adding an energy storage allows the storage of the—
otherwise—dissipated energy for further use later as lifting power. As the power for
lifting containers can be partially supplied by the energy storage, a smaller generator
can power the RTG crane and operate at an optimal point. This contrasts with the
traditional operation for which the generator has to operate at multiple operational
points. Statistics on the emissions of RTG cranes at the Ports of Long Beach and Port
of Los Angeles, where some hybridization was tested more than a decade ago, show
that approximately 11% of nitrogen oxides (NOy) emissions and 9% of particulate
matters (PM) from cargo handling equipment is emitted by RTG cranes (Starcrest
Consulting Group LLC 2012).

Several projects have tested hybridization as one alternative to decrease the emis-
sions and fuel consumption of these cargo-handling equipment. Recent research
carried out by Antonelli et al. analyzed the typical operational loads of RTG cranes
in the port of Livorno in Italy and potential savings that a hybrid system including
electrochemical storage or supercapacitors combined with traditional diesel internal
combustion engines could offer (Antonelli et al. 2017). By means of the collected
data and simulations, this study identified the possibility of downsizing the internal
combustion engine installed in the RTG crane from the original 414 kW. The main
advantage of this is the operation of smaller engines for longer time at the design
point. However, smaller engines have often poorer fuel specific fuel consumption

Fig. 1 Typical RTG crane at the Port of Kiel, Germany. The crane shown is not hybrid but has a
similar function as the one shown in the figure (own figure)
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compared to the bigger engines, what partially offsets the savings of operating the
engines at their design point. The authors also analyzed the integration of 83.2 or
44.4 kWh Li-ion batteries with different cell chemistries. With the integration of
lithium batteries in hybrid systems compared with systems only including internal
combustion engines, the authors identified possible fuel savings from 30 to 60%,
depending on the ICE engine sizing (Antonelli et al. 2017). Some costs analyses were
carried out by the same authors by comparing a typically 414 kW ICE powered RTG
crane with hybrid versions including 414, 165 kW or 36 kW engines in combination
with batteries or supercapacitors. The main findings showed that the RTG versions
with unmodified engine size have an estimated decrease in fuel costs of around 30%),
whereas the engine-downsized versions manage to decrease the fuel costs down to
60%. Although the hybrid RTG versions with unchanged engine size result in a
higher purchase cost, hybrid RTG cranes break even within 3-6 years due to the
fuel savings (Antonelli et al. 2017). Other analyses carried out by Vlahopoulos and
Bouhouras in 2022 confirm the aforementioned results with reductions of up to 33%
of fuel consumption and payback times between 1.3 and 3.42 years (Vlahopoulos
and Bouhouras 2022).

The implementation of hybrid RTG cranes is transitioning from a research topic
into industrial application. Industrial equipment manufacturers already offer hybrid
options as part of their standard RTG crane portfolio, claiming fuel savings of up to
40% depending on the operation (Liebherr 2019; Konecranes 2024). Some specifica-
tions of the Energy Storage Systems (ESS) installed on hybrid RTG cranes powered
by battery systems are summarized in Table 1, with Battery Energy Storage Systems
(BESS) systems of comparable size to those mentioned by Antonelli et al. (Corvus
Energy 2024a).

Table 1 Reference projects of hybrid RTG cranes of the company Corvus Energy (2024a)

Year Country | ESS capacity | Number | Location
[kWh] of RTG
cranes
2015-2016 | China 94 20 Hybrid RTG Cranes of China

Communication Construction Co. (CCCC)
in the ports of Yangshang, Yidong and

Waigaogiao
2018-2020 | China 79 48 Hybrid RTG Cranes of China
Communication Construction Co. (CCCC)
in China
2020 United 170 25 25 hybrid RTG cranes in the of South
States of Carolina

America
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2.2 Tugs

Tugboats or simply tugs are vessels assisting other ships during maneuvers by pulling
or pushing them (Wirtsild 2024). Often these ships have a high power-tonnage ratio
allowing them to generate significant thrust at low speed, what is commonly named
bollard pull. A typical load profile of a tugboat shows that the engine load is much
higher (ten-fold) when assisting another ship than during loitering or waiting (Vu
et al. 2015). In efforts to reduce the air pollutants and GHG emissions, tugboats are
being progressively electrified or hybridized.

Some industrial electric and hybrid solutions are already available in the market.
The company DAMEN offers an electric tug fitted with battery packs with a storage
capacity of around 2800 kWh (DAMEN 2024). Wartsild has also disclosed the
production of thrusters for a 5000 hp (3728 kW) hybrid tug to be used in the Chinese
market (Wirtsila 2022). In addition, the company Rolls-Royce also disclosed the
production of an LNG tugboat powered by two 1492 kW MTU gas engines, 2 X
500 kW electric motors and additionally onboard batteries with 904 kWh capacity
for peak shaving during acceleration, maneuver or for electricity supply onboard
(Rolls-Royce 2024). The specifications of the tugboats depend on operational aspects
and particularly on the bollard pull required for the particular operations and cannot
be generalized. More information on ship propulsion and power systems for ships
will be explored in subchapter 11.4 (On Board Hybrid Ship Power and Propulsion).

In a study carried in 2010 and in the port of Los Angeles and Long Beach, reduc-
tions of emissions and fuel consumption of a hybrid power electric propulsion tugboat
compared to a conventional were analyzed (Jayaram et al. 2010). The emissions of
PM2.5, NOx and CO, emissions for the hybrid tug compared to a conventional tug
were found to be 73%, 51% and 27%, respectively. In addition, fuel savings of about
25-28% in favor of the hybrid alternative were described. However, most of the
impact was attributed to the use of gensets for propulsion rather than the onboard
BESS. Moreover, according to a document published by Siraichi et al. in 2015, the
implementation of the hybrid tugboat Tsubasa including 300 kWh lithium iron phos-
phate BESS onboard led to reductions of 20% in the fuel consumptions as well as in
the CO, emissions for the operation of the ship compared to a conventional tugboat
(Siraichi et al. 2015). According to the commercial producer of Tugboats DAMEN,
it’s model ASD TUG 2810 Hybrid can provide fuel savings of up to 30% and reduce
the NOx, PM, HC and CO emissions by up to 42, 39, 44 and 46%, respectively
(DAMEN 2014).

2.3 Drayage Trucks

Drayage refers to short distance transportation of goods, typically containers, within
ports or surrounding areas. Containers are often unloaded from or loaded onto a
vessel by one or multiple quayside cranes, with a frequency of around one to three
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minutes. The step either prior or subsequent to this process involves large fleets of
trucks, conveying containers from or to the quayside cranes. For example, heavy-
duty diesel trucks including drayage trucks accounted for 32, 43, 37 and 49% of the
total NOy, particulate matter (PM, s), carbon monoxide (CO), sulphur oxide (SO,)
and CO,eq emissions by pollutant at the Port of New York and New Jersey in 2019,
respectively (Park 2022).

As in the other cases presented, hybrid solutions are being explored, tested and
implemented. Within a demonstration project in the port of Los Angeles in 2017, the
company Kenworth developed a hydrogen fuel cell and lithium-ion battery class 8
truck with a 100kWh battery pack and 85 kW fuel cell from the company Ballard.
The power of the entire system was rated at 360 kW/480 hp and the range of operation
was estimated at 320 km (WaterstofNet 2018a). The company US Hybrid also tested
adrayage truck with an 80 kW fuel cell and 30 kWh battery achieving a system power
of 367 kW and a torque of 3930 Nm. The estimated range for the truck is 320 km
with onboard hydrogen capacity of 25 kg (WaterstofNet 2018b). Furthermore, US
Hybrid has also launched a hybrid natural gas-powered drayage truck with over 85
kWh battery capacity and a 8.9-L gas engine and an on-board battery charger of up
to 20 kW (US Hybrid 2022). This engine is smaller than the 15-L used in the non-
hybrid versions. The range of the truck is around 1000 miles (1600 km) with both
compressed natural gas and battery and up to 35 miles (56 km) only with battery.
The truck traction power is 340 hp (253 kW). According to the press releases of US
Hybrid, the fuel economy of the hybrid drayage truck is as much as double as that
of the original 15-L gas engine. However, no absolute numbers have been disclosed.

2.4 Section Concluding Remarks

Hybrid power technologies are being used to mitigate pollution and GHG emissions
at port. Solutions for RTG cranes, tugs and drayage trucks were introduced in the
former section. Hybridization contributed to the reduction of typically between 20
and 40% of the fuel consumption for RTG and tugboats and drayage trucks. At the
same time significant reductions in air pollutants were also described. While speci-
fications vary for each of these applications, a growing trend in the implementation
of hybrid systems emerges, as these can decrease fuel consumption, air pollution
and GHG emissions. Moreover, established producers of industrial equipment are
already offering hybrid options in response to the demand of more sustainable port
operations.



282 J. C. G. Trillos and U. Brand-Daniels

3 Hybrid Shore-to-Ship Power Solutions

When ships are berthed at port, they require energy to power their electrical and heat
(or cooling) loads. These loads are often referred as hotel loads and frequently not
bound to the propulsion system. Electrical loads are typically supplied by onboard
diesel generators. Depending on the ship type and size, the hotel loads can fall in
a range in the order of hundreds of kW for small ships to the order of tenths of
MW for big cruise ships, the latter consuming considerable amounts of electricity
for onboard equipment like air conditioning, lighting and other electrical loads.
In fact, 25% of the available energy on board of cruise vessels is used for hotel
loads (Marzi and Broglia 2019). Typically, diesel generators run on fossil fuels like
heavy fuel oil (HFO), marine gasoil (MGO), marine diesel oil (MDO), hydrotreated
vegetable oil or even natural gas. Depending on the fuel they burn, these genera-
tors can produce considerable amounts of air pollutants, particulate matter and GHG
emissions. Although influenced by the manufacturer, engine size, operational point
and fuel, typical specific fuel oil consumption (SFOC), falls into the range 180-210 g
fuel oil/kWh of electricity generated, which leads to CO; emissions of between 575
and 670 g CO,/kWh of electricity produced onboard (MAN Energy Solutions 2024).
In addition, assuming an engine is Tier [IMARPOL Annex VI compliant, the NOy
emissions would be between 2.0 and 3.4 g/kWh (Marine Environmental Protection
Comittee 2021). Particulate matter (PM) and black carbon (BC) emissions are in
practice below 100 mg/kWh and 50 mg/kWh. However, NOy, PM and BC emissions
are highly dependent on the engine load, being often higher at partial load, which is
often the case when ships are berthed (Kuittinen et al. 2024). Therefore, ships at berth
are also considerable sources of air pollution and GHG emissions. For comparison,
the GHG emissions of PV electricity ranges from 25.2 to 43.6 g CO,eq/kWh and
emissions for the production of electricity from fossil fuel generators can emit up to
1 kg of CO,eq/kWh of electricity (Stucki et al. 2023).

Shore-Side Electricity (SSE), also known as Shore-to-Ship (STS) power, Onshore
Power Supply (OPS) or—in a more traditional way—cold ironing, refers to the supply
of electricity from shore to ships while they are berthed. The shore electricity supply
allows to turn off the onboard generators, thus reducing the local air pollution. An
additional benefit of SSE is the reduction of the net GHG emissions, as long as
the electricity supplied from the shore grid or shore-based power supply has lower
emissions than that generated onboard. This is particularly the case if renewable
energies make an important part of the electricity generation matrix onshore.

According to Article 9 of the EU Regulation 2023/1804, SSE should be available
for all passenger seagoing container and passenger ships in Trans-European Transport
Network (TEN-T) maritime core ports by the beginning of 2030. This regulation
targets container ships, RoRo ferries and passenger ships with a Gross Tonnage
(GT) beyond 5000 GT, for which SSE should be used in at least 90% of the port calls
(European Parliament and the Council of the European Union 2023). As a result,
new solutions for SSE and practical use cases are expected to be developed or rather
implemented in the following years.
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electricity supply. Adapted from European Maritime Safety Agency (EMSA), 2022ab

The European Maritime Safety Agency (EMSA) produced already guidelines on
the subject of SSE equipment, technology, planning and safety (European Maritime
Safety Agency (EMSA) 2022a, b). EMSA so far considers different options of elec-
tricity supply to ships, including Onshore Power Supply (OPS), Shore-Side Battery
Charging (SBC), SBC Battery Swapping (SBC-BS), Shore-Side Power Banks (SPB)
and Port Generators.

Figure 2 shows the most important infrastructure components for SSE, focusing
on the options OPS and SBC. Additional options using AC and DC SSE supply
are shown. SSE consist systems of different components both onshore as well as
onboard. Other configurations are also possible.

The different options will be explained to the light of hybrid power systems in the
following sections and are described in detail in the current guidelines developed by
EMSA (European Maritime Safety Agency (EMSA) 2022a, b). Although the options
OPS, SBC and SBC-BS are not necessarily hybrid in nature, they will be explained
to understand their differences compared to the other hybrid alternatives.

3.1 Onshore Power Supply (OPS)

OPS consist of the supply of electrical power to ships at berth from a shore-side
source, such as the national grid or a local generation system. With this solution,
the electricity generation from auxiliary engines onboard can be replaced and the
generators turned off while at berth. Two types of OPS are existing; namely, High
Voltage Shore Connection (HVSC) and Low Voltage Shore Connection (LVSC).
HVSC is suited for ships with high power demand, such as container or cruise
ships. It includes a centralized frequency conversion at port substation. However,
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both the shore side and ship side must be designed and equipped to handle high
voltage electricity. The supply on the shore side can be occur at a voltage of 6.6 or
11 kV. Ships must have step-down transformers to adapt the voltage to the one of
the distribution networks onboard. In contrast, LVSC is suitable for ships with lower
power requirements or not equipped with a step-down transformer onboard. Typical
applications of LVSC are service and working vessels or tankers.

A key consideration is frequency conversion, which is necessary in some locations
where the local grid operates at 50 Hz, like Europe, Africa or Asia. Most of the ships
worldwide have distribution grids operating at 60 Hz, requiring frequency conversion
due to incompatibility when ship and local electricity grids have different frequencies.
Frequency conversion entails additional costs for SSE infrastructure. The use of OPS
could effectively reduce CO,eq emissions and local air pollutants emissions at ports
like SOy, NOj and particulate matter emissions, especially if the shore-side electricity
is generated with renewable sources.

OPS can be hybrid or non-hybrid depending on the power source (Fig. 2a), which
may include the national grid, port generators, renewable energy plants, electrical
energy storage or emergency back-up units.

3.2 Shore-Side Battery Charging (SBC)

Shore-Side Battery Charging (SBC) builds on OPS to charge onboard BESS using
AC or DC shore power supply. This option is increasingly relevant, as the fleet of
hybrid and electric ship fleets is growing. Key features of SBC include fast charging
capabilities, in some cases using high-voltage direct current (HVDC), for instance
2 MW at 1 kV DC. Moreover, greater flexibility in the internal ship arrangement, as
components like transformers can be on land, an important feature for ships which
internal spaces are occupied by battery compartments. Finally, depending on the
shore-side electrical power source, these systems can provide reduced GHG emis-
sions and reduce local pollution. Among the challenges are fire hazards due to battery
overheating and thermal runaway, interconnectivity and interoperability between
the onboard management system and shore-side charger and lack of standardized
solutions.

The electrical connection in SBC can be either wired (AC or DC) or wireless
(capacitive or inductive power transfer). Wireless charging offers some advantages
like reduced exposure to mechanical wear and corrosion and simplified docking
procedures, which are convenient for ships with opportunity charging like ferries,
for which charging time is limited and connection and disconnection times can
make charging unfeasible. However, the lower efficiency compared to wired charging
options is a major obstacle to the widespread use of wireless charging systems (Khan
et al. 2022).

One example of SBC can be found in the port of Oslo, where the company Cavotec
installed in 2020 an Automated Plug-in System (APS) for e-ferry charging (see
Fig. 3). The system is suitable for ferries with a charging connection in the bow,
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Fig. 3 Automatic plug-in system of the company Cavotec for charging of e-ferries. Source Courtesy
Cavotec (2024)

minimizing the space for onboard and shoreside equipment and maximizing the
possible charging time during passenger boarding and offboarding. This system has
been implemented for the electrification of the e-ferry service between Oslo City Hall
Pier to Nesodden in Oslofjord providing charge service to the ferries MS Dronningen,
MS Kongen and MS Prinsen (Cavotec 2020).

3.3 Shore-Side Battery Charging—Battery Swapping
(SBC-BS)

In the case of SBC-BS, the ships’ BESS are not recharged on board, but completely
replaced (swapped). This reduces the turnaround times of electric/plug-in vessels at
berth, eliminating the need of wait for recharging and enabling greater flexibility.
For smooth operation, modularity and standardization are important prerequisites. In
addition, the infrastructure of the interface between ship and shore should ensure fast
and safe handling of the battery module units (European Maritime Safety Agency
(EMSA) 2022a, b).

Some examples of this solution are already available. In 2023, Singapore has
launched their first fully-electric cargo vessel called Hydromover with swappable
batteries (Offshore Energy 2023). A photo of this vessel is shown in Fig. 4. The
battery system called PrwSwip includes 70 kWh x 6 NMC Li-ion batteries and is
connected through cloud-based service and management provided by the company of
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Fig.4 A photo of the Hydromover, a fully-electric cargo vessel with interoperable swappable
battery solution. Source Courtesy Yinson Green Tech (Offshore Energy 2023)

Shift Clean Energy from Vancouver. The lightweight, 18.5 m long vessel transports
up to 25 tons of cargo. The improved energy efficiency and lower maintenance
costs should save up to 50% of operating costs. The battery can be replaced within
minutes to minimize downtime. The vessel also had to undergo a comprehensive risk
assessment in relation to the operation and swapping of batteries to ensure compliance
with international safety standards in the maritime industry.

A swappable battery container for inland shipping was also announced in 2021
by the company Wartsild. The battery containers are installed on the 104 TEU
inland container vessel Alphenaar, which is powered simultaneously by two 20-
foot containerized battery banks onboard (Wirtsild 2021). According to representa-
tives of the company developing these systems, this concept can allow the reduc-
tion of the emission of 1000 tons of CO, and 7 tons of NOy per year. Each of the
containers include 45 battery modules totaling 2 MWh and are charged with certified
green energy at dedicated charging stations (Port of Rotterdam 2021; Zero Emission
Services 2021).

3.4 Shore-Side Power Banks (SPB)

OPS, SBC and SSB-BS are not necessarily hybrid. An extension of the SBC and a
hybrid solution are Shore-Side Power Banks (SPB). Power banks or shore side Elec-
trical Energy Storage (ESS) units in containers are used to temporally store on-site
electricity, which in some cases comes from renewable sources (European Maritime
Safety Agency (EMSA) 2022a, b). This can push simultaneously the deployment of
renewable energy sources in the port area and handle fluctuating/irregular electricity
production (e.g., renewable energies). For instance, overnight charging or charging
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during off-peak hours can decrease the stress on the local grid and increase the use
of cheaper electricity. Moreover, other services in the port area could be provided by
power bank energy as the containerized storage units can be deployed anywhere and
moved around the port. Given the challenges, the maintenance and safety care of a
large number of containers that are associated with particular fire hazards, are mobile
and have complex interoperability, can be costly (European Maritime Safety Agency
(EMSA) 2022a, b). Finally, due to the low energy density of batteries, container
energy banks require many units per MWh, which at the same time means a high
space requirement that can be very expensive in port areas due to space scarcity.
One example of SPB is the charging system implemented for the Ambherst Islander
II (fully electric) and Wolfe Islander IV (hybrid) passenger and car ferries oper-
ating in the Ontario lake in Canada. Due to the limited charging times, the ferries
require fast charging. However, the local grids of Millhaven and Stella harbors have
limited capacity. For this reason, each of the SBC stations servicing these ferries are
equipped with a dedicated 3.0 MWh BESS (Leclanché 2022). These SBC systems
charge the onboard 1.9 MWh (Ambherst Islander II) and 4.6 MWh (Wolfe Islander
IV) batteries. The BESS onshore are charged by the harbor grid and are connected
to the ferry through DC-DC converters with a capacity of 1800 kW. In this way, the
power drained from the local grid decreases from 1800 to around 1000 kW. Addi-
tionally, the BESS can also provide peak-shaving services during high consumption
periods in the harbor area.

Another example is provided by a research project in the ports of Kiel in Germany
and Gothenburg in Sweden. The EU-funded Sea Li-ion research project led by the
shipping company Stena and BatteryLoop explored the possibility of reusing lithium-
ion batteries from the automotive sector for a stationary ESS that supplies electricity
for electric ferries in the ports of Kiel and Gothenburg (Powertrain International Web
2022). The classification society DNV also supported this project. So far, only the
design of the ESS, the evaluation of the recycling potential of lithium-ion batteries,
the impact of the ESS on the electricity grid and a business case for electric ferries
and ESS in the Port of Gothenburg have been analyzed, but the aim is to make the
system a reality by 2030 and to operate the RoPax ferry “Stena Elektra” between
Gothenburg and Frederikshavn with it. The business case in the port of Gothenburg
has shown that there is currently sufficient electricity in the port. However, placing an
ESS in the port creates opportunities to free up electricity supply capacity for other
system services and support the electricity grid. According to estimations of the
project, 5% of the total electricity consumption in Gothenburg would be required to
charge a ferry (Powertrain International Web 2022). In other ports, however, an ESS
might be necessary to enable the charging of electric ferries without compromising
grid stability or building additional infrastructure.
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3.5 Port Generators

A final hybrid option discussed in the existing literature is port generators that
utilize micro-generation (European Maritime Safety Agency (EMSA) 2022a). These
systems aim to provide mobile and flexible electrical energy “on site”, especially in
the case of ports with limited access to the electricity grid or insufficient power for
the demand placed by berthing ships. Some examples include hydrogen fuel cells or
LNG hybrid power production barges, which can serve as port generators. A relevant
consideration is the required space for the installation of the power generation units
and safety aspects such as hazardous areas, low flash point or toxic fuels. Furthermore,
the sustainability of such solutions can only be guaranteed depending on the energy
sources used (e.g., green hydrogen) (European Maritime Safety Agency (EMSA)
2022a, b).

One example can be found at the Kirkwall pier in Scotland, where a 75 kW
hydrogen fuel cell supplied by Arcola Energy was placed to provide electricity for
ships and other activities. Moreover, the heat as by-product of the fuel cell is used
for nearby buildings. The hydrogen is produced by electricity from 900 kW wind
turbines and tidal turbines on the island of Eday and shipped to Kirkwall (BIG
HIT Project 2024; Surf ‘n” Turf Project 2024). The initiative was part of Surf ‘n’
Turf’s community renewable energy project, funded by Local Energy Scotland and
the Scottish Government’s Local Energy Challenge Fund, managed by Community
Energy Scotland and supported by partners EMEC, Orkney Islands Council, Eday
Renewable Energy and ITM Power.

3.6 Concluding Remarks

In the previous section, several options for the shore-side supply of electricity to ships
were discussed, including OPS, SBC, SBC-BS, SPB and port generators. Some publi-
cations have analyzed these alternatives with regard to different criteria (Khan et al.
2022; Mutarraf et al. 2022). For instance, Khan et al. (2022) evaluated different SSE
options, including SBC, SBC-BS and power banks in the sense of hydrogen produc-
tion, based on six parameters: cost, efficiency, environmental impact, recharge time,
durability and reliability. Based on their assessment, Khan et al. could show that SBC
with lithium-ion batteries performed best in terms of their high efficiency and power
density. Battery swapping is a promising solution to save time (low recharging time)
and utilize energy from the grid when demand is lower, but further improvements are
needed to simplify the process. Finally, the hydrogen production system enables an
external supply, which leads to a flexibility of the port and increases the continuity
of the service.

Even though various SSE options are available and first examples of implemen-
tation exist, the power supply is still primarily provided by the conventional variant
of the power systems on board. On the one hand, this has to do with the fact that
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there are no uniform standards especially for hybrid solutions like SBC as well as
for electric vehicles (EV) and DC charging in the marine context. Moreover, the
diffusion of electrically powered ships (especially larger vessels) still does not seem
to be progressing as quickly as originally thought due to high costs, long charging
times, system complexity, local grid conditions and a lack of charging infrastructure,
which suffers the common chicken and egg problem. In particular, the low cost of
MDO and HFO seems to be an important argument in favor of generating electricity
on board instead of building infrastructure for SSE. However, an improved energy
management system, e.g. in the form of energy storage systems that can absorb peak
loads and use cheaper electricity at times of higher load, could help to improve the
efficiency and reduce the ship’s overall electricity costs (Tang et al. 2018; Kumar
et al. 2019).

4 On Board Hybrid Ship Power and Propulsion

In the past sections, different hybrid solutions for ports and shore-side electricity
were described. This section will be focused on the power and propulsion systems
of ships.

Internal combustion engines consuming HFO and MDO are ubiquitous in most
of the ships for propulsion and for the supply of electricity onboard. Nevertheless,
concerns about air pollution and global warming potential have prompted the industry
to explore alternatives to increase efficiency, reduce the environmental impacts and
decrease operating costs, while maintaining safety and performance in the opera-
tions. Three not mutually exclusive approaches to minimizing these problems are
(Geertsma et al. 2017):

e Abatement technologies: Engine modifications, exhaust gas recirculation (EGR),
fuel water emissions, waste heat recovery systems, sulfur scrubbers and selective
catalytic reduction (SCR) to combat air pollution. These technologies have largely
been used to tackle NOy emissions, which are regulated by the MARPOL VI annex
and classified under different “tiers”. Used so far to combat air pollution, these
systems offer only a limited effect when it comes to reducing GHG emissions
because gases like CO, are not captured or transformed in the process. Often,
these systems increase the CAPEX and OPEX of ships.

e Alternative fuels: Replacing the current fossil fuels by other fuels like methanol,
biodiesel, ammonia, hydrogen, among others. Depending on the pathway used
to produce the alternative fuels, the net effect of these can be favorable or not
in terms of air pollution and GHG emissions compared to the use of their fossil-
based fuels counterparts. Additionally, these substances are at the moment mainly
derived from fossil fuels and availability of renewable-based alternatives is still
limited.
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e Hybrid power systems: Design that integrates multiple power sources to provide
efficient and innovative propulsive power. It can typically consist of a combina-
tion of internal combustion engines (such as marine diesel engines) and often ESS
including batteries, supercapacitors, or flywheels. The designs are not limited to
use diesel engines, but can also utilize fuel cells or any other generation technolo-
gies as power sources. One benefit of electrical propulsion is its higher efficient
at low speed. Nevertheless, additional electrical components can introduce losses
of between 5 and 15% of the propulsive power.

In the remainder of this subchapter, hybrid power and hybrid propulsion systems
will be explored. The typical propulsion and power systems will be first introduced,
followed by the hybrid power and hybrid propulsion systems.

4.1 Propulsion and Power Systems Options

Various designs can be categorized based on the type of propulsion and how it
is powered. This situation is illustrated in Fig. 5, where the different options are
shown. The option for shore-side electricity discussed in the previous section are
also depicted for the different alternatives. Notice that two types of hybridization are
possible: either the propulsion can be hybrid by using more than one driver (Fig. 5c
and e) or the power supply can be hybrid obtaining power from different generation
options (Fig. 5d—f). These two options can be as well combined (Fig. Se).
The following sections describe different variations as presented in Fig. 5.

4.1.1 Mechanical Propulsion

The most typical option consists of a prime mover like a diesel engine or a gas
turbine which is mechanically coupled in a direct way or through a gearbox to
a propulsor (often a propeller). A separate electrical AC network supplied often
by diesel generators provides electrical power for onboard electrical loads. If both
ship and port have the necessary interfaces and infrastructure, shore-side electricity
(SSE) may supply electricity for the onboard loads while at berth. A schematic
representation of this option can be seen in Fig. 5a, where propulsion and the electrical
loads are not coupled. Hybridization is not present in the propulsion or power system
of this configuration.

This type of propulsion system reaches its maximum efficiency at design speed
between 80 and 100% of the top speed. The advantages of this configuration
include low conversion losses due to fewer conversion steps (main engine, gearbox
and propeller), low complexity and low purchase cost compared to other options.
However, some disadvantages are limited maneuverability due to the operational
envelope of the propulsion engine, higher maintenance requirements under dynamic
loads, poor fuel efficiency and high emissions at speeds below 70% of maximum
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Fig. 5 Schematic comparison of different ship propulsion and power systems. Adapted from
Geertsma et al. (2017) by adding Shore-Side Electricity (SSE)

speed, reduced availability in case of drive train failure leading to loss of propulsion,
high NO, emissions under certain operating conditions as well as noise and due to
the transmission system.

Mechanical propulsion is the preferred application for ships operating at a single
speed, typically cargo ships and fast crew suppliers. For other ship types that operate
at low power in their operational envelope, like tugs or offshore vessels with dynamic
positioning (DP), this type of propulsion result in a poor performance in terms of
fuel consumption and emissions. In these cases, electric or hybrid solutions may be
more suitable.

4.1.2 Electrical Propulsion

Figure 5b illustrates a typical electrical propulsion, which consists of multiple diesel
engines coupled to electrical generators and integrated through a high voltage elec-
trical bus. Propulsion motor drives and hotel loads are electrically fed from this bus,
often requiring transformers and power electronic converters (Geertsma et al. 2017).
As in the former case, if both ship and port have compatible interfaces and infras-
tructure, shore-side electricity (SSE) may supply electricity while at berth and the
onboard generators can be shut down.
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Electric propulsion is a fuel-efficient solution when the hotel load is significant
compared to the propulsion load and the operating profile is diverse. The number of
running engines and their operation is controlled by a power management system
(PMS) matching the power required by propulsion and hotel load with the power
produced by the generators. Important benefits of these systems include:

e Lower NOy emissions, as these systems make use of more engines operating often
at the design point, at which they typically produce less NOy emissions.

e Reduced maintenance loads are reduced as the engines are shared by propulsion
and hotel load.

e Lower noise and vibration are produced in the absence of transmission systems.

e High system availability, due to redundancy of engines and the possibility to
operate in a broad operational envelope.

e Mechanical transmission requires a shaft to transfer the mechanical power
produced by the engine to propellers. Electrical propulsion does not require a
shaft connecting engine and propeller, so the absence of shaft-line along the ships
allows more design-freedom.

In contrast, the main disadvantages of these systems are:

e Increased losses due to more power conversion stages, which leads to higher
specific fuel consumption (SFC) near top speed.

e Poor fuel consumption and high emissions due to engines running at low part load
in applications like Dynamic Positioning (DP) to achieve high availability.

e Susceptibility to voltage and frequency swings that can occur due to changing
loads, which in turn can switch off electrical systems with the consequence of
reduced reliability and availability.

Electrical propulsion is broadly used on cruise ships, ferries, drilling or offshore
vessels with dynamic positioning, cable layers, icebreakers and naval vessels. Aspects
like the redundancy of the engines, which is offered by these systems, have been
particularly relevant for applications like DP, where maintaining the position even in
fault conditions is necessary. Redundancy provides spinning reserve that guarantees
the availability of power.

4.1.3 Hybrid Propulsion

Figure 5c illustrates a hybrid propulsion system, which combines a mechanical drive
with an electrical motor. The electrical motor provides the power to drive the propul-
sion system at low speeds. At high speeds, the mechanical drive takes over and
provides primary propulsion. In addition, the electrical motor can also act as gener-
ator to supply electricity to the loads (Geertsma et al. 2017). Therefore, this item
is tagged as GM (Generator/motor). As in the two former cases, shore-side elec-
tricity (SSE) can supply electricity while at berth, provided that the corresponding
interfaces and infrastructure is present onboard as well as onshore.
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The main advantage of hybrid propulsion is the combined benefits of electrical
and mechanical propulsion, often requiring a trade-off between their features, like
efficiency, noise reduction and fuel consumption. Main applications for hybrid power
systems are naval ships, towing vessels and offshore vessels. Hybrid propulsion can
be provided by non-hybrid power systems, as in many cases the prime movers of the
systems are diesel engines.

4.1.4 Electrical Propulsion with Hybrid Power Supply

Ilustrated in Fig. 5d, a distinctive aspect in this case is the connection of all the power
sources or ESS through an electrical bus bar. This contrasts with hybrid propulsion
or purely mechanical propulsion, for which the propulsion engines directly provide
mechanical power to the propulsion system. The onboard ESS allows the storage
of electricity produced by the generators or even by shore-side electricity supply.
By storing electricity from the grid onboard for later use in propulsion, the fuel
consumption of the engines can be reduced (Geertsma et al. 2017). If the shore-side
electricity charging the ESS is from low-GHG sources, such as renewables, the net
GHG emissions of the ship can be reduced, not only while it is berthed but also
during propulsion, this being an advantage over mechanical or electrical propulsion.
Moreover, a combination of two or more types of power sources can be achieved,
including:

e Combustion-based power supply based on diesel engines, gas turbines or steam
turbines connected to an electrical generator.

e FElectrochemical power supply from fuel cells

e Stored electrical power supply from energy storage systems, such as batteries,
flywheels or super capacitors.

While the application of hydrogen fuel cells in ships has been so far been limited
mainly to submarines and demonstration projects, the usage of battery energy storage
for propulsion systems is becoming increasingly widespread. Different variants are
available, depending on how the storage system is connected to the electrical system:

e At the main high voltage bus bar through an AC/DC converter (Option shown in
Fig. 5d)

e At the low voltage bar through an AC/DC converter

e Directly using a DC/DC converter to the direct current link of the propulsion
converter.

One of the main benefits is that the ESS can provide power when the opera-
tion of other generators at partial load is inefficient and can then be recharged by
operating any generation source at its optimum operating point. Additionally, load
balancing and peak shaving are possible with ESS, so that efficient operating points
are maintained. Onboard storages enable recharging from shore-side reducing fuel
consumption and local emissions. The integration of renewable sources can decrease
the global warming potential of the ship’s energy supply.
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ESS can store the energy generated by braking motors, as it is the case with
heavy crane installations and offshore vessels with heave compensation. Further-
more, ESS can provide backup power in case of failure of other generators, replace
spinning reserves and enhance the availability of the propulsion, which is crucial for
applications using DP.

Challenges include the complex control strategies compared to mechanical or
electrical options and the additional maintenance and purchase costs. The higher
costs can be partially offset by the ability to downsize some components due to
redundancies and reducing component size through peak shaving.

The main applications so far are tugs, ferries and offshore vessels. An interesting
example is the MV Hallaig, which demonstrated 35% fuel savings in the trial phase
compared to a mechanical propulsion system. Around 24% of the fuel savings were
due to overnight charging using electricity from the grid and 11% to optimizing
operation with the energy management system (Geertsma et al. 2017). Some studies
have found fuel savings between 7.9 and 17.6% for different types of ships (Karvounis
et al. 2022).

4.1.5 Hybrid Propulsion with Hybrid Power Supply

This option combines the exceptional efficiency of direct mechanical drive and the
flexibility of ESS for electrical supply, as found in Fig. Se. By storing electricity
from onboard generators, shore-side electricity or both, this option can reduce the
net GHG emissions if the GHG emissions of the shore-side electricity are low. At low
propulsion power, an electric drive propels the ship conveying power from electrical
generators or the ESS. At high speeds, the mechanical drive takes over as prime
mover. The electric drive can also work as generator supplying electricity to onboard
electrical loads or for storage in the ESS. Therefore, the generator/motor is labelled
“GM” in Fig. Se.

Therefore, this alternative aims at combining the high efficiency of mechanical
propulsion at high speed with those of the electrical propulsion with hybrid power
supply at low speed. Main challenges are complicated control strategies and costs.
Hybrid propulsion with hybrid power supply is being researched for tugs and yachts.

4.1.6 Electrical Propulsion with DC Hybrid Power Supply

DC grids offer several benefits over traditional AC grids, including lower fuel
consumption and emissions at partial loads, lower noise levels and improved
resilience to interference as the frequency does not play a role in the stability of the
grid. This is because engines can operate at variable speeds in DC grids, reducing
mechanical and thermal loads, in contrast to AC grids in which engines have to
operate at a constant speed despite changes in the loads. Additionally, DC architec-
tures require fewer and smaller switchgears and are less prone to faults spreading
throughout the onboard grid. In turn, implementing a DC grid has the disadvantages
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of requiring extensive power electronic converters with high costs, fault protection
systems and complex control strategies (Geertsma et al. 2017). This particular type of
propulsion system together with DC hybrid power supply is demonstrated in Fig. 5f,
where all the electricity is converted to direct current and fed to the busbar, before
being reconverted back to AC for onboard electrical loads and propulsion.

DC power supplies are commonly used in submarines in combination with battery
packs for air-independent propulsion. The technology has also been tested in ferries,
offshore vessels, drilling ships, research vessels and wind farm support vessels. DC
is also being used in the first completely electrical vessel, MF Ampere in Norway
(Geertsma et al. 2017).

4.2 Trends of Hybrid Power and Propulsion Systems

A top-down picture of the topic of hybridization of power supply for ships will be
presented in this section. The statistics for this section were inferred indirectly from
data on the electrification of ships. Therefore, the focus here is mainly on ships with
onboard ESS and in line with hybrid power supply (Fig. 5d and e). As of August 2024,
and according to data of the class society DNV, 944 ships fitted with batteries are in
operation and 451 on order (DNV 2024). The ships are categorized as hybrid, plug-in
hybrid and pure electric, with a slightly different categorization in comparison with
the previous section. Hybrid and plug-in hybrid refer to ships combining batteries
with other power systems, having in the latter case the possibility of charge from
shore. Pure electric refers to operation relying entirely on onboard batteries. Figure 6a
shows that an important share (37%) of the ships fitted with onboard batteries are car/
passenger ferries, followed by ships for other activities (20%), offshore supply vessels
(11%) and fishing vessels. Moreover, Fig. 6b shows that most of the ships operate
either in Europe excluding Norway (35%) or specifically in Norway (33%) with
the rest elsewhere. Norway is a remarkable case for electrification of car/passenger
ferries and the biggest market of this type of ship in Europe. In terms of different
applications and as shown in Fig. 6¢, 64% of the ships are hybrid, 17% are plug-in
hybrid and 19% are fully electric. Finally, Fig. 6d shows that around 50% of the
fleet operating with batteries is not more than four years old or was fitted in the last
four years, with the ordered fleet being around one third of the current fleet by ship
number.

The statistics reveal that hybrid, plug-in hybrid and pure-electric ships are gaining
relevance. While, car/passenger ferries dominate the trend, similar solutions are being
adopted for other ships. A big share of this trend is taking place in Europe. Finally,
the orders of future ships fitted with hybrid, plug-hybrid and pure electric onboard
power systems for the following years are comparable to the existing ships fitted
with this solution, showing an increasing adoption.
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4.3 Key Performance Indicators (KPIs) of the Components
of Hybrid Power Supply Systems

Following the classification of the different propulsion and power systems for ships,
a description of the KPIs will be presented in the following section. The section
will start by describing the typical features of propulsion systems for ships. Later,
the technical and economic features of diesel engines, fuel cells and batteries as
important components of most of the hybrid power systems will be described and
contrasted.
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4.3.1 Ship Propulsion Requirements

Ships and their propulsion plants are traditionally optimized for their operation under
calm water conditions. The power required by the propulsion system at constant speed
depends on ship’s frictional, residual and air resistance. Additionally, the acceleration
required by the operational conditions may also drive the selection of the propul-
sion and power system. Ships requiring more acceleration demand a higher power-
to-displacement ratio. However—and specially for cargo ships—Ilowering the fuel
consumption has resulted in low power-to-displacement ratios, accelerating slower
than previous designs (MAN Energy Solutions 2018). Off-design conditions related
to rough weather or waves are handled in the design phase by adding a sea margin
typically comprised in the range of 15-25% of the power required in calm water
conditions (Taskar et al. 2016).

Table 2 highlights the diversity of ship types, engine speeds, and main engine
power. The broad range of typical main engine power is largely due to variations in
speed, size and engine types, even within each ship category.

4.3.2 Internal Combustion Engines, Fuel Cells and BESS

Most of the hybrid solutions so far envisioned for ships include either the traditional
diesel engines combined with BESS or fuel cells. The main features of these systems
will be introduced in the following sections.

Internal Combustion Engines

Both Diesel and Otto cycles can in general be used to produce mechanical power
for propulsion. However, the Diesel cycle offers some advantages related to higher
efficiency, fuel quality and higher compression ratios (Hannemann 2024). Being
more common, the following section will describe some KPIs for diesel engines.
KPIs for diesel engines depend heavily on the size and type of engine. Medium
speed four-stroke engines have a higher specific power and a higher power density
than low-speed two stroke engines. However, the latter have a superior fuel economy
and therefore a higher efficiency. Exemplary values for two- and four-stroke diesel
engines are summarized and compared in Table 3 (MAN Energy Solutions 2018).

Fuel Cells

Although hydrogen fuel cells have found so far limited applications for ships, these
devices are being increasingly studied and tested. A summary of KPIs for different
fuel cell (FC) technologies can be found in Table 4.

Future technology targets as defined by the Clean Hydrogen Joint Undertaking
in the EU can be found in Table 5. It is noticeable that the FC module CAPEX for
heavy duty vehicles are estimated to be lower than those for maritime applications.
CAPEX for maritime applications are expected to be around 1000 EUR/kW by 2030
in comparison with heavy duty vehicles, for which CAPEX are expected to be below
100 EURV/k. In addition, the system lifetime is expected to be longer for maritime
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Table 2 Typical characteristics of different ship types.

Category | Type Propeller | Main Size factor Speed (kn) | Typical main
engine engine power
type (MW)

Tanker Crude oil 1 FP 2-stroke | dwt 13-17 10-35

Gas tanker/ 1 FP 2-stroke, | dwt/cubic 1620 2-45
LNG carrier steam meter (cbm)

turbine
Product 1 FP 2-stroke | dwt 13-16 2-12
Chemical 1 FP 2-stroke | dwt 15-18 3-20

Bulk Ore carrier 1 FP 2-stroke | dwt 14-15 3-32

carner Regular 1FP 2-stroke | dwt 12-15 5-64

Container | Liner carrier |1 FPor2 |2-stroke |teu 20-23 10-80

ship FP

Feeder 1FPorl |2or teu 18-21 <12
CP 4-stroke
General General 1 FP 2 or dwt/nt 14-20 2-28
cargo ships | cargo 4-stroke
Coaster 1FPorl |2or dwt/nt 13-16 <12
CP 4-stroke

RoRo - 1CPor2 |2or Lane meters | 18-23 0.7-32

cargo ship CP 4-stroke | (Im)

Passenger 2 CP 2 or Passengers/ | 18-23 0.7-32

cargo ship 4-stroke | Im

Passenger | Cruise Ship |2 CP 4-stroke | Passengers/ | 20-23 0.8-97

ship gt

Ferry 2CP 4-stroke | Passengers/ | 16-23 0.8-68
gt

2 FP fixed pitch, CP controllable pitch, DWT deadweight tonnage, TEU twenty-foot unit, GT gross
tonnage, Im lane meters

Source MAN Energy solutions (MAN Energy Solutions 2018) and data from ship-db.de (Hanne-
mann 2024)

applications by 2030 (see KPI Fuel cell system lifetime) than for heavy duty vehicles
(see KPI FC stack durability). Since maritime applications require high power (see
Table 2), the fuel cell power rating is expected to increase from around 500 kW in
2020 to around 20 MW in 2030. Finally, topics related to the loading of platinum-
group metals (PGM) and power density at cell level are also considered for the
development of stacks for heavy duty vehicles.

BESS

BESS are rapidly evolving and being adopted for maritime applications. Table 6
summarizes the features of some products used for maritime applications according
to specifications made public by their manufacturers.



Waterborne Transport. Hybrid Power Supply for Electrification of Port ...

Table 3 KPIs of diesel engines
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KPI Unit Two-stroke diesel Four-stroke diesel
engines engines

Power range kW 3200-82,440 1290-19,200

Specific power Wikg 32-50 57-336

Power density W/L 2644 44-295

Specific fuel oil g/kWh HFO 151.5-175.5 174.4-2022

consumption at 75%

Specific gas g/kWh methane + g/ (126.3 + N/A

consumption + kWh HFO 2.9)-(133.9 + 3.1)

specific pilot oil

consumption (1.5%)

at 75%

Specific gas g/kWh methanol 4+ g/ | (306.9 + N/A

consumption + kWh HFO 9.8)—(322.1 + 10.2)

specific pilot oil

consumption (5%) at

75%

Capital costs $/kW 240-420 Korberg 238-493 Talluri et al.
etal. (2021), Dotto | (2016), Wartsild
and Satta (2023) (2016), Korberg et al.

(2021), Karvounis
et al. (2022), Dotto and
Satta (2023)

Based on the Marine Engine Program of MAN Energy Solutions (2024). Capital costs are taken
from literature references

4 Diesel generators for maritime applications typically consist of a four-stroke diesel engine which
and an electrical generator assumed with an efficiency in the range 95-97%; therefore, the SFOC
for diesel generators is the range 180-213 g/kWhg

As aresult of the highly dynamic market of BESS and their parallel development
for massive markets like land transportation, their prices and particularly those of
Li-ion-based BESS are decreasing rapidly due to technological progress, upscaling
of production and economies of scale. Figure 7 shows predicted price trends for
maritime batteries from the E-Ferry project. Industry sources report current prices
ranging from 400 to 420 EUR/kWh in 2024. However, the prices vary depending on
system scope and size. These prices are considerably higher than those for automotive
applications, for which forecasts predict a price at around 80 USD/kWh (approx.
76 EUR/kWh) by 2026 and faster than original predictions to higher energy densities
related with technological development and decreases in metal prices like lithium
and cobalt, which contribute considerably to the cost of producing Li-ion batteries
(GoldmanSachs 2024).

In general, KPIs for automotive applications are more developed and show the
trends that the industry is moving toward. A summary of present and future KPIs for
lithium-ion batteries is presented in Table 7.
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KPI Unit LT-PEMFC HT-PEMFC SOFC
Operating °C 65-85 140-180 500-1000
temperature

Electrical efficiency | %#LHV 40-60 40-50 50-65
Hydrogen purity - >99.98% H, | <3% CO <20 ppm S
Cooling medium - Water mixture | Thermal oil Air
Specific power Wikg 125-750 25-150 20-80
Power density W/L 50-400 10-100 10-40
Stack life time Thousand hours 5-35 5-20 20-90
Start-up time (cold) Cold <10s 10-60 min > 30 min
Load transients Idle-rated power <10s <5 min < 60 min
Capital*costs 2021 $/KW 1000-2500 3000-5000 3500-8000
(2030) (60-600) (150-1500) (500-2000)

 Future expected values italic under current values
Taken from van Biert and Visser (2022)

Table 5 KPIs and future targets for fuel cell technology for heavy duty vehicles and for maritime

applications
KPI Unit 2020 2024 2030
Heavy duty | FC module EUR/KW | 1500 <480 <100
vehicles CAPEX
FC module % 85% 95% 98%
availability
FC stack Hours 15,000 20,000 30,000
durability
FC stack cost | EUR/KAW | >100 <75 <50
Power density | W/cm? 1at0.650 V. | High TRL: 1.0 |High TRL: 1.2
at 0.675 V at 0.675 V
Low TRL: 1.2 | Low TRL: 1.5
at 0.650 V at 0.650 V
PGM loading | g/lkW 0.4 High TRL: 0.35 | High TRL: 0.30
Low TRL: < Low TRL: <
0.30 0.25
Maritime FC power MW 0.5 3 10
applications | rating
Hydrogen TonHpy/h |0 2 20
bunkering rate
Fuel cell Hours 20,000 40,000 80,000
system lifetime
PEMFC EUR/KW | 2000 1500 1000
CAPEX

Based on Tables 16 and 17 of the Strategic Research Agenda 2021-2027 of the Clean Hydrogen
Joint Undertaking (2022)
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Table 6 KPIs of BESS for maritime applications Corvus Energy (2024b), Leclanché Energy
Storage Solutions (2024)

KPI Unit Leclanché MRS-3/65 Leclanché | Corvus

MR-3/72 energy
Orca ESS
Battery cell G/NMC, 65 Ah G/NMCA, |Li-ion
chemistry 72 Ah NMC/
Graphite

Operating Charge: 0 to 4 45 °C; Discharge:

temperature —20to +55°C

Electrical efficiency Typically, 85-90%, round Typically, | Typically,
85-90%, 85-90%,
round round

C-Rate discharge, |C-Rate |4.6C TBC 3C

peak, 20 s

C-Rate charge, C-Rate |2.8C TBC 3C

peak, 20 s

C-Rate discharge, C-Rate |2.7C 2.4C

continuous

C-Rate charge, C-Rate 1.8C 1.5C

continuous

Cooling medium Liquid cooled Liquid
cooled

Specific energy Wh/kg | 152-157 N/A 77

(pack)

Energy density Wh/L 249-270 N/A 88

(pack)

Specific energy Wh/kg | 101 112 76

(system)

Energy density Wh/L 108 120 76

(system)

Life time Cycles | 7000 at 80%DoD 6000 at -

4000 at 100%DoD 80%DoD

Alternative cell chemistries are under development. This implies developing
new cathodes, anodes, electrolytes in lithium-based batteries or even substituting
lithium completely for other elements like sodium (Cai et al. 2024), potassium (Xu
et al. 2023), calcium (Stievano et al. 2021), magnesium (Dominko et al. 2020), or
aluminum (Elia et al. 2021). Expected KPIs for some of these emerging battery tech-
nologies at cell level are currently collected on a regular basis by Batteries Europe
(Batteries Europe 2023).
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Table 7 KPIs for lithium-ion batteries

KPI Unit Level | 2020 2030 2050
Gravimetric energy density Wh/kg Pack |90-180 |190-2320 | >250
Cell |160-260 |275-320 | >350
Volumetric energy density Wh/L Pack |250-400 |450-550 | > 600
Cell |450-730 | 750-900 | > 1000
Gravimetric power density Wikg Cell |340-500 |800-1100 | > 1200
(100-20%
SOC)
Fast charging time min (20-80% | — ~1000 | ~2000 > 3000
SOC, 25 °C)
Battery lifetime to 80% end-of-life | Cycles - 15-30 10-15 <10
capacity for BEV (25°C)
Battery lifetime to 80% end-of-life | Cycles - ~1000 |Upto 2500-5000
capacity for stationary applications | (40-50 °C) 2000
Calendar life Years (80% - 10 10-15 15-20
energy)
Cost targets EUR/kWh Cell |60-100 |40-60 <50
EUR/kWh Pack |90-140 |65-110 40-70
Collection/take back rate - - - > 50% > 90%
Recycling efficiency by weight - - - > 40% > 90%
Economy of recycling - - - ~150% | ~50%

Taken from Armand et al. (2020)
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4.3.3 Comparison of Different Power Generation and ESS Technologies

In the previous section, a few key indicators about the three key technologies were
summarized. Combustion engines (diesel) as prime movers have a lower upfront cost
compared to fuel cells, especially in its LT-PEMFC and SOFC variations. Batteries
are not directly comparable because they are energy storage technologies and not a
mechanical or electrical power generation technology. Nevertheless, as their prices
are decreasing rapidly, they are becoming an option to store and provide power for
automotive applications and further onboard ships (GoldmanSachs 2024).

Considering the specific fuel consumption of the diesel engines and the heating
value of the fuels they can burn, their efficiency is in the range between 42 and 52%,
depending on the size and type of engine. The addition of one electrical generator
decreases the efficiency to around 46% in the best cases considering the production
of electricity. This is lower than the efficiency of fuel cells which is in the best
cases around 60%. Therefore, fuel cells promise a higher efficiency than the internal
combustion engines, with the tradeoff so far of a higher upfront cost. Specific power
and power density are relevant aspect for transportation equipment and those of fuel
cells and diesel engines are comparable.

Scalability is still an issue for fuel cells. The power demands for ships can go up
to two-digit MW, whereas currently the fuel cell modules offered in the market have
rated power around hundreds of kW. Therefore, power upscaling is one of the KPIs
for the upcoming years for fuel cells (see Table 7). Although in principle modularity
allows to put several modules together to meet the power demands, in reality this
becomes unpractical. Diesel engines as the incumbent technology come in power
outputs, often with smaller power in their four-stroke variation and higher in the
two-stroke.

The integration of these elements into hybrid power systems also requires a consid-
erable amount of equipment for the control of the different devices, fault protection,
voltage conversion, rectification, among others. This equipment is not mentioned
here, but can certainly have considerable additional costs and conversion losses
during the operation.

The following section will show an example of a hybrid hydrogen fuel cell battery
electric ferry, encompassing the motivations, the specifications of the system and how
this system compares to other alternatives in environmental and economic terms.

5 Case Study: Electric Propulsion Hybrid Power System
Ferry Developed in the Project HySeas I11

Building on previous sections, this section showcases an example vessel with an
electrical propulsion system and hybrid power supply (see Sect. 4.1.4). The EU
Horizon 2020 project HySeas III (Grant Agreement 769,417, 2018-2022) conceptu-
alized this hybrid Hydrogen Fuel Cell and Battery Electric (HFCBE) passenger/car
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(RoPax) ferry, for which approval in principle was granted by the end of the project
(European Commission 2022).

5.1 Motivation for the Concept Development

The HySeas III project aimed at developing and testing a hybrid Hydrogen Fuel Cell
and Battery Electric (HFCBE) RoPax ferry concept, with the final goal of creating the
world’s first sea-going hydrogen-powered vessel for the Orkney Islands in Scotland.
The project built on the previous feasibility studies (HySeas I and HySeas II) and
tested the effectiveness of hydrogen and fuel cells in seagoing vessels through testing
a real size power system on land. The selection of the route and the operation site
aimed also at the hydrogen availability and utilization in the Orkney Islands, a location
where hydrogen infrastructure is already existing and has been installed by other
parallel testing projects. The outcomes contributed to paving the way for future ship
construction by conceptualizing the ferry and its hybrid propulsion and power system,
designing and testing the power systems at real scale, conceptualizing the refueling
infrastructure and conducting market-potential and sustainability assessments. A
rendering of the concept developed in the project can be seen in Fig. 8, where the
compressed hydrogen tanks can be seen over deck.

I i - 5

o
HySeasqyy ™

va:L

Fig. 8 Rendering of the HySeas III RoPax hydrogen fuel cell RoPax ferry concept. Source Gomez
Trillos and Draheim (2022), created by Courtesy of ABL Group/Caledonian Maritime Assets
Limited
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’sI]‘;le:;lieﬁfa tisok;if general Ship Specification Value Unit
Route Kirkwall-Shapinsay
Number of crossings per day | 12 -
Operation speed 9.5 kn
Maximum speed 11.0 kn
Length overall 40 m
Breadth (moulded) 11.5 m
Depth (main deck) 2.5 m
Type of ferry Double-ended -
HGV 2 Units
Cars 16 Units
Deadweight 115 Ton
Lightship 315 Ton
Crew 4 Person

Source HySeas Preliminary General Arrangement Caledonian
Maritime Assets Limited (2021)

5.2 Technology Neutral Requirements

The carrying capacity, number of crossings and speed were specified according to
local transportation demands between the ports of Kirkwall and Shapinsay. Based
on these specifications, a design was drafted and its corresponding power demands
were estimated. Table 8 outlines the key specifications for the concept developed in
the project.

An electrical propulsion with hybrid power supply including fuel cells and
batteries was designed to meet the calculated power demand, based on the specifica-
tions. Key propulsion and power system specifications are summarized in Table 9.
The fuel cell and battery capacity on board was estimated according to the opera-
tional profile of the ship and to meet the power requirements onboard, with margins
for weather conditions, redundancy in case of failure and considering emergency
operation with system limitations.

5.3 Operational Profile and Hybrid Power System Solution

The daily operation of the ship consists of 12 crossings between Kirkwall and Shap-
insay, covering a distance of 4 nm (7.2 km) at a service speed of 9.5 kn (17.6 km/h),
each crossing taking approximately 25 min. The loads considered for the propulsion
design are depicted in Fig. 9, which indicates the highest loads at around 900 kW, and
around 400 kW during steady crossing. When the ship is docked at port, the loads
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Table 9 Propulsion and power system specifications Gomez Trillos and Draheim (2022)

Feature Value Unit Note

Propulsion load 850 kWer Estimated

Hotel load 50 kW Estimated

Maximum load 900 kW Propulsion + Hotel load

Fuel cells 100 x 6 = kWi Assumed as FCMove® 100 kW fuel cell of the

600 company Ballard

Battery capacity 740 kWh Charging overnight and from fuel cells during
operation

Hydrogen ~120 kg/day | Estimated

consumption

Hydrogen storage | 320 kg Per design and according to fueling frequency

onboard specifications

are just under 200 kW, accounting for minimum operation of thrusters to maintain
the position of the ship hotel loads.

To meet the power demands, various strategies with the specified hybrid power
system comprised of fuel cells and batteries were analyzed. A strategy that maxi-
mizes the battery usage with overnight charging was deemed optimal and will be
considered hereafter. This approach is exemplified in Fig. 10, where the fuel cells
operate at around 45% of their rated power, near their optimal range (10-40%), mini-
mizing therefore the specific hydrogen consumption per unit of electricity produced.
The batteries absorb the demand peaks during acceleration and maneuvering, while
negative values represent battery charging from the fuel cells when docked. During

1000
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400
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o Tramsit
Decceleration
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Hotel load,Starboard

Bow thruster,Starboard
Azimut thruster,Starboard
Hotel load,Port

Bow thruster,Port
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30 40

Fig. 9 Load profile as assumed for the HySeas III concept Gomez Trillos and Draheim (2022)



Waterborne Transport. Hybrid Power Supply for Electrification of Port ... 307

Port Starboard
500 £ 500 ¢
Ses 5 3.~ 5
5 52 sl Si o
400 & 58 T 400 3!§! 78 3
= £5. 5 g ao o g
EHEH ks F o o1 S L =
>19; 2 3 >|§ 9 3
Syl ag B a g
— 300 2 & 5 300 gj s
= cy o = Gy | =
= o 2
9] 200" :'““““". E"E 200 ! .—'—'—'—'l
5 T i i
a o =1 I.r'!
100 :_ ________________ 100 l_ ___________
0 ' 0
-100 -100
0 10 20 30 40 0 10 20 30 40
Time [min] Time [min]
—-=— Load, Starboard =~ ====- Load, Port
Power battery, Starboard Power battery, Port
Power fuel cell, Starboard Power fuel cell, Port

Fig. 10 Operational strategy using maximum battery and maintaining the operational point of the
fuel cell in their highest efficiency Gomez Trillos and Draheim (2022)

each crossing, the net charge in the battery decreases slightly, so overnight charging
is necessary to compensate for the net energy discharged during the entire day. In
addition as shown in Fig. 10, the loads are divided into port and starboard sides
more or less evenly and therefore reach around 450 kW for each side (Compare with
Fig. 9). The total net power supply for each of the sides is shown in dotted black
lines.

5.4 Sustainability: Environmental and Economic
Assessments

Environmental and economic assessments of the HFCBE RoPax ferry were carried
out and compared against other alternatives like Diesel Electric (DE), hybrid Diesel
Battery Electric (DBE) and Battery Electric (BE), the latter based completely on
batteries. The HFCBE, DBE and BE were considered as plug-in alternatives with
charging overnight. Life cycle assessment (LCA) was used to assess the envi-
ronmental impacts according to the ISO 14040/14044 standards and using the
ILCD2.0—2018 impact assessment method. Construction, operation and end-of-life
management were considered. The software Brightway?2, its user interface Activ-
ityBrowser and the database ecoinvent 3.7 were used to carry out the calculations
(Wernet et al. 2016; Mutel 2017; Steubing et al. 2020). The economic assessment was
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Table 10 Yearly energy carrier and fuel/electricity consumption of the different considered
alternatives Gomez Trillos and Draheim (2022)

Energy carrier Fuel/electricity consumption

HFCBE DBE DE BE
Diesel (kg) - 174,625 201,044 -
Hydrogen (kg) 49,988 - - -
Electricity (kWh) 146,482 146,482 - 1,095,368

carried out via Life Cycle Costing (LCC) by considering the construction costs, oper-
ation expenses, energy carriers, component replacement and end-of-life processing.
The analysis built on data of fuel consumption calculations and energy flows for the
operational phase of the ship. The functional unit for both LCA and LCC was 1 km
of crossing over a 30-year ship lifetime. For the HFCBE alternative, hydrogen was
assumed as produced in the UK and electricity from UK’s grid was assumed for
battery charging overnight. Some results of this work can be found in other docu-
ments (Trillos et al. 2021; Gomez Trillos and Draheim 2022; Kazemi Esfeh et al.
2022).

As the project focused on developing an innovative hybrid power system based on
hydrogen fuel cells and Li-ion batteries, which impacts directly the energy carriers
used by the ship and the emissions, the operational profile was therefore emphasized.
A summary of the yearly energy carrier and electricity consumption according to the
modelled considerations can be seen in Table 10. According to the estimations carried
outin the project, the operation of the ship requires approximately 50 tons of hydrogen
per year and it is additionally supported with the charging of around 146 MWh of
electricity overnight from the grid for battery charging. For the diesel-based alterna-
tives, around 174 tons of diesel are consumed by the hybrid DBE alternative and 201
tons are consumed by the DE alternative on a yearly basis. The latter had a higher
fuel consumption because of not having the possibility of storing electricity onboard.
Finally, the BE alternative consumes around 1095 MWh per year and no fuel, as this
alternative is completely based on electricity charged from shore.

5.5 Environmental Assessment

The results of the GHG emissions per km of crossing are shown in Fig. 11. The
operation phase has the higher share among the three considered phases and for all
the alternatives. This increases from 76.3% for the HFCBE up to 96.1% for the DE
alternative. Moreover, the construction has higher relative impact in the case of the
HFCBE (22.9%) than in the case of the DE alternative (3.8%). The end-of-life was
found to have a limited impact in the life cycle, although the data for the scrapping
process was limited and scrapping on site was assumed for this phase.
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Fig. 11 Complete life cycle GHG emissions for the different alternatives considered for the analysis
of the concept in the project HySeas III Gomez Trillos and Draheim (2022)

When comparing the impact per km of crossing, the DE alternative was found
as the one with the highest GHG emissions with 27.0 kg CO,eq/km. The hybrid
DBE alternative achieve certain reductions with an impact of 26.0 kg CO,eq/km
mainly linked to the lower diesel fuel consumption but in turn with higher emissions
for the construction of the ship due to the onboard batteries, despite considering
replacement of the batteries during the lifetime, the impact of this was relatively minor
in relation to the impacts of fuel combustion on board. Therefore, the DBE alternative
achieves a reduction of the GHG emissions by approximately 3.7% compared to the
DE alternative when all the life cycle is considered. The reduction achieves 5.0%
when only the operation phase is considered. For the BE alternative, for which
only electricity is considered for the operation, the reduction compared to the DE
alternative is even higher. In this case, the impact per km of crossing reduces to 16.0 kg
CO,eq/km, therefore resulting a reduction of 40.7% compared to the DE alternative.
Finally, the hybrid HFCBE alternative developed in HySeas III had estimated GHG
emissions of 5.3 kg CO,eq/km, thus a reduction of 80.4% compared to the DE
alternative, considering the assumption that the hydrogen consumed by the power
system onboard is produced via electrolysis with electricity sourced from wind power.

5.6 Economic Assessment

Table 11 summarizes the total life cycle costs as well as the life cycle costs per km
estimated for the different alternatives. The HFCBE alternative is estimated to have
costs per km and for the entire life cycle costs 51.1% higher than those of the DE
alternative. The contribution of different cost items can be seen in Fig. 12. The main
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Table 11 Life cycle costs and life cycle costs per km for the different alternatives Gomez Trillos
and Draheim (2022)

Alternative Life cycle cost Life cycle cost per km Comparison with DE (%)
(MEUR2021) (EUR2021/km)

HFCBE 36.8 69.83 +51.1

BE 28.5 54.14 +17.2

DBE 253 48.06 +4.0

DE 243 46.21 -

contributor to the life cycle costs are the CAPEX of the ship shown in the plot under
the item ““ship construction”, which includes the metal work and ship equipment but
excludes the power system of the ships. In the particular case of the HFCBE and BE
alternatives, these costs are higher due to a higher construction costs assumed for
these alternatives. Next to the CAPEX, the personnel costs for the operation of the
ship also contribute a considerable share to the total life cycle costs and are the ones
with the second highest share for the BE, DBE and DE alternatives. The personnel
costs were assumed equal for all the alternatives. Following this, the costs of the fuels
and electricity are the third contributor in all the cases, with a marked contribution
in the case of the HFCBE alternative, for which the hydrogen costs are higher than
the personnel costs. Interestingly, the power train and the replacements of batteries
(and in the case of the HFCBE alternative fuel cells) contribute in lesser degree to
the life cycle cost of the ship, being more relevant for the HFCBE alternative which
includes both batteries and fuel cells.

5.7 Conclusions of the Case Study and Outlook

This chapter described the requirements necessary for the operation of a passenger/
car ferry. Built on these specifications, a solution based on hybrid hydrogen fuel cell
and battery power system was developed, considering the power demands according
to estimations made in the project HySeas III. Following this, sustainability assess-
ments were carried out, showing that the proposed solution allows to reduce the GHG
emissions considering all the life cycle phases from 27.0 for a diesel electric alter-
native to 5.3 kgCO,eq/km for the hybrid hydrogen fuel cell and battery alternative,
therefore allowing a reduction of 80.4% of the GHG emissions per km. This result
was obtained considering hydrogen produced via electrolysis fed with onshore wind
electricity. Even some reductions estimated at 3.7% were obtained for a hybrid diesel
electric alternative also assessed as comparison in the project. Nevertheless, the GHG
reductions come along with higher expected life cycle costs, which were estimated
as 51.1% higher than those of a diesel electric alternative due to the high CAPEX
and hydrogen costs for operating the ship. In general, this study case shows that the
hybrid power solutions for ships may provide environmental benefits in terms of the
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Fig. 12 Contribution of different cost items to the life cycle cost per km for the different alternatives
considered in the study. Discount rate of 3.5% assumed Gomez Trillos and Draheim (2022)

reduction of potential GHG emissions. However, some tradeoffs between the reduc-
tion of GHG emissions and the upfront and operational costs exist, as the hybrid
solutions were found to be more expensive than more traditional and non-hybrid
solutions.

Although the construction of the HySeas III concept has not yet been realized,
in this dynamic market, ships using fuel cells for their power systems have already
been built in parallel projects. These include, for example, the MF Hydra in Norway,
the MV Sea Change in the USA and the Suchetha ferry in India, which are already
testing these technologies under operating conditions.

6 Conclusions

Waterborne transportation is under increasing pressure to minimize its contributions
to climate change and pollution. The introduction of solutions for ships is a relevant
part of the measures being taken in this direction, but other equipment at the port as
well as the energy supply when ships are at berth are also seen as part of the solution.
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To this end, hybrid solutions are already being considered, which have been
discussed in detail in the previous chapters. For instance, for ports, the use of Rubber-
Tire Gantry (RTG) Cranes has been presented, where hybridization makes it possible
to store the energy used to lift containers, which would otherwise be dissipated during
container descending. The fuel savings from these solutions are estimated to be in
the range 30-60%. Hybrid tugs, ships used to assist other ships during maneuver,
are also being considered as a solution to decrease pollution and GHG emissions at
ports, already with some offers from commercial producers of these pieces of equip-
ment in the market. Fuel savings of 20-28% have been described in the literature
for hybrid tugs. Finally, drayage trucks carrying containers ashore within ports were
also portraited as a means of transport where hybridization could also bring benefits
such as reducing air pollution with the added possibility of reducing GHG emissions
due to higher efficiency and the possibility of use green electricity from the grid.

Shore-side electricity (SSE) applications aim at the supply of electricity to ships
while at berth were shown. Hybrid solutions in this regard were discussed and are
promising, especially when the electricity supply at port is limited. Conventional
solutions such as diesel generators, especially for large ships at berth, have a non-
negligible share of total CO, emissions and air pollutants like NOy, SOx and PM; 5.
Alternative variants such as shore-side power supply, e.g., with renewable energies
(OPS) via the local grid and the combination with storage on land (power banks),
own port energy generators like fuel cells and the use of battery-electric ships (e.g.,
charging with the help of battery swapping) can reduce pollution and CO, emissions
in the future and increase the resilience of the supply in the ports. If hybrid power
systems onboard ships are increasingly adopted in the future and the energy stored
on board is used for ship propulsion, other operational phases of the ships can also
be impacted and additional benefits in terms of reduction of air pollution and GHG
emissions are expected. Even if various SSE options are available, the lack of uniform
standards, e.g., in the area of interchangeable batteries, eclectically operated ships
and direct current charging in a maritime context are preventing implementation. In
addition, the high costs of electricity and hydrogen and the associated propulsion
systems compared to the low costs of MDO and HFO are also a deterrent to devel-
oping an infrastructure for SSE. However, an improved energy management system
to absorb peak loads and use cheaper electricity at times of higher load could help
to improve efficiency and reduce the ship’s overall electricity costs.

Hybrid power and propulsion systems on ships were also highlighted in compar-
ison to traditional mechanical propulsion systems. The current increasing trends of
the adoption of hybrid power for ships based on battery energy storage systems were
briefly explained. Current key performance indicators of the power demands for ships
as well as the current performance of some key equipment like internal combustion
engines, fuel cells and batteries were briefly described and compared. In addition,
statistics of the hybridization of ships based on battery energy storage on board were
shown, from which it can be concluded that Europe and Norway are the main loca-
tions where these solutions are being implemented. Moreover, car/passenger ferries
are the main type of ship for which these systems are being adopted, hybrid and
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plug-in hybrid are the main ship types in terms of the number of active or ordered
vessels, and the number of ships fitted with batteries is generally increasing.

Finally, the particular case of the project HySeas III was presented showing that
the hybrid hydrogen fuel cell and battery electric concept allows a reduction of
80.4% of the GHG emissions during its entire life cycle compared to a diesel electric
alternative. However, the HFCBE alternative was estimated with a life cycle cost
of 69.83 EUR2021/km, exceeding by 51.1% that of a comparable diesel electric
alternative. One prerequisite for this is that the hydrogen consumed by the ship is
produced using wind power and assuming the average GHG emissions from the
grid in the UK for the overnight electricity supply to charge the batteries onboard.
Therefore, tradeoffs between the reduction of environmental impacts and the costs
remain to be one of the barriers to overcome for these innovative hybrid power
alternatives.
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Hybrid Energy Storage Systems in Rail )
Transport et

Michela Longo, Linda Barelli, and Dario Zaninelli

Abstract As of now, decarbonization is a central theme. In the European context,
40% of railway lines are operated by diesel trains. Among countries such as Italy,
Germany or UK, even values as high as 60% are reached. In order to successfully
achieve the 2030 and 2050 targets, in the past it has been considered to electrify all
remaining lines. Hybrid trains, however, are an alternative to this. In this chapter,
solutions for Hybrid Energy Storage Systems in rail transport will be discussed.

Keywords Transportation systems + Hydrogen - Railway systems - Battery
electrical multiple unit - Techno-economic assessment

1 Introduction

Environmental factors related to rail transport are Green House Gases (GHG) and
local pollutant emissions. GHGs evaluation must be computed with a well-to-wheel
approach (WTW), which considers both emissions from the conversion and use of
fuel to operate the vehicle, and emissions from fuel production and fuel transport
(Choi and Song 2018; da Fonseca-Soares et al. 2024; Kwakwa et al. 2023). The level
of Carbon depends on the type of rolling stock supply. To illustrate the advantages of
one traction system over another, it is necessary to analyze aspects both from the point
of view of the emissions that this traction system entails and the cost of implementing
a traction system. Diesel traction has higher CO, emissions than electric traction,
although on low-traffic lines it can be more economical than electric traction. It must
be kept in mind that electric traction has a fixed initial cost, so the construction of
an electrified line does not depend on the number of trains running on it. Still, the
economic return on construction depends on the useful traffic on the line (Ogunkunbi
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and Meszaros 2023; Sasse and Trutnevyte 2023). The useful traffic is the number of
people carried for passenger trains and tons of goods for freight trains. Therefore,
diesel traction is used today for complementary lines with low traffic density with
single track, while lines with high traffic density prefer electrified lines. Analyzing
more in detail, diesel traction has the energy source on board and has torque at low
speeds, which makes it perform better with higher acceleration, but as mentioned
earlier, it has higher emissions than electric traction (Pratico and Fedele 2023). The
introduction of the Battery Electric Multiple Unit (BEMU) would result not only in
reduced emissions but also in the introduction of the electric energy source on the
trainset represented by the traction battery. Moreover, also the emissions generated
by fuel consumption in the production of electricity for traction should be accounted
for (Kapetanovi¢ et al. 2024; Klebsch et al. 2018, 2019). For the electric rolling stock,
the increase of renewable sources for electricity production must be considered in
GHG emissions calculation (see Fig. 1). Since 2017, many railway companies in
Europe have purchased electricity from renewable sources, reducing CO, emissions
per passenger by 15% compared to purchasing electricity directly from national
operators. As far as freight transport is concerned, there has been a reduction of
around 6%. The European Union announced on 16th December 2020 that 2021
would be the European Year of Railways (IEA, 2020).

This initiative goes towards the promotion of environmentally friendly public
transport for both companies and citizens and is part of the goal of achieving climate
neutrality by 2050 sought with the Green Deal. Transport accounts for 25% of green-
house gas emissions in Europe. However, rail only accounts for 0.4% of these emis-
sions and is the only sector that has drastically reduced emissions since 1990. Only
11% of passengers and 7% of goods travel by rail. In addition to this, the European
Union wants to increase these percentages to reduce greenhouse gas emissions, espe-
cially from the transport of goods by land and sea. During the Covid pandemic, the

GHG emissions source

Waterborne Other
transport 0,5% = Road transport
14,1%

= Civil aviation

Civil aviation = Waterbome
13% transport
Road transport
72%

Fig. 1 Greenhouse gas emissions from transport
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railway was a means of transport for essential goods, including medicines and basic
services. This sector was also severely affected by a decrease in passenger numbers
due to health restrictions imposed by European states in response to the pandemic.
A supplementary package that created a united railway area without institutional
barriers in favor of economic growth has also been designed (European Parliament
2022).

As it was reported earlier with the Green Deal, Europe has set a target to reduce
greenhouse gas emissions by 50% by 2030 and 90% by 2050 compared to 1990.
In Europe, most railway lines are electrified, although there is a 20% use of diesel
rolling stock. On lines with low passenger density, the electrification process is not
economically sustainable. Alternatives to diesel propulsion are being investigated,
such as the introduction of hydrogen and the use of battery-powered trains (BEMU)
that can reduce the level of greenhouse gases (G. and I. T. Directorate-General 2021).

Over the decades, the technology of a Diesel Multiple Unit (DMU) has improved
considerably in terms of both emission and noise reduction and energy absorption
during operation. Many DMUs feature a battery to ensure hybrid operation (Pratico
and Fedele 2023). However, European Union has decided to stop the production of
diesel vehicles; this decision makes clear that the objective of decarbonization in rail
transport is to be achieved by moving in a different direction, namely through the
introduction of new technologies (Ansa 2022).

In the classification of railway lines three classes are distinguished:

e Fully electrified lines which are subdivided into regional transport lines and high-
speed lines, where run Electrical Multiple Unit (EMU). The rolling stock operation
consists of the absorption of electrical power through the catenary by means
of a pantograph. Electrified lines in the European Union have different traction
systems that differ in terms of catenary voltage. For historical reasons too, most
of the European network has an electrical voltage of 15 kV AC single-phase with
a frequency of 16.7 Hz or 25 kV AC single-phase with a frequency of 50 Hz for
ordinary regional rail service. In Italy, there is a 3 kV DC power supply for regional
rail transport (Arboleya et al. 2020). Furthermore, the Technical Specifications
for Interoperability (TSI) for Energy subsystem establish in Sects. 7.2.1 and 7.2.2
that the railway lines of the various countries must be interoperable, although it
is left up to each country to arbitrarily choose the traction system (Commission
Regulation 2014).

e Non-electrified lines that do not have any power supply system are travelled by
DMU and by diesel-electric rolling stock.

e Mixed or hybrid lines are those railway lines with partial electrification. Partial
electrification is due to the presence of electrified line sections and stations since
these are shared with other lines that are fully electrified. Such lines are run by
DMU or Battery Electrical Multiple Unit (BEMU).

The railway represents a transport sector that is widely used to connect isolated
areas of Europe and thus represents a link between internal and cross-border European
regions. In Italy, this situation is not the same case as European contest because many
areas of Italy are not connected by any railway lines.
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In the Italian railway sector, a distinction must be made between basic lines and
complementary lines. Fundamental lines are those lines with a high level of traffic and
an electrified infrastructure connecting the main cities, while complementary lines
are single-track lines with medium to low traffic and a non-electrified infrastructure.
From an infrastructural point of view, mixed lines are complementary lines with
a low level of electrification compared to the entire length of the line. The three
lines here investigated, which run from the city of Pavia, are medium-low traffic
lines and have a medium-low electrification level concerning the length of the line.
Diesel traction is the solution used on these sections because any electrification
of the line would entail an unsustainable cost with respect to the traffic on these
lines. Traditional diesel traction is flanked by diesel-electric traction to reduce the
environmental impact of rolling stock. BEMU is an economical and environmentally
sustainable solution for these lines. BEMUs are rolling stock with a traction battery
that can be used on sections of line where there is no catenary, while where there is a
catenary, the rolling stock is powered using a pantograph. The pantograph allows the
battery to be recharged both while running and when the rolling stock is at a standstill
at the station. BEMU is used in some European countries such as Germany, France,
Austria, Netherlands, England, and Norway (CHAMARET 2019; IEEE Industrial
Electronics Society 2019; Thorne et al. 2019; Heckele et al. 2022), while it is not yet
used in Italy.

2 Main Trends in Rail Transport Sector

Mobility as a resource for environment and community: public transit, specifically
the one on two wheels and rail, needs to be decarbonized in order not to further
impact the Planet’s health and, at the same time, allow to move around in an efficient
and sustainable way.

® Ona global scale, rail industry is undergoing a transformation, with hybrid trains
emerging as the next key technology, towards a sustainable and efficient rail
transport. Such trains, combining traditional diesel motors with electric trac-
tion systems, offer a practicable solution in reducing GHG emissions and fuel
consumption. In the following, the five main trends that shape hybrid train market
sales are presented:

e Growing emphasis on environmental sustainability: Environmental sustainability
is the leading aspect of hybrid train markets. Governments and regulatory bodies
all over the world are setting stricter and stricter targets for emissions, to fight
against climate change and reduce atmospheric pollution. Hybrid trains are seen as
a crucial part of this strategy since they can significantly reduce carbon emissions
concerning conventional diesel trains. These trains are able to circulate on non-
electrified lines, which compose the largest share of global railway lines, using
energy coming from batteries in urban areas to reduce to the maximum extent
possible local pollution. The push towards more ecological transport solutions is
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stimulating the demand for hybrid trains, with producers focusing on developing
more efficient and more ecological models every year.

e Technological progress in batteries and energy storage systems: one of the most
relevant tendencies in the hybrid train market is the rapid evolution of batteries’
technology and energy storage systems. Innovations, such as the ones in the field
of Lithium-Ion and solid-state batteries, as well as other storage solutions, are
improving the performances, autonomy and efficiency of hybrid trains. These
progresses allow for longer working periods in electrical-only mode, reducing the
dependence on diesel motors. In addition to this, regenerative braking systems,
able to capture and store energy during braking, are becoming more and more
diffused. These technologies not only play in favor of making hybrid trains
more ecological and sustainable but also reduce operative costs, acting on fuel
consumption and maintenance requirements.

e Government incentives and funding programs: Governments all over the world are
introducing incentives and funding programs to promote hybrid trains’ adoption.
These initiatives include grants, subsidies, and tax relief projects for railway oper-
ators and producers that invest in hybrid technology. As an example, in Europe,
the European Green Deal is aimed at making railway transport more sustainable,
distributing significant funding for the development and diffusion of hybrid trains.
Parallel to this, in Asia and North America, governments are prioritizing projects
of railway infrastructures that contemplate hybrid technologies. These incentives
are accelerating the market’s growth, making hybrid trains more appealing and
financially feasible for operators.

e Expansion of hybrid trains’ applications: The possible applications of hybrid
trains are growing beyond passenger service, including the transport of goods and
high-speed service. Freight transport operators are adopting an ever-increasing
number of hybrid locomotives in order to keep up with the targets set for emissions
reductions and raising fuel efficiency. In addition to this, high speed hybrid trains
able to guarantee faster long-haul routes, while being cleaner and more efficient are
currently being developed. This diversification is enlarging the hybrid trains’
market, because operators, in various fields, recognize the advantages related to
lower emissions, lower operating costs, and better performances. The versatility
of hybrid trains makes them suitable for a wide range of rail services, further
pushing the possibilities of adoption.

e [ntegration with intelligent and connected technologies: Hybrid trains’ market
is being revolutionized by the integration of intelligent and connected technolo-
gies. Advanced monitoring systems, [oT devices and data analysis are being used
towards optimizing rail operations, increasing energetic efficiency and bettering
user experience. As an example, predictive maintenance technologies allow oper-
ators to monitor working conditions of hybrid trains in real time, avoiding mechan-
ical faults and reducing the downtimes. Furthermore, intelligent energy manage-
ment systems allow for a more efficient battery recharge and refueling. These
technological progresses are making hybrid trains more reliable, convenient and
easy to use, contributing to their ever-increasing popularity.
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3 Example Technologies to be Adopted

3.1 Battery Electric Multiple Unit (BEMU)

An important goal for the freight and passenger transport sector is the reduction of
CO; emissions into the air. In Europe, transport accounts for 25% of greenhouse gas
emissions and is the main cause of urban pollution gases (G. and I. T. Directorate-
General 2021).

These emissions must also be reduced to ensure a slowdown in climate change
that has been affecting the world in recent years. This climate change is due to the
greenhouse effect caused by the CO, emissions mentioned above.

Europe’s response to this problem is the introduction of increasingly low-emission
transport. Rail transport is a sector with very low carbon emissions for both passenger
and freight transport. However, diesel-powered rolling stock is currently used in this
sector for low and medium-traffic density routes.

Through the Green Deal signed by the European Commission, the European Union
has set the goal of reducing net greenhouse gas emissions by at least 55% by 2030
compared to 1990 levels, combined to have no more diesel vehicles on the market
by 2050, achieve carbon-free transport (European Commission 2022). In the railway
sector, substitutes for diesel traction are being considered with the aim of reducing
both environmental and noise pollution. Possible solutions are rolling stock with
batteries, hydrogen fuel cells, and other low-carbon energy sources. In diesel rolling
stock, hybrid rolling stock is considered. Such rolling stock has a diesel-electrified
traction that reduces CO, emissions into the air (Pratico and Fedele 2023). Complete
electrification of the lines is not applied on these railway sections because the cost of
electrification is high compared to the useful passenger traffic, and this investment
would not be recovered.

In recent decades, special attention has been paid to vehicles with an onboard
energy storage system for use in railway sections where there is no catenary. Such
OESS (Onboard Energy Storage System) represents a very efficient electrical traction
with the use of areasonable amount of regenerative braking. Such vehicles represent a
solution as they minimize costs by reducing maintenance and installation of electrical
infrastructure requirements.

One problem with the use of these rolling stock materials is the materials used
to manufacture the batteries. Rail represents the lowest carbon-emitting transport
sector today and the most efficient, although a 9% share of total passenger and
freight transport railways account for less than 2% well-to-wheel GHG, and it is
about 3% of total final energy use (IEA 2022). Moreover, the low energy demand
per passenger per kilometer is because there are lower losses caused by friction and
drag. The higher energy efficiency of electric motors compared to diesel engines is
due to regenerative braking and the high storage capacity; however, in the account of
GHG emissions related to electrification in railways, emissions of fuels that are used
to produce the electric energy are considered. In electricity production, renewable
sources are also considered. In Europe, approximately 40% of electricity is produced
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with minimal coal, with an average of 20% produced directly from renewable sources
(IEA 2022).

All over the world, solutions are being developed to reduce the environmental
impact of railway companies’ rolling stock by increasing their production and power
plants to promote energy demand interaction. Production of energy from renewable
sources has increased, including nuclear energy, and this production contributes to
supply railway traction. In the global railway world, the mix of renewables and
nuclear energy accounted for 13.5% as of 2015, and it has doubled since 1995.

BEMU technology

Bimodal battery trains have replaced diesel-powered rolling stock in complemen-
tary hybrid lines in some European countries, including Germany, England, France,
Austria, and Poland. Worldwide, in some states such as Japan and even Russia,
bimodal battery trains are used, while in North and South America, diesel traction is
still widely used (IEA 2022).

BEMU is a train with battery traction where there are no electrified sections on
a line, while there is a catenary. The train through the pantograph absorbs power to
recharge the battery. The problem of the current absorption limit that occurs when the
train is stationary in the station to recharge does not appear in the case of recharging in
a running train. While running, the train with the pantograph raised in the electrified
sections can absorb currents that are in the order of magnitude larger than the 200 A
imposed by the TSI Energy standards (RFI 2022). The use of a BEMU over a diesel
drive also has the beneficial effect of reducing particulate matter and nitrogen oxides
NOy (NASA 2022).

Returning to the discussion of the different railway infrastructures for regional
lines in European states, the presence of a higher voltage value for the same absorbed
current results in greater power absorbed by the rolling stock for charging the catenary
batteries. Higher power results in a shorter charging time for the trainset battery so
that the use of the BEMU in the railway company commercial services is feasible.

In Italy, as there is a lower voltage value, charging times are longer and are not
compatible with the railway companies’ dwell times, thus limiting the use of such
trainsets for passenger transport on mixed lines. The lines, where BEMU can operate,
are lines with a low to medium useful traffic index and have electrified sections at
least in the line head stations for charging the rolling stock.

BEMU has the traction system on board, so on the lines where it is applied, it does
not need any major infrastructure intervention. On railway lines with a low average
useful traffic index, BEMU represents an opportunity and a solution that minimizes
infrastructure maintenance costs. However, the use of on-board batteries has some
limits because battery trains are used on lines that are 60 to 100 km long, while
this parameter also varies depending on the rail line and schedule characteristics
(Streuling et al. 2020). Another limitation of the battery-powered train is that on
lines where there is a very steep gradient, the status charge of the battery drops
more quickly. The batteries that are mainly used as traction batteries for bi-modal
battery trains are nickel metal hydride (Ni-MH) and lithium-ion (Li-ion) batteries.
Ni-MH batteries have a very high robustness with low maintenance, although they
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have a low efficiency and a high self-discharge rate. However, the batteries that are
being researched the most are lithium batteries, which have higher energy densities
with higher efficiency and a lower self-discharge rate. Li-ion batteries are often
considered to be homogeneous groups and so the batteries with high energy density
include nickel-metal cobalt and lithium manganese oxide, but they have short lifespan
(Ghaviha et al. 2017). BEMU trains are similar in size to EMU trains. The only
difference is the greater weight of the rolling stock due to the presence of the traction
battery. Through roof-mounted pantographs, BEMU operates like a normal EMU
on an electrified route. Logically, the battery is used for the non-electrified sections
while the pantograph is used as a charging system for the batteries both when the
train is moving and when it is at a standstill at the terminus station.

The catenary is a very fast charging system for the batteries as it can provide
the battery with power in the order of MW that can recharge the traction batteries
quickly (Heckele et al. 2022). Nowadays, the performance of a BEMU depends on
the distance of the railway line without a catenary and the capacity of the battery.
One parameter that must be considered is the degradation of battery capacity due to
load utilization. Other factors that determine a battery utilization limit are strin-
gent running conditions and the climatic peculiarities of the line. These factors
have an impact on the utilization range of the traction battery. Manufacturers still
lack the capabilities and data to determine the long-term impact of these factors on
battery performance. This leads manufacturers to force the use of traction batteries
for specific lines where simulations of driving profiles have been made (Heckele
et al. 2022).

The useful capacity of the battery does not correspond to the nominal capacity of
the battery specified in the battery datasheet. Normally, an attempt is made to have a
state of charge (SoC) of the battery in a range between 20 and 80% to preserve the
capacity of the battery and thus extend its service life as much as possible, so the
capacity is also designed to work in a state of charge (SoC) between 40 and 80%.
In the battery design, the cases of failures and extreme weather conditions are also
considered to establish a buffer that for a defined short time can guarantee more
power without damage to the battery. Such situations are considered to avoid the
case where the BEMU stops due to battery depletion.

One aspect that greatly increases the efficiency of the BEMU is regenerative
braking because if there is no other train in the vicinity that can absorb this energy to
accelerate, the train uses this energy to recharge the traction battery (Heckele et al.
2022).

After presenting all the main advantages of using a BEMU train, the negative
aspects of adopting such a means of transport are also discussed. One disadvantage
is that the BEMU is 10% heavier than a fully electric train due to the weight of the
traction batteries.

Another disadvantage is the construction of charging points for the batteries
and the organization of charging times throughout the day. These times must be
compatible with the dwell times required by the railway companies. The addition
of recharging times for battery trains can lead to problems with the smooth running
of the train service provided by the railway undertakings and require changes to the
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infrastructure, as such high recharging capacities require ad hoc recharging solutions
for possible stations (Heckele et al. 2022).

The main problem for eventual use is the charging time of battery trains in stations.
Energy TSI stipulates that a standstill train can draw a maximum current of 200 A
from the catenary. This current limit is set because the elastic catenary, being under
tension, heats up at the point of contact between the pantograph creep and the contact
wire and the contact wire can break, causing damage to the infrastructure (European
Commission 2014).

This maximum current limit is one of the most critical points for the use of BEMU
in some European countries. In Europe, the infrastructure for regional railway lines
is supplied with a 15 kV AC single-phase power supply, whereas in Italy these lines
are supplied with a 3 kV DC power supply. This difference in power supply systems
for the traction of electric or battery-powered rolling stock results in a substantial
difference in the recharging time of BEMU at the end of the line (Arboleya et al.
2020). The difference from a rolling stock with diesel traction is represented by the
fact that BEMU has a traction system on board the train, however, BEMU requires
a charging infrastructure for the battery, which entails a modification to the existing
railway infrastructure.

Charging and filling infrastructure

Battery trains can use the catenary in electrified sections and the battery in non-
electrified sections as the traction system. This means that the battery train in electri-
fied sections uses the pantograph, which, when placed in contact with the catenary,
draws electric power. In this operating regime, BEMU behaves like an EMU train; in
addition to that, BEMU can use the catenary contact line to recharge the battery when
it has a low state of charge, and the rolling stock is in motion. Based on the rolling
stock running in Europe and Japan, the various charging systems for each BEMU are
listed. In Europe AC railway power supply system’s generally operate at 15 kV at
16,7 Hz or 25 kV at 50 Hz. These voltage values are standardized by EN 50,163, and
to ensure maximum interoperability between the various European railway systems,
the technical specifications for energy interoperability consider these two standards.

EN 50,163 stipulates the use of a frequency of 50 Hz for recharging infrastructure
in the case of a nominal voltage of 25 kV AC. However, battery-powered trains in
states with a power supply of 15 kV AC with a frequency of 16.7 Hz must recharge
with a frequency of 50 Hz. To recharge a multisystem vehicle for both AC traction
systems, a single transformer with two voltage taps on the primary side can be used
to change the number of transformer turns to change the transformer turn ratio.

Unlike vehicles that have a single traction system, multisystem vehicles need
an additional switch in the primary side of the transformer, and components that
are subject to a voltage of 25 kV must be sized for a higher voltage value. Conse-
quently, standard EN 501 63 indicates a maximum voltage value of 29 kV for the
nominal value of 25 kV.

A reason why a higher voltage is used at the same frequency, which in this case is
the frequency of 50 Hz, is that the inductive interference of voltages is proportional
to the frequency of the voltage, so a higher voltage value compensates these effects.
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An alternative solution to this problem may be to reduce the distance between
substations (Dschung and Ludolf 2021). In isolated lines, this problem is irrelevant
as the reactance of the line is negligible.

In Germany, Talent 3 can recharge through the 15 kV overhead line at a frequency
of 16.7 Hz or use regenerative braking like Electrostar and D-Train in the UK (Thorne
et al. 2019). In Japan, the EV-E301 V uses a DC/DC converter to lower the voltage
from the 1500 V DC of the overhead line to the 630 V of the battery voltage. In
non-electrified lowered pantograph sections, BEMU can recharge its battery pack
through regenerative braking (Thorne et al. 2019).

3.2 Hydrogen Trains

An alternative, clean and with great potential, that is currently acting towards reducing
the emission of large amounts of carbon dioxide in the atmosphere is Hydrogen.

In Europe, hydrogen train experimentation has already begun, as a new frontier
of sustainable mobility. Hydrogen trains represent the ecological evolution of rail
transport modes, that in these years have traditionally been powered by fossil fuels.
It is a new transport technology that allows carriages to move using entirely clean
energy, fully respecting the environment. Green hydrogen is a zero emission energy
vector, renewable, and very efficient: in the specific, it allows for high performances
thanks to the capacity to carry a large amount of energy per kg of fuel. According
to estimates, the employment of a hydrogen train can avoid over 4.400 tons of CO,
emissions in a single year. In this light, it is possible to understand why they represent
a green solution to pollution and global warming.

In terms of structure, on top of the carriage a fuel cell is installed, acting as
the nucleus of the whole system, and allowing to mix the hydrogen located in the
tanks with oxygen naturally present in the environment. The only emissions that are
produced by this green train are vapor and condensate water, two of the components
generated by the meeting of hydrogen with oxygen in the fuel cell: a 100% green
and eco-friendly mobility.

A completely new scenario is being opened by hydrogen trains in transport
systems. This paradigm shift is registering as a first improvement the cutting of
a notable amount of GHG emissions, around 40%. Moreover, if on top of green
hydrogen also grey hydrogen is used (the nomenclature derives from the employment
of fossil sources for hydrogen production, typically natural gas), an overall lessening
of pollution concerning the oil engines currently operating is to be expected anyway.

In a not-so-distant future, in which an increase of hydrogen production is esti-
mated, the cost of the green energy vector will be more competitive with respect to
diesel.

Another benefit is in terms of the refuelling process. In the future it will become
a fast operation, in the order of minutes, allowing for a drastic reduction of stopping
times for trains. This, combined with the trains being able to run for 18 consecutive
hours between refuelling stops, will provide an unprecedented level of service.
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Table 1 Hydrogen SWOT analysis

Strengths Weakness
* Available technology * Efficiency of hydrogen supply
* Does not produce direct emissions chain
* Fuel efficient * Expensive
¢ Renewable technology (depending on the type of * Highly flammable
hydrogen) * Difficult to revamp
* Storage challenge
Opportunities Threats
¢ Government and European Union support * Suppliers of key components not
* Become and innovative company available

* Type of hydrogen sustainable
(Blue, Green or Grey)

* Can be produced with fossil fuels
(not really sustainable in this case)

In some European countries, such as Germany, hydrogen passenger trains are
already fully operational and regularly used by travellers. In UK and France, some
proposals have been brought forward in order to fully substitute diesel trains with
hydrogen ones, in the next twenty years, in those lines that are difficult to electrify.
In Italy, as it’s possible to read in the Strategical National Guidelines for Hydrogen,
as much as half of non-electrifiable national lines could be converted to hydrogen
before 2030. A more sustainable and not-too distant-tomorrow.

In Table 1 it is possible to see a hydrogen SWOT analysis, identifying points of
strength, weakness, opportunities and threats for this technology.

4 Guideline for the Electrification of Rail Infrastructure

Climate change is the challenge of our time that will determine our future. Climate
change is accelerated by the presence of greenhouse gases in the atmosphere, of which
carbon dioxide (CO,) is the most significant. Transport is one of the sectors with the
greatest responsibility for CO, emissions (IEA2023a, 2023b). In transportation, the
road infrastructure segment needs major decarbonization measures, but it is not the
only one. Non-electrified railway lines represent a major sustainability challenge, and
currently, about 33% of lines in Italy use diesel traction, contributing significantly to
greenhouse gas emissions (Garcia-Olivares et al. 2020). Electrification through the
implementation of new catenary infrastructure is not always easy to implement due to
geographical and structural constraints, such as the presence of tunnels and bridges.
At the same time, the implementation of new catenary electrification systems may
not be economically viable for short line lengths or short sections where catenary
electrification does not exist. Catenary electrification is the traditional method of
reducing emissions in rail transport. It offers high energy efficiency but involves
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high infrastructure costs (around €1 million/km) and it is more suitable for high-
frequency lines (Kilsby et al. 2017). To address these requirements, this chapter
provides guidance on how to make such lines more sustainable by analyzing two
technological solutions:

e Battery-powered trains;
e Hydrogen fuel cell trains.

4.1 Technical Solutions for Railway Electrification

Battery Trains

Battery-powered trains are a promising and adopted solution for short to medium-
distance non-electrified railways. The technology is based on the use of lithium
batteries, which are known for their high energy density and efficiency. Battery
trains can also operate in bimodal mode, using the energy stored in the batteries
and using electrified sections of track. This technology involves the use of lithium
batteries, which are already used in vehicles because of their energy efficiency and
the possibility of recharging them at dedicated stations or sections via the overhead
contact line. Table 2 summarizes the advantages and limitations of battery trains
(Pugi et al. 2024; Abiko 2013).

Many applications require the use of batteries sized for the type of service to
be performed. For correct sizing, it is advisable to first simulate the total energy
consumption to be combined with the required range and operating conditions.
Battery trains are a viable solution for regional lines of medium length and moderate
frequency. However, a detailed planning of the charging phase should be defined and

Table 2 Advantages and limitations of battery trains

Advantages and limitations | Description

Emission reduction No exhaust gases during operation

Noise reduction Silent operation in motion, leading to a more comfortable service
for users

Modularity Ability to add or reduce batteries, improving vehicle flexibility

Energy efficiency Batteries allow optimal energy use, supported by regenerative
braking

Lower operating costs Cost per kilometer run is lower than the diesel equivalent, due to

lower electricity prices and lower maintenance requirements

Reduced autonomy Batteries still have a limited range for vehicles of this size and
require frequent recharging

Storage system footprint Traction batteries have a significant weight, which reduces the
weight of transportable passengers

Dedicated infrastructure A charging station is still required

Geographical limitations High slopes significantly reduce battery life
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adapted to the service to be provided. The use of regenerative braking in this scenario
is a very useful tool to increase the available energy of the vehicles. Finally, the rapid
development of traction batteries in terms of energy efficiency could provide a further
boost to the use of these vehicles, enabling them to travel ever longer distances.

Hydrogen Trains

Hydrogen cell trains are an innovative solution for decarbonizing non-electrified
railways, especially in regions with long distances between stations or complex
geographical conditions. This technology uses hydrogen as the primary fuel for
the cells to generate electricity through electrochemical oxidation, producing water
vapor and avoiding CO, emissions. Although fuel cells have significantly lower
efficiency than lithium batteries, their energy efficiency is much higher than that
of an internal combustion engine. Today, fuel cells with efficiencies over 60% are
being investigated for transport applications. Table 3 summarizes the advantages and
limitations of hydrogen trains (Ding and Wu 2024; Nqodi et al. 2023).

The most widely used fuel cell technology for traction is PEM (polymer elec-
trolytic membrane). Hydrogen trains are an optimal solution for long non-electrified
lines due to their autonomy and ability to operate without extensive electrical infras-
tructure. However, the initial cost of refuelling infrastructure and the production of
green hydrogen remain the main barriers to large-scale deployment. The choice of
this technology depends heavily on local conditions and sustainability priorities.

Table 3 Advantages and limitations of hydrogen trains

Advantages and | Description

limitations

Emission No emissions during operation

reduction

Long haul H, trains have a high autonomy (more than 800 km)
autonomy

Noise reduction Silent operation in motion, leading to a more comfortable service for users

High adaptability | Only the track and a refuelling station are required for operation

Modularity Fuel cells can be designed at different power levels

High initial costs | Charging infrastructure, vehicle and fuel cell are still unaffordable

Reliability Fuel cells have made progress in recent years. Further improvements are
needed to ensure the longevity and stability required for rail applications

Power supply Hydrogen production is not necessarily from renewable resources

Presence of tanks | Hydrogen tanks require significant volume and a dedicated propulsion
system, affecting train design
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4.2 Technical Analysis Implementation

Battery Trains

As explained above, in order to implement a service based on battery trains, it is
necessary to know the energy demand on the line through a simulation. To do this, itis
necessary to select a type of rolling stock and build a consumption model (Colombo
et al. 2023). The next step is to start the battery sizing process as it follows. The
limitations introduced for the battery sizing were described in (1, 2):

Pdisch = Ptrain + Paux + Padd (1)
P giscn

Eipr = Ndisch * = (2)
Clisch

where:

® Pucn is the discharging power, the useful power supplied by the battery to ensure
both traction and auxiliary services.

Prqin 1s traction power;

P . 1s the power needed for the auxiliaries

P44 1s a set condition to be sure to cover all the requirements.

E, is the total energy provided by the battery;

Naisch 1S the battery efficiency;

Cuisc 18 the discharging rate of the battery.

For the lithium-ions battery it is possible to assume a complete charge/discharge
cycle to 80%. C-rate, instead, identifies the discharge rate of the battery linked to
its capacity. This highlights the discharging current at which the battery begins to
discharge over its nominal capacity. Having to size the battery satisfying both the
power and the energy requirements to complete the journey, it is necessary to have
an estimation of the energy consumed (E,,,s) with the addition of a margin (E,4y)
for non-regular operation or stress conditions so that the battery does not discharge
completely (3).

Econs = Etor + Eada (3)

Therefore, the maximum one needs to be selected between the two obtained values
and this value must be used to estimate the total necessary capacity of the battery
(Cror) 4).

max(Econs, Ez
Cl(]t — ( cons f)l) (4)
Vbutt
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The battery installed on-board reaches the desired voltage by connecting a number
of cells in series (Ny), each of which increases its overall potential by its own voltage.
The parallel connection instead increases the total capacity instead (N,). It is impor-
tant to use the same type of cell with the same voltage (V,.;;) and capacity (C), since
modules made from cells with different voltages, capacities and dimensions could
cause imbalances (5, 6).

Vbatt
N, = (5)
Vcell
Ct()l
N, = 6
=" (6)

The series—parallel configuration allows to reach the desired voltage and current
values starting from a certain number of standard cells. According to the total number
of cells and the number of cells connected in parallel, it is useful to compute more
accurately the new value of energy needed to satisfy the highlighted specifications
Eot_new (7, 8) and the maximum absorbed current by the battery 7,4, (9).

Crul?new =C- Np (7)
Etm‘_new - Cmt_new : Vbatt (8)
Imux =C- Crule ' Np (9)

The maximum absorbed current value is necessary to compute the battery charging
power P, (10), so as to have an estimation of the recharging time necessary 7. (11),
taking into account also the energy consumed for the journey.

Py = Lnax * Vian (10)
Econs

ten = 11

"= p (11)

The charging time is an element that must be considered with the location and
management of the charging stations since the recovable share of regenerative braking
energy is not enough for recharging the battery. Furthermore, the good performance
of the battery also depends on this parameter. The required performance directly
affects the system’s energy consumption. Therefore, knowing that the necessary
energy depends on load, structural characteristics of the lines, speed profile and so
on, an increase in the total mass of the train due to the addition of the battery on-board
could have an impact on the overall system (12). This highlights the weight of the
battery after the sizing process, combined with the specific energy of the storage
system (e).
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Figure 2 highlights the process to be followed for the battery train implementation.
Hydrogen Trains

Similarly, in the case of hydrogen electrification, a test drive is required to determine
consumption and, again, a suitable vehicle should be selected based on the charac-
teristics of the route. If a vehicle with these characteristics does not already exist, it
is advisable to refer to another vehicle with similar characteristics. Once the profile
for energy and power is simulated, it is possible to provide the battery and fuel cell
sizing. The fuel cell sizing is developed depending on the average power required to
operate the line. The required energy will be provided by the fuel cell, which will
supply the battery or the traction motors alternatively (Iskandar and Maheri 2022).
Thus, the hydrogen on board will be enough to supply all the load, when the battery
will satisfy the peak demand during traction. A coherent evaluation of the energy
implies the use of (13).
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Een
Eell nrc

Eir = + — (13)
NrEc Nbatt

where:

e F,,; is the total energy required for the path expressed in kWh;

e [, is the energy consumption in case of direct flux fuel cell-motors in kWh;

e F,; is the energy consumption in case of fuel cell supplying both battery and
motors in kWh;

® ¢ is the efficiency of fuel cell assumed constant and equal to 0.6;

® 1 1S the efficiency of battery assumed equal to 0.9 and constant.

Then, considering now a hydrogen energy density equal to 5.6 MJ/1 (compressed
hydrogen at 700 bar) [40], it is possible to obtain the volume of required H, (Vi,) as
a function of the total energy (E,,) and the energy density («) (14).

VHZ — El()l‘

(14)
u

Since hydrogen tanks can contain up to 0.039 kg/l at 25 °C and 700 bar, it is
possible to estimate the H, mass (mpy, ), knowing the tank capacity (Cyaux) (15).

my, = VHZ . Ctank (15)

However, it must be considered that the train is not operating while carrying the H,
mass. The weights of the on-board devices, the cooling systems, the air management
and the whole tank, must be considered, while considering the weight of the fuel
cell. Then, to size the lithium batteries to side to the fuel cell, the maximum energy
and power need to be evaluated. It is necessary to size in energy and power and after
adopting the major value between the two (16, 17).

AP, - 1000
mrp=—————"— (16)
P - Nbart
AE,,.. - 1000
me=—— (17)
U - Npan

With m indicating the mass for the two different types of sizing. Specifically
AP, measured in kW is the difference between the providable power from tank and
required power and AE,,,, in Wh represent the difference between the providable
energy from tank and required energy. p represents power density [W/kg] and u
energy density [Wh/kg]. Figure 3 reports the overall sizing process for hydrogen/
battery hybrid train.
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Catenary-less Electrification Outcomes

After the analysis of the methodologies of catenary-less electrification, two relevant
factors prevent the adoption of a new construction of electrified networks. The type
of the lines is an impacting factor, secondary branches in regional network are non-
interested by heavy traffic, meaning the electrification is not profitable. Typically,
electrified lines have a considerable frequency, in fact usually capacious trains are
employed. Thus, since relevant economic investments are needed to transform the
paths, it would be safer saving efforts for higher density routes. Battery-traction
trains through the preliminary sizing, under favorable assumptions, are solutions that
could be effectively adopted, since they satisfy primary constraints. Starting from
power and energy as requirements, a light train could be transformed to a battery-
traction train with the state-of-art technology. In this sense, it was a confirmation that
this is an enough-mature alternative for non-electrified tracks. On the other hand,
longer pathways could exploit the features of hydrogen-trains. Again, from power
and energy demand it was proved a preliminary and non-optimized sizing of a light
train with fuel cell stack and battery pack. In this case, the adoption of equipment
for hydrogen provision could result simpler and suitable for the line. In addition,
other possibilities of optimization, also from a technological point of view, can be
evaluated but this brief report can be intended as an initial backbone for further
studies.

Operating Cost Estimation Process

Finally, it is worth highlighting the costs that would be incurred with each of the
proposed solutions compared to the baseline scenario, which uses diesel for traction.
Figure 4 proposes the model to be considered when assessing the costs of (a) diesel,
(b) decarbonised with battery, (c) decarbonised with hydrogen.

As Fig. 4 shows, the processes for estimating operating costs are similar. The
process shown in Fig. 4c is also similar to that shown in Fig. 4a and b, except that in
the case of hydrogen trains, operating emissions costs are not considered. Instead,
these costs need to be considered in the electrolysis hydrogen production phase,
depending on the sources feeding the electrolyser.

5 Technical-economic and Sustainability Analysis

In order to evaluate possible investments and in general the uptake of such innovative
technologies, Multi-Criteria Decision Analysis (MCDA) is considered. This method
is a structured process for assessing options with conflicting criteria and choosing the
best result. MCDA is analogous to a cost-benefit analysis but evaluates numerous
criteria, apart from just cost. MCDA has operations in several fields, including busi-
ness, government and everyday life. For illustration, we can use MCDA to decide
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Fig. 4 (continued)
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between vendors or to select equipment that meets all the institution/industry require-
ments. The steps, needed to perform a Multi-Criteria Decision Analysis effectively,
consist in:

1. First, by defining the objective: To achieve an ideal mode of transport for the
people with which considering the contextual factors for the analysis. In our
case, it is (Railways) for Public Transportation.

2. Defining the criteria: By developing the criteria to represent the norms for
different options. This relates to the measures we assume are important in deter-
mining the most valuable choice. We used the parameters such as price (or)
cost for transport usage, time taken from origin to destination, distance covered,
reliability of the transport and emission control.

3. List of choices (or) alternatives: This step is to find choices that meet our criteria
to a certain degree. For illustration, we used the criteria to offer affordable and
durable characteristics and a list of top three options namely, trains (electrified),
buses and self-driven cars.

4. Determine the performance values: Each criterion is likely to have its own perfor-
mance value or the measure to use for ranking it in comparison to other criteria.
Price, time and distance use a numeric performance value. Further private criteria
such as Reliability and Emission control use different measures, similar to ‘high
(or) excellent’, ‘above average, ‘average,” ‘below average’ and ‘low (or) poor.’

5. Rate the choices: Rating our choices involves determining how each option
compares to identified criteria. A criterion similar to price is a non-beneficial
criterion, meaning that a lower value is preferable. For illustration, we prob-
ably prefer a mode of transport offering lower prices (in terms of cost only).
In our standings, the lowest price would have the higher rank. In comparison,
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criteria similar to distance cover, time taken, and reliability are beneficial criteria,
meaning that advanced values are better and directly proportional to the rankings.

6. Normalization of the performance values: Normalization refers to the act of
adapting the values so that they operate on a common scale. To do this, we
can perform mathematical operations to convert the values. For non-beneficial
criteria, divide the smallest value by the performance value. For beneficial
criteria, you first convert your values using a conversion scale. The smallest
rank would correspond to the numeric one and the highest would correspond
to five. After converting the performance values, divide each by the maximum
value to homogenize the scale.

7. Substitution of Weights: Multiply each by the weights assigned to the corre-
sponding criterion, represented as a numerical value. The sum of the weightage
must be equal to 100%. In our case, we assumed weights equally for all the
parameters to obtain the Weighted Normalized Decision Matrix.

8. Calculating the performance scores: Eventually, after calculation with equal
weights for each option, the performance scores (performance factor assumed:
(0) Lowest, (1) Highest) are obtained and compared for the investigated alter-
native options. The option with the highest score would be with the most value,
according to the criteria.

6 Conclusion

With the new European directives and the net-zero emissions target set for 2050, the
electrification of transport has become an important research topic. In recent years,
several studies have been published proposing decarbonisation methods for rail trans-
port that rely on the use of diesel fuel. The most promising technologies are battery
trains and hydrogen trains. This chapter analyses both technologies, highlighting
their advantages, disadvantages and deployment situations. Moreover, it proposes a
methodology for the electrification of railway lines using these technologies. Finally,
methods for estimating operating costs were proposed, highlighting the dependence
on fuel and energy costs. In conclusion, battery and hydrogen powered trains will
be the optimal solution for railway lines that are difficult to electrify, due to their
flexibility, energy efficiency and emission reduction, as the technologies progress.

Hybrid trains’ market is heading towards a significant growth, guided by the ever-
increasing attention to sustainability, technological progress, government incentives,
expansion of applications and integration of intelligent systems. While the global
railway industry keeps evolving, hybrid trains offer a valuable solution for a cleaner,
more efficient and more versatile rail transport. These tendencies not only emphasize
the potential of hybrid trains, but also highlight the innovative steps towards a greener
and more connected future in rail transport.
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Abstract The aviation industry faces significant challenges in achieving climate
neutrality by 2050, requiring a transition to advanced propulsion technologies
and energy storage systems. This chapter examines the role of battery technolo-
gies in enabling electrified aircraft, assessing the current state-of-the-art battery
systems, certification standards, and key performance indicators. It explores full-
electric, hybrid-electric, and more-electric aircraft architectures, evaluating their
feasibility across market segments and projecting battery performance requirements,
the airborne battery market, and emission reductions through electrification by 2050.
Case studies from ongoing European projects, such as HERA and HECATE, along-
side industrial programs like Heart Aerospace’s ES-30 and ATR-EVO, are also
discussed. Additionally, a structural battery concept is presented as a disruptive inno-
vation for multifunctional energy storage, highlighting its potential to achieve higher
energy densities compared to conventional integration concepts. The findings indi-
cate that while battery technology advancements are critical for decarbonizing avia-
tion, hybrid-electric and more-electric architectures will contribute approximately
3.5% to total emissions reductions. Though modest, this impact represents about
10% of the emissions reductions expected from technological developments by
2050. Future progress in safe, high-energy—density batteries and certification frame-
works will determine the pace of electrification in commercial aviation, shaping the
industry’s long-term sustainability.
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Abbreviations

ATM Air Traffic Management

CF (RP) Carbon Fiber (Reinforced Polymer)

CO, Carbon Dioxide

CORSIA  Carbon Offsetting and Reduction Scheme for International Aviation
CS Certification Specification

CSMU Cell and Structural Monitoring Unit
DEP Distributed Electric Propulsion

DoD Depth of Discharge

DoH Degree of Hybridization

EASA European Union Aviation Safety Agency
ECS Environmental Control System

EiS Entry into Service

ETS Emissions Trading System

EU European Union

FAA Federal Aviation Administration

GED Gravimetric Energy Density

HER Hybrid Electric Regional

HPA Hydrogen-Powered Aircraft

IPS Ice Protection Systems

KPI Key Performance Indicator

MEMS Micro-Electro-Mechanical Systems
MRV Monitoring, Reporting, and Verification
MOC Means of Compliance

MTOW Maximum Take-Off Weight

NMC Nickel Manganese Cobalt

NOx Nitrogen Oxides

RPK Revenue Passenger Kilometers

SAF Sustainable Aviation Fuel

SC-VTOL  Special Condition Vertical Take-Off and Landing
SB Structural Battery

SHM Structural Health Monitoring

SMR Short-and-Medium Range

SOH State of Health

SOC State of Charge

TRL Technology Readiness Level

VED Volumetric Energy Density
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1 Introduction to the Challenges of Air Transport Climate
Neutrality

The aviation industry plays a crucial role in the European Union, contributing signif-
icantly to its economic growth, societal development, and cohesion. It supports 13.5
million jobs in Europe and generates one trillion € in economic activity, accounting
for 3.6% of employment and 4.4% of the EU’s GDP, (ATAG 2021). As with other
transportation sectors in the European economy, the aviation industry is undergoing a
technological revolution aimed at delivering aircraft technologies that offer improved
environmental performance and lower fuel consumption, thus reducing operational
costs and increasing profitability for airlines.

Focusing on the environmental aspect, particularly emissions from air transport
at the global level, the technological advancements in the latest generation of aircraft
are being outpaced by the increasing demand for air travel. Air transport continues
to grow at a steady rate of 5—7% per year, depending on the region, with more than
4.6 billion passengers globally and over 1 billion passengers on scheduled flights to,
from, and within the EU (based on pre-pandemic data, corroborated by consolidated
data from 2023). This market is expected to double in size within the next three
decades, potentially surpassing 20 trillion Revenue Passenger Kilometers (RPKs) by
2050. This growth will place enormous pressure on the industry’s ability to achieve
carbon neutrality by 2050, as outlined in the European Green Deal.

From a technological standpoint, moving away from energy-dense fossil fuels
is a formidable challenge due to the significant power and energy requirements of
aircraft. There is no “silver bullet” solution to this issue. Strategically, the EU has
identified four synergistic pillars to address this challenge, (EASA 2022):

e Improving aircraft technologies by introducing more-electric, hybrid-electric, and
hydrogen-based propulsion systems, with a target of reducing carbon emissions
by 38% by 2050.

e Adopting (sustainable) Synthetic Aviation Fuels (SAF), targeting a 46% reduction
in carbon emissions by 2050.

e Implementing economic measures, such as the Carbon Offsetting and Reduction
Scheme for International Aviation (CORSIA), as an interim measure if the two
targets above prove difficult to achieve, aiming for a 10% carbon reduction by
2050.

e Deploying improved operations and Air Traffic Management (ATM), with a goal
of cutting carbon emissions by 6% by 2050.

The successful implementation of these measures could enable the aviation
industry to achieve carbon neutrality by 2050. However, this will not directly trans-
late into climate neutrality, as air travel also produces non-CO, emissions. These
emissions include nitrogen oxides (NOXx), aerosol particles (soot and sulfur-based),
and water vapor, which contribute to radiative effects, cloud formation, and contrail
cirrus formation. The impact of these non-CO, emissions on climate change remains
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largely undetermined. While the scientific community agrees that they have a detri-
mental effect on climate change, their impact relative to CO; is poorly understood,
with opinions ranging from negligible to as significant as CO, emissions, (Lee et al.
2023). Despite these uncertainties, there is consensus that further research is neces-
sary to better understand the effects of non-CO; emissions, and caution is advised in
addressing them until they are fully comprehended. This caution also applies to quan-
tifying the climate impact of alternative fuels, such as SAF and hydrogen, which may
exacerbate non-CO, effects while reducing net CO, emissions. Therefore, reliable
impact assessments are required within the framework of the Monitoring, Reporting,
and Verification (MRV) of the EU Emissions Trading System (ETS), (Transport and
Enviroment 2024).

In this complex political, scientific, and technological landscape, the European
Union has launched the Clean Aviation Joint Undertaking in 2021, with the mission to
execute the reference European funding programme aimed at developing the portfolio
of new aircraft technologies needed to achieve the objective of climate neutrality in
air travel by 2050. With a budget of approximately €1.7 billion in public funding
and €2.1 billion in private investment, the Joint Undertaking focuses on maturing
technologies capable to achieve areduction in greenhouse gas emissions at the aircraft
level of at least 30% compared to the 2020 baseline. This effort addresses the first
pillar mentioned earlier, i.e. improvement of aircraft technologies.

The Clean Aviation program is structured around three main thrusts: the Hybrid
Electric Regional (HER), the Short-and-Medium Range (SMR), and the Hydrogen-
Powered Aircraft (HPA). The 2021 Strategic Research and Innovation Agenda
(SRIA) (Clean Aviation 2021), along with its ongoing 2024 revision launched in
September 2024 (Clean Aviation 2024), focuses on evolving technologies for the
regional and short-to-medium range aircraft segments and on disruptive technolo-
gies in the hydrogen field. The HER and SMR segments are respectively respon-
sible for 5% and 50% of air travel and associated emissions. Clean Aviation aims
to reduce fuel consumption of these aircraft types by respectively 50% and 30%
against the 2020 baseline. This reduction, combined with the deployment of SAF
with an 80% lower carbon footprint, could lead to net CO, reductions of 90%
and 86% by 2035 (the projected Entry-into-Service year), deploying its potential
at fleet level by 2050. The HPA thrust involves, instead, the development and test-
bench demonstration of hydrogen aircraft technology components, such as tanks,
fuel cells, combustors, and onboard hydrogen distribution systems, targeting the
commuter and short-range segments as possible early adopters for fuel cell and
hydrogen combustion systems, should these technologies prove successful. Addi-
tionally, technology spillovers from the HER, SMR, and HPA thrusts are expected
to impact long-range aircraft, which, while not explicitly addressed by the SRIA or
Clean Aviation program, are responsible for 45% of global air travel and associated
emissions.

Given these complexities, achieving carbon neutrality in aviation requires the
development of advanced technologies and supporting infrastructures, and the
achievement of this goal is all but trivial. Nevertheless, the technological path outlined
above suggests that significant improvements over the current generation of aircraft
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are feasible, and that investing in these technologies is crucial for the European aero-
nautics industry to maintain and strengthen its dominant position in the civil aircraft
market.

In this context, highly energy-dense batteries are recognized as a crucial element
in various segments of aerial vehicles, with an impact on safety critical systems
related to full electric, hybrid electric and more electric aircraft architectures. In this
chapter, we provide an overview of the current state-of-the-art in the field of airborne
battery technologies, focusing on an end-user perspective.

We begin by examining the airworthiness certification landscape as of 2024
and presenting the key performance indicators for state-of-the-art airborne battery
systems. On this basis we provide a description of full electric, hybrid electric and
more electric aircraft architectures, and of their high-level matching with different
aircraft segments, deriving minimum and desirable key performance indicators for
battery systems for Entry-into-Service by 2035, coherently with the time horizon
given in the SRIA 2024, (Clean Aviation 2024). Additionally, we size the airborne
battery market and its potential impact in 2050 based on fleet penetration forecasts.
Finally, we present a concise overview of the on-going research and development
efforts in the area of hybrid electric aircraft. Specifically, we present two research case
studies based on the results of the research projects IMOTHEP and of the Clean Avia-
tion projects HERA and HECATE, complemented by two additional on-going case
studies from two aircraft development programmes, i.e. the Heart Aerospace ES-30
and the ATR-EVO. We conclude the chapter by presenting the results of the research
projects SOLIFLY and MATISSE, aimed at developing multifunctional batteries
with load-bearing capabilities to achieve “mass-less” energy storage within aircraft
structures. Such technology, despite its relatively low maturity, has the potential of
achieving significantly higher energy densities, unlocking new use cases beyond the
case studies presented above.

2 State-of-the-Art for Airborne Battery Systems:
Airworthiness Certification Specifications

Uncompromised safety is at the very heart of the aviation business, and airworthiness
certification is the cornerstone to ensure it. Electrified propulsion and safety—critical
battery energy storage systems represent a novel element in the aircraft industry,
calling for new regulations and compliance methodologies. Concerning the batteries,
they are expected, in future, to store a substantially higher amount of electrical energy
at higher voltage levels than batteries utilized in aircraft so far.

The reference EASA regulatory framework on this subject has been under devel-
opment since 2019, and it covers safety of propulsion batteries for VIOL-capable
aircraft, i.e. SC-VTOL (EASA), and its Means of Compliance (MOCs). SC-VTOL
stands for “special conditions vertical take-off and landing” and it comprises aircraft
capable of carrying up to 9 passengers with a maximum take-off weight (MTOW) of
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5,700 kg, operating over congested areas or in commercial air transport. The MOCs
have published in four consecutive parts (MOC-1, Issue 2, May 2021; MOC-2, Issue
3, Dec. 2022; MOC-3, Issue 2, June 2023 and MOC-4, Issue 1, Dec. 2023) and will
be kept up to date with latest technological improvements and insights. Moreover
they have been identified by EASA as the baseline for the upcoming battery certifica-
tion specifications for large passenger aircraft (i.e. CS-25, as stated in the “Electric/
Hybrid Propulsion System (EHPS)—Progress and Roadmap to means of compliance
definition” event held by EASA in Dec. 2023).

In brief, the MOC-3 SC-VTOL outlines safety, performance, and certification
standards for these aircraft, addressing both manned and unmanned platforms,
while focusing on the aspects of safety objectives and system design, electric and
hybrid propulsion, operational safety and performance, human factors and automa-
tion and energy management and battery systems. On the latter, EASA only considers
commercially available battery technologies and chemistries, which, at present, show
rather low safety levels. Battery fire due to cell thermal runaway is considered the
most safety—critical (“catastrophic”) event, which needs to be taken into account due
to failure modes intrinsic to the cells that are inherently uncontrollable (e.g. issues
of cell manufacturing defects, material impurities and usage-accumulated effects
as dendrite growth). In the SC-VTOL, the battery needs to show compliance with
respect to:

(a) Fire protection of the energy storage and its installation in the aircraft, specifi-
cally its crash resistance with mechanical load factors depending on the instal-
lation location (VTOL. 2325 (a) (4), MOC-1), in designated fire zones (VTOL.
2330, MOC-2, yet incomplete for hybrid-electric systems), and of the lift/thrust
system installation (VTOL. 2440, MOC-3).

(b) The impact of various battery-related factors, e.g., ageing, thermal (manage-
ment) limits or variation of accessible power on the aircraft performance (VTOL.
2105, MOC-2).

(c) Provision of reliable information of the accessible energy and power to the pilot
(VTOL. 2430 (a) (3) and (a) (4), MOC-2).

Therefore, in addition to the general aircraft component design requirements,
EASA requires the deployment of a multi-layer safety approach (cell-to-battery-to-
aircraft) which accounts for: (i) safety at cell level, a full characterisation to identify
the worst-case combinations of conditions for cell thermal runaway and degradation,
e.g., due to ageing and environmental conditions during operation, also to be assessed
on used/degraded batteries; (ii) safety at battery level, a design that inhibits thermal
runaway propagation of a single cell to another and contains within the battery or
module the effects of simultaneous thermal runaway of multiple cells (i.e. currently
set by EASA to 20% of the cells in the battery or module) for the time needed for
Continued Safe Flight and Landing; (iii) safety at installation level, crashworthiness,
and the provision of reliable information of the battery operation and SoX (state of
charge, energy, power, health, safety, etc.) to the pilot.

The design requirements at battery level (i.e. non-propagation and containment)
have highest impact in the design choices for airborne batteries and achievable system
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performance, and they are considered by the aeronautic industry as particularly chal-
lenging. On the other hand, at present, there is a lack of long-term service experience
on such systems compared to other energy storage and conversion systems, such
as tanks and aero-engines, justifying in part the imposition of such very challeging
safety requirements. This is also aknowledged by the MOC-3 SC-VTOL, which does
recognise that these requirements have substantial impact on weight penalty, hence
open up the possibility of a “modularized [propulsion] battery system composed out
of battery modules to comply [with the certification requirements] at battery module
level, instead of at battery system level”. The module itself is defined as “a group
of electrically interconnected cells in series and/or parallel arrangement contained
in a single enclosure that ensures that no fluids, flames, gasses, smoke, or fragments
enter other modules, and that no thermal runaway is propagated from one module
to the others during normal operation or failure conditions”. A battery system is
an assembly of electrically interconnected battery modules (modularized battery) or
cells in series and/or parallel, plus any protective, monitoring, alerting circuitry or
hardware inside or outside of the battery, its packaging, and the designed venting
provisions.

Therefore, at present, the most followed approach consists in satisfying the
safety provisions described under “(ii) safety at battery level” at module level. This
approach is expected to be extended from SC-VTOL to large aircraft, with the possi-
bility of re-considering the criticality of specific failure modes, should future battery
technologies demonstrate better performance under “(i) safety at cell level” or, in
other words, demostrate significantly less probability to develop thermal runaway
and degradation effects in operating conditions.

3 State-of-the-Art for Airborne Battery Systems: Key
Performance Indicators

Table 1 provides an overview of the current state-of-the-art airborne battery systems,
with a focus on products that are either already available on or close to the market. At
present, propulsive batteries have been developed and certified for fully electric light
sport aircraft only (specifically those within CS-LSA, a subcategory of general avia-
tion CS-23, such as the Pipistrel Velis Electro), while batteries for eVTOL (electric
Vertical Take-Off and Landing) vehicles are emerging. However, the level of publicly
available information on existing CS-23 and eVTOL systems remains limited. Addi-
tionally, tear-down data for these systems is scarce, as few systems currently exist, and
most are relatively new and produced in small series. In this analysis the authors have
retrieved data for 6 systems, from 2020 onward: the Pipistrel Velis Electro (Textron
Pipistrel), the EPS Epic (Electrical Power Systems), the H55 (H55), the Evolito
(Evolito Ltd), the Joby S4 eVTOL (Joby Aviation), and the Cuberg (Cuberg). The
data presented have been collected and compiled from various sources, including
data sheets, test reports, company websites, and flight manuals. These consolidated
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data are presented in Table 1 using regular font. Where consolidated data are not
available, estimates have been reconstructed from alternative sources, based on rele-
vant conditions and performance metrics. These estimated data are also reported in
Table 1 using italic font. Complementarily, the following observations are made:

Battery Cells: Commercial cylindrical cells (18,650 or 21,700 format, with a
capacity ranging from 3 to 5 Ah) are, at present, most commonly used in the aero-
nautic industry (see Pipistrel, EPS, H55, Evolito). However, this format requires
a high number of cells per module or pack, resulting in low packaging efficiency.
Recent designs (e.g., Joby, Cuberg) are adopting larger pouch cells with capacities
ranging from 20 to 50 Ah to achieve higher energy density and improve the pack-
aging efficiency. The most common cell chemistries in use are belonging to the family
of NMClliquid electrolytelgraphite, providing gravimetric energy densities between
230 and 290 Wh/kg at the cell level. In one case, Cuberg uses their Li-metal anode
technology, aiming at surpassing 300 Wh/kg energy density.

Charge/Discharge: Energy densities (gravimetric and volumetric) at the cell and
module/pack level are typically measured at very low discharge rates (e.g., C/10
or C/20) to report high KPI figures. However, these rates are not representative of
the typical airborne duty cycle, such as that for an eVTOL flight mission. In real
world conditions, systems fully and hybrid electric fixed wing aircraft must operate
within charge/discharge rates from 1 to 3C (with peaks exceeding 5C) while eVTOL
and large aircraft that use batteries to boost at peak power demands will require
much higher discharge rates (up to 10—12C for several minutes). While these rates
meet aircraft mission requirements, they are expected to diminish the overall energy
density performance of the system. Consolidated data on the correlation between
energy density, lifetime, and C-rate are, at present, unavailable.

Battery System Thermal Operation and Conditioning: State-of-the-art battery
modules and packs are designed to operate within a temperature window ranging
from — 20 °C to 0 °C up to + 60 °C during discharge, and from 0 to 10 °C up
to + 45-60 °C during charging. At the extremes of this range, the performance is
likely reduced, and manufacturers typically recommend a narrower operating range
to optimize performance. For instance, Pipistrel limits engine start temperatures to
between 0 and 45 °C, recommending temperatures below 40 °C for high-power
maneuvers such as prolonged maximum-rate climbs. Active liquid cooling systems
are implemented as deemed necessary by regulators. However, gravimetric data on
module-level performance often refers to dry weight (i.e., without coolant), and
details of the integration penalty are generally not disclosed. Similarly, data on battery
cell/module capacity degradation as a function of thermal constraints is not available,
though it is likely that battery aging is influenced by factors such as power profile,
state-of-charge (SOC) margins, and the thermal and mechanical operating envelope
(temperature, vibration, and mechanical shock).

Safety Provisions: As outlined in Sect. 2, the airworthiness certification specifica-
tions for battery systems are evolving, with the SC-VTOL undergoing multiple revi-
sions and updates over the past five years. The Pipistrel and EPS batteries have been
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certified according to the RTCA DO311a standard, demonstrating thermal runaway
containment at the full battery pack level (as opposed to the 20% of cells required
under MOC-3 SC-VTOL). Most systems utilize conventional thermal insulation
materials to meet the thermal runaway non-propagation and containment require-
ments, adopting cell technologies that do not inherently prevent its onset. This signif-
icantly impacts module design, ultimately limiting packaging efficiency and, as a
result, the energy densities achievable at the system level.

Based on the data presented, the state-of-the-art for airborne battery systems can
be summarized as follows:

e Only one fully electric aircraft has been type-certified yet under the light sport
aircraft (LSA) category, with non-modularized battery packs. No battery has
been certified under the new EASA SC-VTOL regulation. Meeting its safety
requirements at the module level will have a clear impact on design.

e A shift from cylindrical to pouch cells to improve energy density and packaging
efficiency at the system level is envisaged.

e Current cell technologies deliver gravimetric energy densities at the cell level
ranging from 230 to 290 Wh/kg, resulting in values between 170 and 235 Wh/kg at
the module level, with a gravimetric packaging efficiency of 73—-81%. Volumetric
energy density at the module level ranges from 230 to 350 Wh/liter (33-36%
packaging efficiency). New cell technologies are expected to push gravimetric
energy density above the 300 Wh/kg mark in the short-term future.

e Charge/discharge C-rates for most systems fall within the 1-3C range, balancing
the need to meet energy and power duty cycles. Peak rates exceeding 5C are
possible.

e The cyclability of the battery system is claimed to be in the range of 2,000 cycles at
55-70% depth of discharge, consistent with cell performance, allowing approx-
imately 12 months of operation at 6 flight cycles per day in intensive aircraft
utilization. However, the mean time between overhaul for the battery of the first
type-certified electric light sport aircraft is currently limited by the regulator to
600 cycles.

Active liquid cooling is currently being considered, and in most cases will remain
necessary for proper thermal conditioning of the battery system to deliver the
expected performance and durability.

4 Battery Systems within Next Generation Aircraft:
Aircraft Configurations, Performance Indicators
and Market Projections by 2050

The state-of-the-art depicted in Sects. 2 and 3 highlight a scenario where airborne
batteries are at the very beginning of their development cycle, with both airworthiness
certification specifications and technologies that are rapidly evolving. The aim of this
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section is to project the expected development of battery systems technologies over
the next decades, framing their implementation across different categories of aerial
vehicles. This is done with the aim of quantyfing what is realistically achievable by
aircraft electrification by 2050, and which demand of airborne batteries is expected
in the next decades. However, before doing so, three main concepts for aircraft
electrification need to be introduced, i.e. full electric, hybrid electric and more electric
aircraft. They can be defined as follows.

A full electric aircraft is defined as an aircraft that operates solely on electrical
energy, without reliance on combustion engines, whether powered by fossil or
sustainable fuels. These aircraft typically use one or more electric motors to drive
propellers or fans, drawing energy from an onboard battery or fuel cell system. This
architecture results in zero emissions during flight, making it the most favorable
option for minimizing both CO, and non-CO, effects associated with air travel.
The viability of full electric aircraft depends on the energy storage and conversion
system’s ability to simultaneously meet the energy and power requirements of the
aircraft. This includes considerations of gravimetric (weight-related) and volumetric
(space-related) energy and power density, as well as the overall systems’ capacity.

A hybrid electric aircraft, by contrast, combines conventional fuel-powered engines
with electric propulsion systems, offering a balance between the efficiency of electric
power and the higher energy density of traditional fuels. This configuration allows the
aircraft to switch between, or simultaneously use, both power sources, optimizing
energy consumption according to the specific requirements of the different flight
phases. There are two main configurations of hybrid powertrains:

i. Parallel hybrid: in this configuration, both the combustion engine and the elec-
tric motor are connected to the propeller or fan driving shaft. The electric motor
functions as a booster, supplementing power, and torque to the combustion
engine during power-intensive phases like takeoff, climb, and go-around. During
cruising, the combustion engine operates alone for maximum thermal efficiency.
While this setup is more flexible, it requires a mechanical coupling between
the shafts of the combustion and electric motors, introducing a non-negligible
complexity in the gearbox assembly.

ii. Series hybrid: here, the combustion engine generates electricity to power the
electric motor, which is the only one mechanically connected to the propeller or
fan driving shaft. This configuration eliminates the need for mechanical coupling
but limits total power output to the specifications of the electric motor, with the
combustion engine functioning as a range extender.

In both configurations, the key performance metric is the Degree of Hybridization
(DoH), defined as the ratio between the maximum continuous electric power and the
total maximum power of the propulsion system at the shaft.

A more electric aircraft focuses on the electrification of non-propulsive systems
while still relying on conventional jet engine technology for propulsion. This
approach involves converting all subsystems to electric, including the environmental
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control systems (ECS, cabin temperature and pressure control), the ice protection
systems (IPS, eliminating the need to bleed hot air from the engine compressor,
enabling a “bleedless” engine design), and the actuation systems (replacing pneu-
matic and hydraulic systems for controlling flaps, slats, ailerons, spoilers, rudder,
trim, and landing gear with electro-actuators). Although these subsystems typically
account for only 1-5% of the total block energy required for the flight (depending
on aircraft size and mission profile), their electrification offers several advantages.
These include weight reduction, improved maintainability (with maintenance being
the second-largest cost driver for airlines after fuel), and increased aircraft reliability.
Given the safety—critical nature of these subsystems, i.e. malfunctions can lead to
catastrophic failures and consequent loss of the aircraft, their certification is subject
to the same safety standards as propulsive systems.

Aerial vehicles are classified according to their certification specifications cate-
gory. Different categories are established by regulatory authorities based on their
intended use, design, size, and technical capabilities. These categories guide the
certification process, defining the specific requirements each aircraft must meet to
be deemed airworthy. The primary regulatory bodies overseeing aircraft certifica-
tion include the Federal Aviation Administration (FAA) in the United States and the
European Union Aviation Safety Agency (EASA) in Europe. Focusing on fixed wing
aircraft, two major categories can be identified:

Part-23. Aircraft certified under Part-23 (FAA) and CS-23 (EASA) include small
to medium-sized aircraft designed for general aviation, personal use, instruction,
and short-haul commercial flights. Part-23 regulations apply to airplanes with a
maximum takeoff weight of up to 8,618 kg (19,000 lbs) and seating capacities
ranging up to 19 passengers (pax), depending on the specific sub-category. The
following sub-categories can be identified: (i) normal category, including aircraft for
non-aerobatic operations, designed to carry up to 9 passengers and have a maximum
takeoff weight of up to 5,670 kg (12,500 Ibs); (ii) utility category, including planes
with limited aerobatics capabilities (steep turns, spins), at the same passenger and
weight threshold of the normal category; (iii) acrobatic category, including aircraft
capable of unlimited aerobatic maneuvers (such as loops, rolls, and inverted flight)
within the same weight limit of the normal category but being very often limited to
single- or dual-seaters, and (iv) commuter category, which includes aircraft designed
for short regional flights, capable of carrying up to 19 passengers, with a maximum
takeoff weight of up to 8,618 kg (19,000 Ibs). Being commuters fit for commercial
operations, these must meet more stringent performance and safety requirements
than those in the normal category, especially regarding engine-out performance,
emergency systems, and passenger safety equipment. For all Part-23 aircraft, certi-
fication standards emphasize ensuring safe operation during different flight phases,
including takeoff, climb, cruising, and landing. Performance tests also ensure that the
aircraft can handle emergency situations like engine failure and bad weather, while
maintaining minimal structural weight to optimize fuel efficiency and performance.

Part-25. Large aircraft are governed by the Part-25 (FAA) and CS-25 (EASA) regu-
lations. These aircraft are typically designed for commercial air transport, including
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passenger and cargo operations and they can carry more than 19 passengers and
have a maximum takeoff weight above 8,618 kg (19,000 lbs), with no upper limit
identified. Due to their size, capacity, and operational demands, Part-25 aircraft face
the strictest certification requirements to ensure safety, reliability, and performance
during all phases of flight, as well as fuel efficiency standards, environmental regula-
tions (such as noise and emissions limits), and specific operational requirements for
high-altitude or transoceanic flights. Part-25 includes passenger aircraft belonging to
the categories of regional turboprop, regional jet, short-and-medium range, and long-
range aircraft, covering, de-facto, the vast majority of commercial aircraft operations.
Additionally, cargo aircraft, often derived by the conversion of passenger aircrafts,
and business jets are also certified under this category.

Focusing on the Part-25 passenger aircraft, the regional aircraft segment is
commonly identified by a reference mission up to 1,000 km and passenger count up
to 130. This is divided in the regional turboprop (lower sub-segment, later referred to
as “regional low”), encompassing aircraft architectures capable of 30—70 passengers
(e.g. ATR-42/72 airframes), reference mission of 500 km and power installed from
2-to-5 MW in open propeller configuration, and the regional jet (upper sub-segment,
later referred to as “regional high”), with aircraft architectures capable of 100-130
passengers (e.g. A220/Embraer 190 airframes), reference mission up to 1,000 km
and power installed in the range of 10 MW in ducted fan configuration. The regional
segment is estimated to cover approximately 5% of the global air travel demand.

Moving up to the short-and-medium range aircraft segment, this is identified
by the reference mission of 1,500-2,000 km, passenger count in the range of 150—
250, and power installed of 15-to-25 MW in ducted fan configuration. The A320 and
B737 airframe belongs to this category, covering approximately 50% of the global
air travel demand and the near totality of the intra-European air traffic. This segment,
moreover, constitutes the most profitable in the aviation industry, concentrating above
80% of the combined Airbus and Boeing aircraft yearly production, measured as
aircraft units delivered per year.

Finally, the long-range aircraft segment is identified by the reference mission of
6,000-10,000 km, passenger count above 300, and power installed of approximately
40 MW, covering the remaining 45% of global air travel demand. The A350 and B777/
B787 airframes belong to this category, that is characterized by a significant lower
volume of aircraft delivered per year as well as a significantly different utilization
pattern of the aircraft compared to the short-and-medium range segment. On the
latter, long-range aircraft performs a significant lower number of rotations per year
(take-off and landing cycles, i.e. 2 rotations/day) against the short-and-medium range
(i.e. up to 6 rotations/day).

Part-23 and Part-25 solely address fixed wing aircraft, therefore not including
rotorcraft, which fall under Part-27 and Part-29, and VTOL, which fall under EASA
SC-VTOL in EU and under FAA Part-23 in the US. For this chapter, we mostly
focus on Part-23 commuters and Part-25 passenger aircraft, according to the market
segmentation described above.
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Table 2 reports a summary of the fitness of the full electric, hybrid electric and
more electric architectures to the different aircraft categories, with a focus on Entry-
into-Service by 2035. Full electrification is doable for Part-23 light and commuter
airframes, and in the lower bound of regional-low segment (up to 30 pax). This can
be sustained by batteries, fuel cells or by systems which combine both technolo-
gies. Examples of full electric airframes here are the Pipistrel Velis Electro (Textron
Pipistrel), the Pipistrel Miniliner (available so far only as a concept, developed in
the European funded project UNIFIER19, (European Commission)) and the Hearth
Aerospace ES-30 (first demonstrator unveiled in Sept. 2024, (Heart Aerospace)). The
hybrid electric domain shall cover the segments from the commuter to the regional-
low, starting with a DoH of 50% for the smallest aircraft down to 20-30% for the
larger aircraft. Instead, from the regional high to the short-and-medium and long-
range segment, the propulsion system is not considered an immediate candidate
for electrification given its power and weight requirements, hence they are consid-
ered fit for implementing the more electric aircraft architecture to reduce the fuel
consumption.

Note that this fitness analysis should not be considered final, and several concepts
which deviates from it can be retrieved in literature. For example, Elysian aircraft
is studying the feasibility of a full electric regional in the 90 pax range (Elysian
Aircraft), and DLR is showcasing a hybrid electric configuration at high passenger
density suitable for short-range, (DLR). Furthermore, a press release of Airbus from
March 2025, (Airbus 2025), highlights the increasing role of hybridization and elec-
trification technologies in complementing fuel efficiency gains achieved through
engine advancements. Although no technical specifications have been disclosed, the
statement supports the applicability of more-electric aircraft technologies in the SMR
segment and suggests the potential for mild hybridization using batteries or fuel cells,
possibly enabling up to a 5% reduction in carbon emissions.

However, due to the limited industrial backing of the Elysian and DLR concepts,
as well as the lack of detailed information provided by Airbus in the press release,
hybrid-electric propulsion, even in its mildest form, has not been deemed fit for Entry-
into-Service by 2035 in the regional-high, SMR and LR segments. This decision
reflects the authors’ intention to adopt a conservative approach, focusing only on

Table 2 Fitness of the full electric, hybrid electric and more electric architectures to the main
Part-23/25 aircraft segments with focus on Entry-into-Service by 2035

Full electric | Hybrid electric | More electric
Part-23 | Light (2-4 pax) v n.a n.a
Commuter (up to 19 pax) v v n.a
Part-25 | Regional low (30-70 pax) v v n.a
Regional high (100-130 pax) n.a n.a v
Short-medium range (150-250 pax) | n.a n.a v
Long-range (300 + pax) n.a n.a v
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configurations with a higher degree of technological maturity and industry support.
As a result, this option is not included in Table 1.

As per today, the only electric aircraft technology that has reached full maturity
(Technology Readiness Level 9) is the CS-23 light aircraft. However, this segment
has minimal impact on commercial air travel and its influence on global aviation
markets is negligible.

Full-electric and hybrid-electric architectures, particularly within the commuter
and regional segments, are in an advanced stage of development, with early ground
demonstrators expected to be unveiled in the coming years (2025/26, reaching TRL
5). Based on the outcomes of these demonstrators, flight testing could be feasible by
2030 (TRL 7), with the first commercial Entry-into-Service by 2035 (TRL 9). From
that point, it will likely take at least 20 years to achieve full fleet penetration in the
European market. Therefore, it is realistic that no more than 75% of the European
regional fleet can be replaced with hybrid-electric aircraft by 2050.

In the case of more electric aircraft architectures, even though this architecture
has not yet been deployed in full, few key components have already reached full
maturity. For example, the B787 is the first large scale aircraft adopting ad electrical
Environmental Control System (ECS), while the A380 adopts electro-hydrostatic
actuators for the flight controls. In general, several key components such as the
electrical ECS, the ice protection systems (IPS), and electro-actuation systems have
already been demonstrated at TRL 5/6 within the CleanSky?2 Integrated Technology
Demonstrator Systems. These systems, primarily targeting the SMR market, are
expected to undergo flight testing by 2030, leading to integration into SMR aircraft
with an anticipated Entry-into-Service around 2035 (sometimes referred to as “SMR
+ 7). Later, these technologies can be scaled for long-range aircraft (“LR + ), with
an Entry-into-Service target by 2040. Like the regional segment, a 20-year timeline
is projected for full fleet penetration in Europe. Therefore, no more than 75% of
short-medium range aircraft can be realistically replaced by the more electric SMR
+ by 2050, down to 50% for the more electric LR 4 by the same reference year.

Assuming the hybrid electric architecture capable of reducing fuel consumption
and CO; emissions by 40% and more electric architecture capable of reducing CO,
emissions by 4% in the short and medium range and by 2% in the long range, the
expected impact of electrification in commercial aviation will allow for reducing air
travel emissions by 3-3.5% by 2050, and up to 5% in the longer term, when full
fleet replacement will be achieved, with a possibility to exceed this mark, should
mild hybridization materialize in the regional high, SMR and LR segments. In other
words, electrification has the potential to cover approximately 10% of the carbon
emissions reduction target from technological improvements reported in Sect. 1, with
the remaining part covered by aerodynamic improvements, structural improvements
and, most prominently, engine technology improvements.

Based on the presented data, and solely focusing on commercial operations,
Table 3 reports a projection of required airborne battery performance to enable full,
hybrid and more electric aircraft across the categories above. Additionally, it provides
an overall sizing of the market for airborne batteries in 2050.
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Table 3 Reference airframe and powertrain data, battery systems key-performance indicators and
estimation of the airborne battery market in the year 2050 per aircraft category (commuter, regional,
short-medium range, and long-range)

Part-23 Part-25
Commuter | Regional Regional | Short-medium | Long range
low high range
Pax <19 30-70 100-130 | 150-250 > 300
Reference | Range [km] 200 200-500 1,000 1,500-2,000 | 6,000-10,000
mission Duration 60 60-120 60-120 | 60-150 360 +
[mins]
Installed power [MW] 0.5-1.0 2.0-6.0 10 20 40
Conversion type Full Full/hybrid | More electric
electric electric
Installed electrical power 0.5-1.01 |2.01 0515% [1.015% 2.015%
[MW] | DoH 100% 100%-20%
Expected on-board energy 1.0 1.0-2.0 0.5-1.0 |1.0-2.0 1.0-2.0
storage capacity [MWh]
Gravimetric | Minimum 350 400 +
energy Desirable 500 600 +
density
(pack-level)
[Wh/kg]
Cyclability [#] 2,000 +
2023 Global production 100 40 140 1,300 150
[units/year]
2050 Market projections 200 120-150 300400 | 3,000 300
[units/year]
2050 New deliveries | 0.2 0.08-0.24 |0.15-0.4 |3.0-6.0 0.3-0.6
Airborne | gjgh 2 6 6 6 2
battery . rotations per
market size day [#]
[GWh] :
Refurbishment | 1.0 1.2-3.6 2.2-6 45.0-90.0 4.5-9.0
legacy fleet
Total 1.2 1.28-3.84 | 1.35-6.4 | 48.0-96.0 4.8-9.6
Market share | ~1.5% ~3.5% ~50% | ~80% ~10%
Emission reduction by ~1.5% ~1.5% ~0.5%
electrification

In this projection, the five considered categories for aircraft commercial oper-
ations, i.e. commuter, regional (low/high), short-medium and long-range, are
converted to full, hybrid and more electric architectures, with an electric power
installation from 0.5 to 2.0 MW, depending on the aircraft and related conversion
architecture. Assuming batteries to be sole energy storage system for the electric part,
minimum key performance indicators have been identified, based on the research and
consultations conducted in the preparation work of the Batteries Europe Roadmap
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2021, (Batteries Europe 2021). Here the gravimetric energy density of the pack is
identified as most important key performance indicator, with a minimum threshold
of 350 Wh/kg and above 400 Wh/kg at pack level for the economic viability of
full-electric, hybrid electric and more electric aircraft architectures. This constitutes
approximately a 30-60% improvement against current state-of-the-art reported in
Table 1, and this is expected to be achieved by both improving the cell and the pack-
aging efficiency performance. Desirable values are set at 500 and above 600 Wh/kg in
the various categories, identifying these values as achievable based on current Li-ion
battery performance development projection by the target year 2035. Likely, airborne
batteries will natively belong to Generation-4 solid-state since their market incep-
tion, with gravimetric energy density at cell level starting at 400 Wh/kg, and possibly
achieving the 700 Wh/kg mark by 2035 (Kiihnelt et al. 2023). Minimum cyclability
is set at 2,000 cycles (at 1C), to ensure 1-year operation for highly utilized airframes
at 6 flights rotations/day (i.e. regional/SMR) and 3-years operation for less utilized
airframes at 2 flights rotations/day (commuter/long-range). These durations allow
for synchronizing the battery replacement in conjunction with the aircraft scheduled
maintenance (i.e. specifically C-checks), hence facilitating the refurbishment of the
legacy fleet.

Market projections are therefore derived based on these performance data while
assuming fleet penetration of 75% in the commuter, regional and short-medium range
market and 50% for the long-range by 2050 and expected aviation industry growth
against the reference year 2023. This allows to predict a global market demand for
airborne batteries (new deliveries and refurbishment combined) ranging from 55 to
120 GWh/year in the reference year 2050. The market is expected to be segmented
in a 10-80-10 fashion, with 10% of the demand driven by smaller aircraft segments
(commuter and regional), 10% driven by the long-range aircraft market and 80%
driven by the short and medium range market. Impact wise, the fuel consumption
reduction, and hence the CO, emission reduction benefit, is expected to be equally
sized between the lower segments (commuter/regional) and the short and medium
range, with a less relevant contribution coming from the long range.

In conclusion, while the hybrid-electric architecture primarily addresses envi-
ronmental impacts, the more electric architecture is poised to deliver significant
economic benefits. The development of both architectures is essential to fully harness
the emission reduction potential of aircraft electrification. Additionally, airborne
batteries for commercial aircraft are expected to range from 0.5 to 2.0 MWh, with
minimal variation in performance requirements across categories. This opens the
possibility for a standardized airborne battery, subject to a unified airworthiness
framework, simplifying the implementation of both hybrid-electric and more electric
architectures across the industry.

However, conclusions regarding the suitability of different electric architectures,
as well as market sizing and environmental impacts, could shift dramatically with
accelerated advancements in Li-ion battery technology. In the unlikely event that the
milestone of 1 kWh/kg is achieved by 2030, hybrid-electric solutions could extend
to regional and short- to medium-range aircraft by 2040, significantly influencing
the outcomes of this analysis. Nonetheless, such advancements are not expected in
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the near term, particularly not by 2035, the latest viable entry-into-service date for
aircraft architectures that could meaningfully impact the fleet by 2050.

5 Case-Studies for Hybrid Electric Aircraft (Regional
Segment)

This section provides a concise overview of viable case studies for hybrid-electric
regional aircraft, focusing on the “regional-low” segment, which, consistent with
the preceding section, offers the best balance between suitability for hybrid-electric
powertrain integration and relevance for passenger transport, thus optimizing envi-
ronmental and economic impact. Currently, no hybrid-electric passenger aircraft
certified under Part-25 exists due to the technology’s relatively low maturity.
Nonetheless, several high-level aircraft studies have been conducted in recent years,
indicating that the clear benefits of hybrid-electric propulsion are challenging to
ascertain (Novelli et al. 2023a, b). Hybrid propulsion introduces a complex, multi-
dimensional optimization challenge, involving various energy storage, conversion,
and propulsion technologies, intertwined with component development, airframe
integration, new propulsion strategies, redundancies, and certification procedures;
these are challenges that classical aircraft sizing methods struggle to address (Brelje
and Martins 2019). Even at preliminary evaluation level, results remain not suffi-
ciently conclusive, with substantial variation in aircraft configurations and estimated
performance across different studies. Typically, results are skewed by “optimistic”
technology assumptions, particularly regarding the projected energy density capa-
bilities of Li-ion batteries. Despite this, most studies align on the view that the
fuel-saving potential of hybrid-electric architecture is limited, and mainly confined
in the proximity of the lower bound of the regional-low aircraft segment. Addi-
tionally, these studies suggest that retrofitting existing aircraft is not effective, and
that hybrid-electric propulsion would require either a clean-sheet aircraft design or
substantial modifications to existing airframes.

This section includes three case studies. The first has a research background and
draws on the H2020 IMOTHEP project results, alongside preliminary outcomes from
the Clean Aviation projects HERA and HECATE. The second and third case studies
presents two industrial concepts, i.e. the Heart Aerospace ES-30 and the ATR-EVO,
reporting preliminary data and specifications from their ongoing aircraft development
programs.

Investigation on the potential of aircraft hybrid electric propulsion: the H2020
Project IMOTHEP and the Clean Aviation projects HERA and HECATE.

The H2020 IMOTHEP project IMOTHEP—Investigation and Maturation of Tech-
nologies for Hybrid Electric Propulsion (GA no. 875006), 2020-2024) has investi-
gated electric technologies for hybrid electric propulsion in close combination with
advanced aircraft configurations and innovative propulsion architectures to better
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substantiate the benefits of this technology with EiS by 2035 in both the regional
(40 pax) and SMR (150 pax) segments, (Novelli 2024). Per each segment, both a
“conservative” and a “radical” electrification design scenarios have been investi-
gated. Concerning the 150-passenger SMR aircraft, neither the “conservative” (i.e.
turbo-electric tube and wing configuration with distributed ducted fans) nor the “rad-
ical” turboelectric design (i.e. blended-wing body with distributed propulsion and
boundary layer ingestion) could yield major fuel saving gains compared to conven-
tional turbo-fan propulsion (Defoort 2024). Concerning the 40-passenger regional
aircraft, the “conservative” parallel hybrid configuration studied a twin turboprop
with electric motors assisting the thermal engine by adding power either to the
compressor or directly to the rotor shaft with different hybridisation strategies at rela-
tively low degree of hybridisation of up to 15% (Habermann et al. 2023). Accepting
a 30% increase in maximum take-off weight due to the introduction of the hybrid
powertrain, fuel consumption was predicted to decrease by close to 10% at best for
the 200 nm typical mission, but to increase by 6% for the 600 nm design mission,
while being highly sensitive to the battery specific energy density. Additionally, the
“radical” hybrid-electric regional configuration was conceived as a plug-in hybrid
with eight battery-powered electric propellers and a turbo generator to extend range
(Atanasov 2022) combined with improved aerodynamics. Here a 55% reduction in
block energy is estimated for a full electric 200 nm typical mission, shrinking to 4%
for the 600 nm design mission with range extender, resulting in a 20% fuel reduc-
tion against the conventional baseline. This gain is materialised despite the significant
increase of the MTOW from 15 to 22 tons, mainly due to batteries’ weight. However,
this configuration tends not to be too sensitive to the battery specific energy, which is
a benefit against the “conservative” parallel hybrid. This result indicates the potential
of the plug-in hybrid, a paradigm that is currently followed by Heart Aerospace for
their novel hybrid aircraft in the regional-low segment and also seems to be scalable
to larger aircraft in ultra-short-range operation (DLR).

After IMOTHEDP, Clean Aviation has initiated in 2023 the HER programme, devel-
oping an ultra-efficient hybrid electric regional aircraft for 50-100 passengers for
distances that are typically below 500 km (Clean Aviation 2024). The combination
of hybrid electric propulsion that is initially conceived for EiS in 2035 on SAF and
batteries and at longer term on H2 fuel cells, electrification of aircraft systems and
a highly efficient aircraft configuration aims to reduce CO, emission by 30% by
2035 and up to 50% beyond 2035 (excluding the effect of SAF). This objective is
being pursued by several interrelated projects, including HERA (HERA—Hybrid-
Electric Regional Architecture (GA no. 101102007), 2023-2026) developing the
aircraft configuration and systems integration, and HECATE (HECATE—Hybrid
ElectriC regional Aircraft distribution TEchnologies (GA no. 101101961), 2023—
2026) defining the electrical distribution architecture and all the associated technolo-
gies. For this aspect, two aircraft architectures are being evaluated and compared,
labelled as use-case A and use-case B (Marco, Neumann De la Cruz, & Reichert),
and respectively consisting of a hybrid electric turboprop versus a Distributed Elec-
tric Propulsion (DEP), based on an interplay of a thermal engine and electric motor
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powered by a battery and fuel cells systems. In these projects the energy storage,
conversion systems and aircraft electric architecture are also conceptualised. While
conclusive results on HERA and HECATE are not yet available, with the projects
just turning the eighteenth month of execution as per end of 2024, preliminary data
suggest that the target of 30% of CO, emission reduction in the 50-100 passenger
range by 2035 might be too ambitious to reach, with an indication that the hybrid
electric propulsion system alone can be capable of up to 20%. In turn, this seems to
be consistent with the results of IMOTHEP, signalling that the emission reduction
potential of such technology exists but might be more moderate than expected.

Electrification in the regional-low (30 pax) aircraft segment: the Hearth
Aerospace ES-30

The Heart Aerospace ES-30 (Heart Aerospace) represent one of the most concrete
development projects for a hybrid electric aircraft available in the industry today,
and likely one of the most credible candidates to be the first hybrid electric aircraft
certified under Part-25. Developed by Heart Aerospace, a Swedish start-up company
whose mission is to electrify aviation, the ES-30 aims to provide an efficient, low-
emission solution for regional air travel while serving short-haul routes. At the core of
the ES-30’s clean sheet design is its hybrid-electric propulsion system, enabling fully
electric flights up to a range of 200 km with 30 passengers in a novel and unique
2-1 seating configuration. The ES-30 has a fixed-wing design and is powered by
four wing-mounted electric motors/engines, paired with an advanced Li-ion battery
system, capable of more than 1 MWh of energy capacity. For extended trips, the
aircraft integrates a hybrid energy source, which combines the battery electric with
conventional propulsion. At present, it is unclear whether this will happen through
a series hybrid configuration, where the four electrically driven propellers will be
driven by motors powered by batteries recharged by using an auxiliary generation
system based on Jet-A1 or SAF, or through having two propellers driven electrically
(inner pair) and two propellers driven by conventional turboprop engines (outer pair,
called by Heart Aerospace “independent hybrid system”). The latter configuration
clearly offers the advantage of two independent and separated propulsion systems,
with clear benefit in redundancy and certification. The hybrid configuration allows
reaching distances of up to 400 km flight range with 30 passengers and 800 km
flight range with 25 passengers, hence extending the aircraft’s operational capability
to serve most regional routes in Europe and North America. The battery, initially
designed to be equipped with state-of-the-art liquid electrolyte Li-ion battery cells
(i.e. generation 3), is planned to incorporate next-generation solid-state batteries
(i.e. generation 4), enhancing range and energy efficiency as the battery technology
develops over the next years, possibly extending the full electric range up to 400 km,
as well as consequently the hybrid electric range. The full aircraft specifications
are, at present not published. It is, however, expected to be capable to take-off from
runaway of 1,100 m, and fully charge its battery in 30 min, hence allowing an aircraft’s
turnaround time is comparable to current regional jets, thus aligning well with the
high demands of regional airlines. From an environmental perspective, the ES-30
stands out as a low-emission option in the industry. With fully electric operations,
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it eliminates in-flight carbon emissions entirely for shorter distances, while, when
operating in hybrid mode, it still achieves a considerable reduction in emissions
compared to conventional fossil-fuel aircraft, estimated at less than half against a
regional jet of a similar passenger capacity. As of now, Heart Aerospace plans to
type certify the ES-30 by 2029, launching it for commercial use by 2030, marking
it as one of the pioneering aircraft in the era of electric aviation. As of end of 2024,
the ES-30 has secured 250 orders, with options for additional 120 units and letters of
intent signed for additional 191 units (Aerospace Global News), unveiling the first
full-scale demonstrator on September 12th, 2024, (Hearth Aerospace).

Electrification in the regional-low (70 Pax) aircraft segment: the ATR-EVO

A second example of the significant efforts that the aeronautic industry is investing
in the electrification of air transport is constituted by the ATR EVO (ATR). Designed
by ATR, the European leader in regional turboprop manufacturing, the EVO is a
next generation “ultra-efficient regional aircraft,” engineered to meet the industry’s
growing demand for sustainable and efficient air travel, specifically catering to
regional routes with a focus on minimizing environmental impact, maximizing fuel
efficiency, and reducing operational costs. The EVO is targeted to serve regional
routes between 500 and 1,500 km (i.e. short-to-medium range), accommodate up to
72-78 passengers with a 2-2 seating configuration. It builds on ATR’s established
experience with turboprop aircraft but introduces a range of technological innova-
tions. Primarily the EVO combines an ultra-efficient thermal engine re-designed for
full compatibility with SAF, and to operate with a battery-powered electrical motor
mechanically connected to the propeller gearbox (parallel hybrid), to optimize the
engine core size using electrical power. The targeted thermal-electric power split of
the 4 MWh drivetrain is not disclosed, however, in normal operations, ATR envisions
electrical energy providing up to 20% of the power for the top-of-climb segment and
initial cruise, with recharging from the thermal engines potentially occurring later in
the cruise and during descent, as well as on the ground between flights. This should
result in a DoH between 10 and 20%, requiring a sizing of the battery in the range of
few hundreds kWh (two battery packs capable of combined 300-500 kWh, (Aviation
Week)), aiming at exploiting the electric powertrain as a booster in a mild-hybrid
architecture. As such the EVO targets a 20% fuel and CO; reduction against the base-
line aircraft, powered with state-of-the-art PW127M engines, possibly achieving up
to 30% by implementing additional innovations (e.g. optimized wingtips, redesigned
nacelles, lightweight materials, and electric auxiliaries, etc.). ATR targets EiS by 2035
for the EVO, replacing the successful ATR 42/72 product family.
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6 Airworthy Structural Batteries: Batteries’
Implementation as a Multi-Functional Energy Storage

As elaborated in the previous section, the future of aircraft electrification will hinge
on the development of high-performance cells with minimal weight penalties, with
energy density being the most influential parameters affecting the viability and benefit
derived by the implementation of a hybrid electric propulsion architecture. By 2050,
the goal is to achieve system-level energy densities of at least 350-400 Wh/kg (see
Table 3). While Li-ion battery technology is currently nearing maturity, it is expected
to reach its theoretical limits soon, with usable energy densities projected to reach
approximately 550-600 Wh/kg at the cell level.

Although ultra-efficient automotive cell-to-chassis concepts, boasting packaging
efficiencies of up to 90% (Battery Design—Cell to Pack 2022) and capable of deliv-
ering over 500 Wh/kg at the pack level, represent a significant breakthrough for
ground vehicles, these advancements are unlikely to be transferable to aviation. This
is largely due to aeronautic thermal runaway and fire safety concerns, as these systems
rely on large numbers of cells integrated into a single unit, making them unsuitable
for compliance with stringent aviation safety standards.

Multifunctionality in the context of combining electrical energy storage with
mechanical load-bearing capabilities, offers an alternative approach to mitigating
the weight, and to a lesser extent volume, penalties associated with conventional
monofunctional batteries. This can be achieved through two main strategies: either
by making batteries structural or by enabling structural components to store elec-
trical energy. Ultimately, the goal is to merge these approaches into a single solution.
Over the past few decades, various concepts for structural batteries (SBs) and multi-
functional electrochemical energy storage have been explored. These range from
adding multifunctional properties to structures or their elements, to innovating at the
material or constituent level itself (Kiihnelt et al. 2022; Danzi et al. 2021).

For structural batteries to emerge as a viable performance technology in future
aircraft, they must not only deliver multifunctional performance but also ensure
high operational safety. While high energy density is critical for making structural
batteries competitive with conventional battery systems, safety remains a funda-
mental requirement for airworthiness certification. The mechanical properties of
structural batteries must be suitable for specific structural integration scenarios.
However, ultimate mechanical strength is not always necessary, as structural designs
can accommodate the reduced load-bearing capacity of structural batteries. Further-
more, for widespread adoption in the aerospace industry, structural batteries must
be compatible with established aerospace composite materials and manufacturing
processes, such as high-strength carbon fibre matrices and autoclave curing. Their
processing, manufacturing, and structural integration must also be scalable to meet
industry demands.
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High-energy semi-solid structural battery technology

As part of a breakthrough research programme funded through the European
projects SOLIFLY and MATISSE (SOLIFLY—Semi-SOlid-state LI-ion batteries
FunctionalLY integrated in composite structures for next generation hybrid elec-
tric airliner (GA no. 101007577), 2021-2023; MATISSE—Multifunctional struc-
tures with quasi-solid-state Li-ion battery cells and sensors for the next generation
climate neutral aircraft (GA no. 101056674), 2022-2025), the AIT (Austrian Insti-
tute of Technology GmbH) has led the development of a multi-electrode-layer semi-
solid structural battery technology. It builds upon an energy dense semi-solid Li-
ion electrochemistry with in-house developed components: a high-energy NMC811
composite cathode, a graphite composite anode and a non-flammable structural elec-
trolyte film from ionic liquid-thermoplastic mechanically reinforced with filler parti-
cles with a final thickness of around 30 wm (Beutl et a. 2024; Krammer et al. n.d). The
semi-solid SB cell is assembled in a multi-electrode-layer stack, see Fig. 1a, and has
currently an energy density of 96 Wh/kg (271 Wh/1). This is estimated to be 2-3 times
higher than state-of-the-art carbon fibre-based SB cells (Siraj et al. 2024; Chaudhary
etal. 2024; Bouton et al. 2024). Its structural integration into aeronautic high-strength
carbon fibre laminates has been studied for a standard quasi-isotropic unidirectional
ply stacking, using the aeronautic AS4/8552 CF-epoxy material (Laurin et al. 2024a,
b). As depicted in Fig. 1b, the SB cells are inserted symmetrically into the CF ply
stacking where they replace the (three) inner CF plies (£ 45°, 90°) that are not
aligned with the direction of the main mechanical load (0°). Furthermore, the SB
cell must match (with small margin of around 5%) the thickness of the plies it is
integrated in to avoid unevenness and material stress. In the present case, the SB cell
thickness was adjusted to around 564 pm for integration into 3 plies of the AS4/
8552 prepreg material that has a cured ply thickness of around 188 pwm. SB cells
were not integrated into single outer CF plies, i.e. nr. 2 and 15 oriented at 90°, for
efficiency (energy density of single-layer lower than of multi-layer SB cells, addi-
tional cell wiring needed) and to maintain the outer CF plies’ mechanical protection
of the inner CF plies and the SB cells, e.g. against impact.

A first aeronautic-grade multifunctional structure with energy storage capability
has been demonstrated in SOLIFLY based on a composite stiffened panel (Laurin
et al. 2024a, b), see Fig. lc, which is a standard aeronautic component, e.g. found
in the wing box. The multifunctional panel integrates 20 multilayer SB cells of 7 x
8 cm surface area and around 0.6 mm thickness, storing in total around 8 Wh with
minimum weight increase (+2.6% against the monofunctional baseline panel). It has
been manufactured according to aeronautic standards, i.e. cured in the autoclave using
an adapted process that allows full structural curing at 130 °C maximum temperature.
Its global mechanical rigidity, assessed in compression up to 18 tons, has been found
equivalent to the one of the monofunctional reference. This demonstrator proved the
feasibility of aviation-grade multifunctional electrical energy storage and helped to
identify challenges concerning the electrical/mechanical integration of the SB cells
into CFRP composites.



Battery Systems for Air Transport Climate Neutrality 369

—
O
~

SB cell

Orientation
Jaquinu A4

SB cell

Sensict

Fig. 1 a AIT semi-solid SB cell © AIT/Kiihnelt, Beutl; b SB cell integration concept into solid
unidirectional carbon fibres with quasi-isotropic ply stacking sequence © ONERA; c first aero-
grade multifunctional energy storage composite panel manufactured and tested in the SOLIFLY
project © AIT/Kiihnelt (based on photo of ONERA/Laurin); d smart SB cell prototype, integrating
a micro-chip-based measurement system with the SB cell stack © AIT/Kiihnelt, Beutl

The manufacturing of this SB cell technology is fully scalable. The composite
electrodes and the semi-solid electrolyte are manufacturable in roll-to-roll processes
following conventional manufacturing approach requiring only low (electrodes) to
medium (electrolyte) degree of adjustments (Steinke 2024). Best practices for the
cell finishing (formation, degassing if required) and structural integration at the
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composite manufacturer need to be established. However, the fabrication of the
SOLIFLY multifunctional demonstrator did not reveal major handling issues at the
composite manufacturer.

Table 4 compares AIT’s multi-electrode-layer semi-solid SB with state-of-the-art
carbon-fibre-based SB and indicates the potential of further improvement steps on
the cell KPIs. The multi-layer semi-solid SB achieves significantly higher energy
density compared to its carbon-fibre-based counterpart. This advantage is primarily
due to greater utilization of the cathode’s active material, increasing the full-cell
capacity from 120 (Krammer et al. n.d) to 180 mAh/gnmcsi1 (at 0.1C) for the former,
compared to 25 mAh/gipp (at 0.025C) (Chaudhary et al. 2024) for the latter, at
comparable active material loading of around 1 mAh/cm?. Furthermore, the energy
density benefits from the higher voltage window of NMC (2.5-4.2 V) compared to
LFP (2-3.6 V). The weight penalty introduced by the metallic current collector foils
used in the cell stack (cathode: 16 wm Al anode: 10 wm Cu) could be significantly
reduced by replacing them with novel light-weight current collectors, e.g. carbon-
based or metal-on-polymer, which are also thinner than the metal foils. This allows to
increase the cell energy density to 190 Wh/kg (345 Wh/1), also increasing the active
material loading to around 1.3 mAh/cm?. Adding a low amount of Si (e.g. 10% wt)
to the graphite anode would result in 250 Wh/kg (500 Wh/l) at a loading of around
2 mAh/cm?, and ultimately using Li-metal anode let’s project 375 Wh/kg (960 Wh/
1) for a loading of around 4 mAh/cm?. However, the latter case would require the
structural electrolyte to be able to withstand dendrite growth.

Integration benefits of structural batteries into composite aerostructures. The
benefit of SB integration can be quantified by evaluating the amount of energy stored
in the SB against the weight added to the structure, resulting in an integration energy
density AGEDAGED:

E VED E VED
AGED= — = —— AGED= — = —————
m  Psp — PCF Am  psp — pcF

Especially for SB integration in solid composite material, the AGEDAGED
becomes significantly higher than the GED GED, more than tripled for the first-
generation AIT semi-solid SB and reaching or surpassing 1 kWh/Akg for the
improved SB technology—compared to the GED GED of maximum 500 4+ Wh/
kg for ultra-light monofunctional battery packs that might become achievable when
equipped with last-generation (monofunctional) Li-ion ASSB cells with expected
GED GED of maximum 600 Wh/kg. Tuning the SB density to that of the structural
material, could make, at the expense of absolute energy storage capacity, SB cells
even massless.

For SB integration into sandwich composite structures, the weight benefit becomes
apparently less pronounced as the SB replaces the lightweight sandwich core material
(e.g. foam, Al or paper hex core). Nevertheless, the integration energy density is still
larger than the cell’s GED GED maintaining zero-volume overhead, in contrast to
monofunctional encased batteries. In such integration scenarios, other factors and
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Table 4 Cell level KPIs of current and improved SB technology

SB cell Composition GED |VED |AGED Max. |E [GPa]
(cathode | [Wh/ | [Wh/I] | (SB-solid | C rate
electrolyte | kg] CFRP)
anode) [Wh/Akg]

Carbon-fiber-based SB LFP on Al foil or | 30-41 | n.a n.a 0.2 33-76

cell (Siraj et al. 2024, coated CF |

Chaudhary et al. 2024; bicontinuous

Bouton et al. 2024) epoxy-organic
liquid (flammable)
electrolyte with
glass fibre
separator | pristine
CF

Multi-layer semi-solid NMC811 (Active material loading increasing from 1 to

SB cell (Beutl et al. 2024; | composite | 4 mAh/cm?, maintaining SB cell thickness)

Krammer et al. n.d) semi-solid,

SotA Asofyear | non-flammable — [4e 1197 179 02 |10

2023 10nic
liquid-thermoplast
As of year with filler particles 96 213 334 0.5
2024 | graphite
composite
Improved | Reduced low density ~190 | ~345 | ~ 1500 > 1 Improved
weight of current collectors
passive + Si(10%)-gr ~250 | ~495 | ~ 1360
components; | 54
increased
anode + Li-metal anode | ~ 375 | ~960 | ~ 980
energy
density

secondary effects may be more important, such as enabling decentralized energy
storage and removing extra cabling that is only installed for redundancy reasons.

SB thermal management. SBs are typically thought to be integrated in a two-
dimensional way into solid composite skins or sandwich cores, with one or two
rather thin SB cells through the thickness, like the concept depicted in Fig. 1c. As
the SB cells are not in thermal contact to each other (unlike many conventional
battery modules using pouch or prismatic cells), the heat dissipation properties of
the composite materials could enable purely passive thermal management of the SB
and avoiding the complexity and weight penalty of active cooling. However, this
in turn would require locating SB cells in a temperature-controlled or even heated
environment (i.e. inside the aircraft fuselage, or hypothetically in external surfaces
of future aircraft acting as high power/low temperature heat exchangers e.g. for fuel
cell waste heat rejection) and would rule out many scenarios of integrating SBs into
external aircraft structures, at least for aircraft operating at medium to high altitudes.



372 M. De Gennaro and H. Kuehnelt

SB safety, aircraft integration and certification challenges. The high level of fire
safety provided by the highly thermally stable (non-flammable) ionic liquid used for
the semi-solid structural electrolyte could make it possible to integrate SB inside the
aircraft fuselage, even close to the passengers. In fact, several hundreds of square
meters (around 500 m? in SMR to 1500 m? in long-range aircraft) of interior panels
for floors, side walls and ceiling are available in large passenger aircraft as well
as other scalable components such as seat backwalls or overhead bins, which are
non-safety—critical secondary structures that are located in the temperature- and
pressure-controlled area. Assuming that 50% of the panels could be equipped with
last generation SB (Li-metal anode, as per Table 4, with a quarter (2.5 mm) of
the thickness of a typical interior panel), approximately 0.6—1.8 MWh of electrical
energy could be stored in these panels, or 3.6-5.5 kWh per passenger, replacing
at zero-volume impact a monofunctional battery pack that would need cells with,
at minimum, 15-20% higher GED, i.e. 430-450 Wh/kg, not considering the extra
weight impact of thermal management and cabling.

The integration of safe SB cells in non-safety—critical secondary structures seems
more feasible than in primary aerostructures also for reasons of certification and
economic efficiency. For airworthiness certification of multifunctional structures,
aviation safety authorities consider any type of insert (sensors, antennas, or SBs)
in composites as a potential source of delamination. This would place very high
durability requirements for SBs. Fire safety would be required in any case.

Economic efficiency of multifunctional energy storage. Apparently, there is still
a huge gap in the lifetime of aerostructures that are designed to last for decades and
modern battery technology (including SB). Aeronautic (structural) batteries need to
withstand daily operation over a major maintenance interval that is mandatory every
18-36 months, or 6,000—12,000 flight hours, or 3,000-8,000 flight cycles, typically
performing around 220 (330) flight (hours) per month in a commercial aircraft.
This requires, on the one hand, a massive improvement in the practical service life of
(structural) battery technology. However, achieving tens of thousands of cycles seems
achievable for NMClgr cells under precisely controlled operating conditions (Harlow
etal. 2019; Aiken et al. 2022). On the other hand, (multifunctional) electrical energy
storage needs to be installed in a scalable and efficiently maintainable and replaceable
way, which favours SB integration in non-safety—critical interior components.

Structural batteries enabling multifunctional health monitoring. The increasing
introduction of composite materials in aircraft poses challenges for Structural
Health Monitoring (SHM) as composite materials age and fail differently and less
predictably compared to the well-known aeronautic metal alloys (e.g. Al, steel, Ti).
Internal failure cannot always be detected with visual inspection, and non-destructive
testing is typically performed only at major maintenance intervals. Furthermore,
some structural components are hardly or not accessible for inspection. The smart SB
cell currently developed in the MATISSE project (see Fig. 1d) integrates the electrode
stack of a semi-solid SB with a micro-chip-based cell and structural monitoring unit
(CSMU) (SENISCHIPS 2024; SENSICHIPS 2024) that includes an electrochem-
ical impedance spectrometer with lock-in amplifier, measuring 1st, 2nd and 3rd
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harmonics, a potentiostat/galvanostat along with on-chip sensors including temper-
ature and mechanical pressure or strain, and outputs digital data instead raw sensor
signals. As the CSMU is operational once the SB cell is first charged, it can monitor
the SB cell and the structure in which it is embedded over the full lifecycle of the
multifunctional part, from manufacturing and curing over operation to 2nd life or
dismantling. The self-contained smart SB cell could be integrated as a network of
sensors in composite aerostructures, making them smart. At aircraft and operational
level, SHM based on this this self-powered, miniaturized system could enable moni-
toring of very large composite aerostructures (e.g. fuselage, wings or empennage)
unlocking substantial benefits in terms of system weight (— 98%, or around 500 kg
less than for SMR) and cost (in the order of hundreds of thousands of euros, one
order of magnitude less than the figures reported in (Cusati et al. 2021)) compared
to conventional MEMS-based SHM systems, as well as time (— 50%) and cost
(between 600 k€ and 1.5 M€ per SMR aircraft and year) needed for inspection and
maintenance.

7 Conclusions

The chapter on battery systems for air transport climate neutrality provides a compre-
hensive analysis of the challenges and advancements in developing battery technolo-
gies for the aviation industry. As the industry seeks to align with the European Green
Deal’s target of achieving carbon neutrality by 2050, battery systems play a critical
role, especially in the electrification of aircraft. However, the road to achieving this
presents significant technological and regulatory hurdles.

Aviation is a notoriously energy-intensive sector, and fully electrifying aircraft
remains challenging, particularly for large commercial planes. The chapter high-
lights the current state-of-the-art in airborne battery systems, focusing on safety,
performance, and airworthiness certification specifications. Certification is central
to ensuring that batteries meet strict safety standards, particularly in preventing catas-
trophic events like thermal runaway, requiring that battery modules prevent the prop-
agation of thermal runaway from one cell to another, with compliance set at 20% of
the battery cells. These rigorous safety demands impose significant design constraints
on battery systems, which can result in a weight penalty, that is a key challenge for
future battery development.

Despite these challenges, advancements are being made. Current battery systems
deliver gravimetric energy densities between 230 and 290 Wh/kg at the cell level and
170-235 Wh/kg at the module level. However, by 2035, the target for full-electric
and hybrid-electric aircraft systems is to achieve gravimetric energy densities of 350—
400 Wh/kg at the pack level, a 30-60% improvement over today’s capabilities. This
will be essential to make full-electric and hybrid-electric aircraft viable for commuter
and regional segments.

Current technological projections indicate that hybrid-electric and more-electric
aircraft architectures can be deployed at fleet scale in the commuter, regional, and
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short-medium range segments by 2050. This shift toward electrification is expected
to result in a reduction of aviation emissions by approximately 3-3.5% by 2050,
combined with a market demand for airborne batteries ranging from 55 to 120 GWh/
year in the same reference year. The market is expected to be segmented in a 10-80-10
fashion, with 10% of the demand driven by smaller aircraft segments (commuter and
regional), 10% driven by the long-range aircraft market and 80% driven by the short
and medium range market. Impact wise, the environmental benefits are expected to
be equally sized between the lower segments (commuter/regional) and the short and
medium range, while the economic benefits are expected to be mostly concentrated in
the short and medium range segment. Moreover, an airborne battery system sized in
the range from 0.5 to 2.0 MWh is expected to fit all categories of commercial aircraft,
and this simplifies the roll-out of hybrid electric and more electric architectures.

Moreover, two research case studies for hybrid electric aircraft based on the
research projects IMOTHEP, HERA and HECATE are presented, complemented
by two additional on-going case studies from two aircraft development programmes,
i.e. the Heart Aerospace ES-30 and the ATR-EVO. The results converge on the view
that the fuel-saving potential of hybrid-electric architecture is limited, and mainly
confined in the proximity of the lower bound of the regional-low aircraft segment.

Additionally, the concept of structural batteries is presented, based on the results
of the research projects SOLIFLY and MATISSE. These show that such batteries are
capable of a gravimetric energy density that can be tripled by the multifunctional
integration of the battery cell into the structure achieving the mark of 300 + Wh/kg as
per 20,204 state-of-the-art, with the possibility of surpassing the 1 kWh/kg mark in
the future. Such concept, extended to non-safety—critical secondary structures, such
as interior panels, could add 0.6-1.8 MWh of energy storage capacity to aircraft
without increasing volume, serving more electric applications in the regional-high,
short and medium range and long range segment.

In conclusion, while full electrification will primarily impact smaller aircraft,
hybrid-electric and more-electric solutions are expected to revolutionize larger
aircraft categories. By 2050, up to 75% of Europe’s commuter and regional fleet could
be hybrid-electric, with the potential to reduce CO, emissions by up to 40% in certain
aircraft segments. The chapter underscores the importance of continued investment in
battery technology and regulatory frameworks to achieve climate-neutral air transport
in the coming decades.
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On-Board Integration of Hybrid Energy )
Storage Systems in Heavy Duty Vehicles: Speshee
The Electric Buses Use Case

Dario Pelosi, Andrea Rampini, Alberto Vazzola, Laura Andaloro,
Ilenia Belviso, and Linda Barelli

Abstract Road transportation contributes to 79% of the total transport emissions. To
achieve European emissions targets by 2050, a sustainable mobility based on electric
vehicles (EVs) powered by batteries or fuel cells is required. Albeit Li-ion batteries
represent the best choice for light duty EVs, green transition for heavy duty transport
is more challenging because of the greater mileage and the lack of fast-charging
infrastructure. To extend mileage range and energy storage lifespan, hybridization of
different energy storage technologies represents a promising solution towards a green
transition based on zero-emissions heavy duty vehicles. In this Chapter, different
systems are presented for a bus application. Three innovative hybrid propulsion
systems, consisting of: (i) LiFePO4 battery (LFP)/Proton Exchange Membrane Fuel
Cell (PEMFC), (ii) LFP/Vanadium Redox Flow Battery (VRFB) and (iii) Ni-NaCl
battery coupled with PEMFC are analysed with reference to a real case study (i.e.,
urban electric bus) and compared to an electric bus powered by only LFP. With
respect to the case study, it is demonstrated that there are benefits of hybridization
in terms of mileage range and battery lifespan extension (when LFP is considered),
paving the way for an efficient and effective green transition.
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1 State-of-the-Art

The move towards a net-zero carbon society by 2050 includes avoiding greenhouse
gas (GHG) generation (Saldarini et al. 2022a, b). The transport sector accounts for
15.8% of the global emissions in 2023 with the road transportation contributing to
79% of the total transport GHG emissions.

Sustainable road transport is being achieved through the transition from fossil fuel-
powered vehicles to electric vehicles powered by batteries or fuel cells. Although
a massive electrification of the light-duty vehicles has begun, heavy-duty vehicles
are still based on fossil fuels to travel long distances. This is because of the lack of
development and deployment of fast charging or hydrogen refuelling infrastructures
all over Europe (Pelosi et al. 2023a). Full electric transportation competitiveness
is also strictly connected to the technological progress of batteries. Li-ion batteries
(LIBs) represent the most promising solution due to high specific energy, efficiency
and expected life. Nevertheless, issues as safety and availability of the raw materials
should be addressed (Zubi et al. 2018).

As regards road transport electrification based on LIBs propulsion system, aspects
related to range anxiety, and few charging points should be primary addressed (Pelosi
et al. 2023b; Vermeer et al. 2022). Such concerns, however, can be well managed
in the framework of urban transport (e.g., buses) by optimizing the planning of the
daily route and the bus charging (Offer et al. 2010; Wei et al. 2018). Other promising
innovative technologies, as open batteries (i.e., vanadium redox flow battery (VRFB))
have the potential to be applied in transport applications supporting conventional
batteries in hybrid energy storage sections, especially in the heavy-duty road or
marine transport where energy density requirements are less severe, as presented in
(Barelli et al. 2024) and (Barelli et al. 2019a, b).

On the other hand, electric vehicles powered by fuel cells present higher mileage
range and faster refuelling times than battery vehicles, even if a recent study, by
analysing experimental data of battery and fuel cell electric buses operated in the
same area, proves that the tank-to-wheel efficiency results of fuel cell electric buses
are lower than that of battery electric buses (Estrada Poggio et al. 2023).

However, huge issues to be faced are still related on hydrogen production, distri-
bution and transport. For instance, only few points of hydrogen refuelling stations
are placed in Europe, mainly in Germany. Moreover, high costs and reliability of low
temperature fuel cells, such as proton exchange membrane fuel cells (PEMFC), still
hinder the diffusion of hydrogen-based electric transportation.

As widely proposed for stationary applications, hybridization of energy storage
systems (ESSs) allows a wider operating range over multiple time scales, by imple-
menting ESSs with complimentary features (e.g. power intensive with energy inten-
sive technologies). Hybridization of different and complementary (in terms of key
performance indexes) technologies could play a key role to date and in the next
years. Specifically, hybridization of energy storage systems for on-board road trans-
port extends the vehicle mileage range, while increasing system efficiency. There-
fore, hybridizing LIBs with complimentary energy storage as supercapacitors and
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flywheels results in a LIB life extension due to reduced power solicitations over the
driving cycles.

This allows to achieve a higher sustainability degree for battery road transporta-
tion, reducing the need for battery replacements. As matter of fact, batteries for road
transport must be generally replaced when their State of Health (SoH) goes below
the 80% threshold (Pelosi et al. 2023c¢).

2 Drivers for Installing the Hybrid System

Transportation will face a great transition toward sustainability to achieve the
imposed climate targets by 2050 and 2100 (European Commission 2017). Current
energy storage technologies for light and heavy-duty vehicles require higher energy
and power densities regarding the technical requirements for propulsion to achieve
similar performance in terms of mileage range and charging times with respect to
internal combustion engine (ICE) vehicles. In this framework, the on-board imple-
mentation of complimentary hybrid energy storage systems (HESSs), as supercapac-
itors or other fast responsive technologies and batteries, or fuel cells and batteries,
contributes to extending the vehicles’ range and performances. For instance, (Barelli
etal. 2019a) analyse different solutions of HESS for a real bus propulsion application,
also highlighting the positive effect on Li-ion battery lifespan, which represents a key
factor in the view of economic and environmental sustainability of the vehicles. As
matter of fact, it is widely demonstrated that operating the Li-ion battery without any
harmful power spikes allows to increase its lifespan, while reducing replacements
(Barelli et al. 2019b). It is experimentally demonstrated that combining Li-ion battery
pack with a flywheel peak shaving system extends the battery lifespan of more than
three times compared with a Li-ion battery with a capacity equal to the total HESS
capacity in a renewable-based residential microgrid (Barelli et al. 2019b). Another
driver for installing on-board hybrid energy storage systems for transportation appli-
cations is the extension of vehicle mileage, at the same time reducing the overall
time needed for recharging. For instance, as detailed in the following, (Barelli et al.
2012) proposes the hybridization of a battery electric bus with a hydrogen system of
suitable power and capacity to allow a 12 h operation under a specific duty cycle.

3 Technology Neutral System Requirements for the Specific
Use Case

The electric bus here considered as the specific use case is an 8 m length vehicle
for the transportation of 14 seating and up to 30 standing-up passengers in addition
to the driver. The vehicle weight achieves about 11 tons when fully loaded. The
powertrain includes an electric motor with nominal and maximum power of 70 kW
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Fig. 1 a Measured bus load profile over 29 min; b Daily bus load profile (Barelli et al. 2012)

and 140 kW, respectively. The bus has to be operated for 12 h service under the
duty cycle depicted in Fig. 1b. The duty cycle is determined by repeating the 29 min
current profiles measured during field tests on the electric bus under study. Positive
current represents the load evolution required by the electric motor, while negative
currents indicate recovered power during braking phases and used to recharge the
battery pack.

Key performance indexes for HESS integration are based on the LIB pack oper-
ation over the duty daily cycle of Fig. 1 with a single charge, and reduced depth
of discharge (DoD), never above 90%. Therefore, mileage extension, reduction of
charging time and battery degradation, both contributing to reducing investment and
replacement costs, are targeted. The required background on HESSs involves compe-
tences in dynamic modelling of powertrain systems including energy storage devices
(e.g., closed/open batteries, supercapacitors, and fuel cell systems and related balance
of plant).

To provide accurate results, it is also suggested to develop semi-empirical models
implementing the performance characteristics of the specific devices to be integrated,
e.g., open circuit voltage (V,.,) and internal resistance (RZZI) evolution with the state
of charge (SoC) both in charging and discharging for open and closed batteries as in
(Barelli et al. 2019a, b), as well as polarization and efficiency curves for fuel cells, as
detailed in (Barelli et al. 2012). For batteries, required data can be determined through
galvanostatic partial charge and discharge tests, interspersed with open circuit voltage
and EIS measurements to determine V., and R™ at different SoCs. To perform such

bat
tests, galvanostat/potentiostat instrumentation is generally used.
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The cited works provide theoretical background for dynamic modelling of the
energy storage technologies cited above.

Dynamic models must include also high-level power management and low-level
control strategies. Specifically, a high level power management strategy has to be
developed to target in real-time specific objectives, usually according to multi-
objective criteria for instantaneous power split among the energy storage devices.
Criteria for management optimization are defined according to specific characteris-
tics of integrated devices (e.g., SOC range, maximum discharge C-rates, limitations
in C-rates variation over the considered time step), as well as according to expected
performance at system level (e.g., cycle efficiency maximization of the overall HESS,
or other conditions related to the investigated use case). Provided results have to fully
characterize the evolution of devices’ operating conditions over the imposed vehicle’s
duty cycle. Thus, corresponding SoC and efficiency evolutions have to be assessed
for each implemented energy storage device.

Moreover, these results have to allow the off-line assessment of the expected
devices’ lifespan. To this regard, it is highlighted as power management becomes
crucial for the real time optimization of HESS to maximize potential benefits,
including devices’ duration. This is relevant in the case of closed battery integration
in HESS. Hence, (Barelli et al. 2019a, b) also developed a methodology to estimate
ESS lifetime. Specifically, the Rainflow-counting algorithm, coupled to the cycle-
to-failure curve of the considered chemistry, is suggested to assess battery expected
lifespan basing on the yearly SoC trends provided by dynamic simulations. It doesn’t
provide accurate assessments, but it is suitable specifically for comparative analysis
among different HESS architectures or power management strategies of the energy
storage section. On the other hand, also the aging of the other systems components
(e.g. open batteries, fuel cell) have to be assessed according to their features and the
expected operating mode.

Due to the potential extension of battery duration, costs for operation and devices’
replacement generally can be reduced for HESS, with respect to the case of imple-
mentation of single battery packs. On the other hand, installation costs generally
increase for HESS considering the integration need of two energy storage devices at
least and more complex and smart converters. Therefore, the profitability of HESS
integration has to be assessed in consideration of both CAPEX and O&M costs
including devices’ replacement in a certain timeframe. To this aim the levelized cost
of storage (LCOS) metric could be applied for a comparative analysis among two or
more solutions.
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4 How Can Hybrid Energy Storage Meet the Identified
Needs?

Hybrid energy storage systems for transport applications allow mileage range exten-
sion and recharging time reduction, as well as lifespan extension of single devices.
Benefits provided have to be assessed, according to the criteria indicated in the
previous paragraph, by comparing one or more HESS solutions with the case of a
single energy storage device on-board installation.

With reference to the specific use case i.e., the 8 m length electric bus, three
different HESSs (Systems A, C, and D) are investigated with respect to the case of
a bus equipped with Li-ion battery only (System B).

In Systems A and C the Li-ion battery technology (the LFP as implemented in
System B) is hybridized with a different technology, while in the case of System D
the LFP battery is substituted by a Ni-NaCl battery pack. Investigated ESSs are:

e System A: Hybrid storage system composed by LFP battery pack with PEMFC
stack (Proton Exchange Membrane Fuel Cell)

e System B: LFP battery pack (not hybrid ESS).

e System C: Hybrid storage system composed by LFP and VRFB battery packs

e System D: Hybrid storage system composed of Ni-NaCl battery pack (Sodium-
Nickel Chloride batteries, also known as Zebra batteries) with PEMFC stack.

This section reports the main technical features of each ESS solution, while the
performance assessment of each HESS with reference to the non-hybrid ESS (System
B) is discussed in the next section.

Systems A, B, C and D were implemented by means of dynamic models to deter-
mine the size of the storage devices, according to the real driving power profile,
also considering a suitable SoC control strategy (Barelli et al. 2019a, b). More-
over, PEMFC-LFP, LFP, VRFB-LFP, and Zebra/PEMFC energy storage systems
were modelled in Matlab/Simulink environment considering as design constraint the
weight of System A (i.e., 1620 kg as detailed in the following). This is highlighted
as all investigated ESSs were sized at parity of on-board mass of the storage section.
Related performance is compared in reference to the daily working cycle depicted
in Fig. 1.

LFP batteries modelling was based on experimental data of a LFP battery module
(Evlithium 2024). According to the methodology indicated in the previous section,
performance characteristics of the specific devices to be integrated were determined
through a dedicated experimental campaign and implemented in the ESS models.
Specifically, experimental data of open circuit voltage (V) and internal resis-
tance (Rg’u’t), both in charge and discharge processes, at varying state of charge were
measured and implemented in the model. For details, refer to (Barelli et al. 2012).

As regards to VRFB, data required to develop the semi-empirical model can be
gathered by mean of measurements on a small single cell, anyway representative for
cell voltage and internal resistance assessments. It has to be noted that if a single flow
cell, instead of a flow battery system, is tested, pumping losses and system round trip
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efficiency are not taken into account. As example in (Barelli et al. 2012) the tested
cell has an active area of 12 cm? and it is composed by a sandwich of several compo-
nents (aluminium plates for cell compression, copper plates as anodic and cathodic
current collectors, graphite plates, Teflon gaskets, carbon felts and the Nafion 115
membrane). BioLogic SP-240 equipment is used to perform the characterization
tests. The cell is operated under 50 mA cm~2 current density and 432 ml min~! of
catholyte and anolyte feeding flow rates. Anolyte and catholyte volumes are 250 ml
each one, with 1.5 M vanadium and 5 M sulfuric acid composition.

System D was fully implemented in a city bus following the development of
a preliminary numerical simulation model in the MATLAB-Simulink environment.
The simulation was used to support the design and dimensioning of the hybrid system
(PEMFC and Ni-NaCl batteries), adhering to a weight constraint of 1620 kg and
considering specific routes (real-world city duty cycle).

The system was built and integrated into the bus, with both the fuel cell stack and
the batteries having been previously tested experimentally. These components were
also modelled in Simulink to fine-tune their performance (De Lorenzo et al. 2014).
The equivalent circuit parameters for the fuel cell system were derived from the
polarization curve provided in the manufacturer’s datasheet. Meanwhile, the open
circuit voltage of the batteries was calculated using a nonlinear equation based on
the state of charge analysis (De Lorenzo et al. 2014).

Both the battery and fuel cell models were validated against real-world opera-
tional data acquired during field tests, confirming the accuracy and reliability of the
implemented system.

System A. LFP-PEMFC hybrid energy storage section

A hybrid storage system consisting of a proton exchange membrane fuel cell
(PEMFC) installed in parallel with an LFP battery pack was modelled and anal-
ysed by the authors in (Barelli et al. 2012). The developed dynamic model of the
LFP-PEMEFC propulsion system, implemented in Simulink environment, allows to
characterize the fuel cell dynamic behaviour together with the battery SoC during the
daily operation of the bus. For a deep description of the fuel cell dynamic model and
the LFP stack, including implemented V., and RZZ; experimental trends vs. SoC,
refer to (Barelli et al. 2012).

The ESS size was determined according to the real driving load demand of Fig. 1b,
giving a particular attention to the fuel cell and the hydrogen tank (weight) together
with the SoC control strategy. The resulting ESS consists of 140 series connected
cells (200 Ah each) (Evlithium 2024) together with a 16.5 kW PEMFC fed by a
hydrogen tank of 11.2 kgy, of capacity. Battery pack technical data are summarised
below:

Number and capacity of cells (series connected): 140/200 Ah
Stack capacity: 95.2 kWh

Maximum discharge current: 600 A (3C A)

Standard charge current: 100 A (0.5C A)

Nominal and peak voltage: 476 V, 560 V
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This configuration allowed, with only one initial battery pack charge and H,
refuelling, 12 h bus operation (over the duty cycle of Fig. 1) with a 10% residual
SoC. The system weight was estimated in about 1,620 kg, considering the battery
pack, fuel cell, hydrogen cylinders and related piping. This value was considered in
the following as the weight constraint for the sizing of all other ESSs.

System B. LFP battery energy storage section

Starting from the battery datasheet (Evlithium 2024), the battery pack was sized
to guarantee the nominal (70 kW) and maximum (140 kW) required power and
increasing the on-board installed capacity up to the achievement of the maximum
weight of 1,620 kg (the weight of both battery modules and auxiliaries is considered).
Features of the battery pack, constituted by LFP series connected cells of suitable
capacity, are:

Number and capacity of cells (series connected): 140/260 Ah
Stack capacity: 123.7 kWh

Maximum discharge current: 780 A (3C A)

Standard charge current: 130 A (0.5C A)

Nominal and peak voltage: 476 V, 560 V

As already indicated above, experimental V., and RZZ, data, measured on a single

battery module, varying the SoC in both charging and discharging processes were
implemented in the bus propulsion system dynamic model. The dynamic model
implements both the driving and the charging process (0.5 C C-rate is considered for
the CC charge), the latter activated when the battery pack SoC achieves the minimum
imposed value or at the end of the daily duty cycle.

System C. VRFB-LFP hybrid energy storage section

Batteries capacity Q (expressed in Ah), V., and RZZ, trends vs. SoC during charge
and discharge processes of both LFP battery and VRFB were implemented in the
model using look-up tables based on experimental data.

LFP-VRFB hybrid system was sized to cover the nominal load (about 70 kW)
by means of the VRFB pack, while a small lithium-ion battery pack provides peak
power demand over the nominal value. This strategy was chosen to limit the weight
of the VRFB stack (excluding the electrolyte), considering the imposed maximum
HESS weight (1620 kg). Consequently, considering 170 kg for the 70 kW VRFB
stack (according to an innovative lightweight design including the implementation of
composite polymer bipolar plates (Nam et al. 2017)) and auxiliary components (e.g.,
pumps and piping), about 1,350 kg and 100 kg were considered respectively for the
VREFB electrolyte and the auxiliary LFP pack. For what above, regarding the VRFB
pack, design constraints were the nominal power and voltage of 70 kW and 476 V
(consistent with the values of the conventional system). Under these assumptions,
VREFB battery pack was characterized as follow:

e Number of cells: 352 (squared cells with 0.3025 m?, membrane active area: 55 cm
side; single cell nominal and peak voltage: 1.35V, 1.5 V)
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Nominal voltage: 476 V

Nominal current density: 50 mA/cm?
Nominal power: 72 kW

Installed capacity: 31 kWh

Round trip efficiency: 0.87

Electrolyte energy density: 23 Wh kg™!

Moreover, the size of the LFP auxiliary battery pack was targeted to completely
cover the demand peaks during the daily working cycle (12 h). Obtained features
are:

Number and capacity of cells (series connected): 140/16.6 Ah
Installed capacity: ~ 8 kWh

Maximum discharge current: 50 A (3C A)

Standard charge current: 8.3 A (0.5C A)

Nominal and maximum voltage: 476 V, 560 V.

The auxiliary pack can deliver a maximum constant power of about 24 kW (50 A)
and an impulse power up to about 80 kW. It is consistent with the peak power profile
of Fig. 1, always under 200 A, considering that the VRFB nominal current is about
151 A. With regards to the HESS power management, the total load demand is split
between the two battery packs. A “Switch” block implements such a management
strategy by comparing the actual current with the nominal current that the VRFB can
supply. The surplus is managed by the LFP additional battery pack. In this way, the
latter can compensate the load peaks, while VRFB can cover the base load.

Due to the low on-board installed capacity, the dynamic model includes the VRFB
charging phase, i.e., when the VRFB achieves 100% depth of discharge, with a
scheduled charge time equals 10 min. This was considered sufficient to fill the tanks
with charged anolyte/catholyte fluids. LFP charging was not implemented since the
LFP battery pack was sized to completely cover the demand peaks over the daily
duty cycle.

The VRFB section of the dynamic model was experimentally validated. In order to
validate the model, experimental and simulation results were compared. Specifically,
a single VRFB cell was tested setting a constant discharge/charge current equal to
0.6 A. Simulated SoC evolution resulted very close to the experimental one. In
particular, in the full discharge test, a gap of about 2% resulted in reference to the
total discharge time, while a gap of 6.9% was assessed for the full charge test.
Both results can be considered acceptable, even taking into account tests had a long
duration over 9 h.

System D. Zebra/PEMFC hybrid energy storage section

System D represents a hybrid solution combining a Zebra (Ni-NaCl) battery with a
PEMEC stack.

The PEMFC stack, operating at constant power, recharges the batteries and
provides additional energy during periods of high demand, such as accelerations or
uphill routes, following a customized control architecture of energy sources (Master
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Controller) (Sergi et al. 2014). Thanks to this configuration, the system can extend
the bus’s operational range by approximately 40% (Andaloro et al. 2013) compared
to a not hybrid battery electric system (assuming an equivalent SoC of 20%), while
keeping the total vehicle weight below the set limit.

The system architecture includes a battery pack, consisting of six Ni—-NaCl
batteries, connected in parallel with the DC bus and a 5 kW FC system. The FC
system operates at constant power and is supported by two hydrogen tanks, each
storing 4.89 kg of H, at 200 bar. The current limit of the DC/DC converter has been
set to 170 A, corresponding to 29.85 Vpc for the 5 kW FC system.

The FC stack consists of 40 series-connected cells with bipolar steel plates, each
with an active area of 500 cm? and a maximum current density of 400 mA/cm?
(Ferraro et al. 2009). The cells operating in “dead-end” mode (the anode is closed
by an electric valve that allows water purging). The energy produced by the FC
is utilized throughout the entire operational period. The FC power recharges the
battery and contributes to vehicle traction when the requested power exceeds the
battery maximum power.

The features of the Zebra battery are:

Operating temperature: 310-350 °C
Number of Cells: 216

Energy density: 119 Wh/kg

Weight: 182 kg

Capacity: 38 Ah

Rated energy: 21.2 kWh

Open circuit voltage (0-15% DoD): 557 V
Max regenerative voltage: 670 V
Minimum operating voltage: 372 V
Maximum discharge current: 112 A

With a battery pack of 6 Zebra batteries, the stored energy is estimated at approxi-
mately 101.7 kWh (considering a minimum SoC of 20%). The total energy available
from the FC stack (hydrogen tanks filled at 200 bar) and the battery packis 181.7 kWh.

The total weight of the System D is approximately 1611 kg, distributed as it
follows:

Battery pack: 1092 kg

FC System: 130 kg

Two hydrogen tanks (H; included): 199.78 kg
DC/DC converter: 50 kg

Hydrogen tank housing: 120 kg

Piping, wiring, etc.: approximately 20 kg
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5 Time of Deployment, or Implementation (and Challenges
to Implementation)

In (Barelli et al. 2019a, b), three different HESSs suitable sized and implemented
in the propulsion system of an 8 m-long electric bus (i.e., System A, C, and D)
are compared to the case of implementation of a non-hybrid ESS constituted by a
LFP battery pack (i.e., System B). All investigated energy storage architectures were
sized at parity of on-board installed weight, equal to the total weight of the LFP
battery pack hybridised with PEMFC stack (System A) as major design constraint.
Main characteristics of the investigated energy storage sections are summarized in
Table 1. The comparison was carried out on the same daily profile (i.e., cycle and
load duration as depicted in Fig. 1b), considering an operation of 365 days per year.
Batteries SoC trends and the consequent required charging time, during the daily bus
operation, were estimated by means of the developed dynamic models.

In addition to the daily dynamic simulations, an assessment of the expected LFP
battery life was carried out for each investigated ESS architecture. LFP aging was
investigated through the analysis of the SoC oscillation on yearly base (annual
SoC trend was obtained by repeating the obtained daily operating profile) by
applying the Rainflow algorithm method coupled with the LFP cycle to failure curve.
Such methodology can estimate battery lifetime when subjected to complex cycles.
Obtained results are reported in Table 1 and discussed in the following.

In System A, composed by LFP battery and 16.5 kW PEMFC fed by a 11.2 kg
tank, thanks to the PEMFC support in continuously providing energy to the battery,
SoC never drops below 10%. Thus, only the initial LFP battery charge and hydrogen
tank refuelling are required.

Regarding System B, (LFP battery pack only), the SoC trend goes below the
minimum threshold before half the day. Hence, a recharge is needed (taking more
than 2 h) during operation to terminate the daily cycle.

Table 1 Summary of technical features and the estimated lifespan of the systems

System A System B | System C | System D
Technology LFP/PEMFC | LFP LFP/VRFB | Zebra/PEMFC
LFP cells’ series 140 140 140 -
LFP capacity (kWh) 70 123.7 8 -
VRFB cell series - - 352 -
VRFB capacity (kWh) - - 31 -
Ni-NaCl cell series - - - 216
Ni-NaCl capacity(kWh) - - - 127.2
On-board H> (kg) (kg2) 11.2 - - 9.78
Lifespan (years) 2714 1.8 9.5/7 10/3
Battery pack recharging/refilling during | 1 (LFP) 2 (LFP) | 8(VRFB) 1 (Zebra)
the daily cycle
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On the other hand, the proposed VRFB-LFP HESS (System C) can satisfy the
load peaks (about 43 A) and the base load (151 A) by means of LFP and VRFB
devices, respectively, as detailed before. Moreover, the VRFB stack can absorb the
regenerative power which results in Fig. 14.1 limited by a maximum value of — 93 A.

In detail, System C allows a non-total discharge of the LFP battery, registering a
residual SoC slightly lower than 40% at the end of the daily route. However, eight
bus stops of 10 min each are needed to refill VRFB tanks. This is in accordance
with the decrease in the ESSs mass energy density (about 25 Wh/kg for VRFB) with
respect to the other implemented technologies. If System C is compared to System
B, the resulting overall energy density corresponds to about one third.

However, System B requires a higher daily recharge time (slightly over 2 h), while
System C takes a total recharge time of 80 min. Hence, System C guarantees a longer
net driving time of the bus during the considered daily route.

As result, the non-hybrid system based on LFP batteries needed a daily recharging
time greater than 70% if compared to VRFB-LFP HESS, although the latter required
a high number of stops for anolyte/catholyte refuelling. It is also highlighted as
System C requires the handling of aggressive chemicals.

Furthermore, the lifespan of the HESS components was estimated through Rain-
flow cycle counting algorithm, applying it to the SoC trends of the LFP battery of
each system. A bus operation of 365 days per year is considered. Concerning the
life expectancy analysis of LFP batteries, the VRFB-LFP hybrid propulsion system
shows the highest lifespan. It is remarked as the method based on Rainflow cycle
counting algorithm doesn’t provide an accurate battery’s lifespan estimation. There-
fore, provided outcomes can be used mainly to perform comparative analysis among
different solutions, rather than as absolute assessments. In the specific case, LFP
battery was demanded to satisfy load peaks over the nominal value of 70 kW with a
single discharge per day at 60% DoD. Therefore, the LFP pack was greatly down-
scaled, with only 7% of the nominal capacity of the propulsion system based on
the only LFP pack, and life expectancy results in 9.5 years, 3.5 and 5 times the
lifespan obtained for LFP battery implemented in the PEMFC-LFP (2.7 years) and
LFP (1.8 year) ESS, respectively. Such an outcome directly reflects in lower recurrent
costs in relation to LFP battery replacement, with economic advantages in terms of
total costs of the bus over its lifespan, though the higher capital cost.

To evaluate the expected life of the whole ESS system, only preliminary assess-
ment was also made on the PEM and VRFB lifespan resulting in an overall greater
duration for System C.

PEM lifespan (System A) was estimated in about 4 years, considering 18,000 h of
total operation, as suggested for bus fleet application in (Frank de Bruijn 2011; Tom
Madden 2010). VRFB lifespan (System C) was assessed equal to 7 years, considering
2920 cycles/year and more than 20,000 working cycles (@ 100% depth of discharge)
indicated for commercial VRFBs (CellCube 2022). ESS systems expected lifespan
is reported in Table 1.

Regarding System D, a notable benefit of the PEMFC stack is the ability to main-
tain a stable state of charge (SoC) in the Ni-NaCl batteries. Thereby, it reduces stress
from deep discharges and prolongs the overall lifespan of the batteries themselves.
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Zebra battery technology has shown in laboratory tests a lifespan of over 10 years
and a cycle life ranging from 1000 to 2000 full cycles. This performance is supported
by real-world applications, where batteries are still operational after exceeding 1000
full cycles.

In conjunction with this, the PEMFC stack has been capable of operating
for approximately 1000 h without declines in performance (Ferraro et al. 2009).
However, the lifespan has reached up to 3 years with non-continuous use of the bus.
Additionally, the use of this small fuel cell provides various advantages, including
lower costs, reduced hydrogen storage requirements in the onboard tanks, extended
range (compared to the equivalent electric vehicle), and shorter recharge times since
the batteries are not fully discharged at the end of the journey. These features resultin a
competitive product in terms of costs, facilitating its introduction into the heavy-duty
transport market.

In conclusion, preliminary results obtained in reference to the hybrid systems
demonstrated potential advantages in the adoption of HESS with respect to a non-
hybrid LFP battery installation. Obtained operating and lifespan data should be
reflected in a suitably economic analysis to be performed in consideration of CAPEX
and OPEX including replacement costs.
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Sustainable and Smart Buildings

Preface

The continuous increase of renewable-based energy systems, both for heating and
power generation, at building level requires the development of innovative compact
hybrid energy storage. These technologies are able to support the flexible opera-
tion of such complex systems, increasing the exploitability of renewables and the
overall system efficiency. Part Five of this book focuses on the role of Hybrid
Energy Storage Systems (HESS) in behind-the-meter applications and how such
kind of hybrid systems could be implemented to meet the dynamic energy needs
of modern buildings to support the decarbonization of building stock. Chapter
“Buildings (< 50 kWh/day). Integrated Batteries with Phase Change Materials (PCM)
for Peak Shaving and Load Management: The HYBUILD Example” gives a brief
overview of different energy storage technologies at building level focusing on their
integration with onsite renewable energy generation and smart grids. The chapter
describes the overall concept, integrating electric batteries, latent, and thermochem-
ical storages, with highly efficient reversible heat pumps for peak shaving and load
management and shows the different options developed for continental and Mediter-
ranean climates. Chapter “Hybrid Thermal and Electrical Energy Storage in Office
Buildings” investigates the most cost-efficient energy storage solution for a net-
zero office in a medium-sized office building in Trondheim, Norway. It determines
the optimal combination of latent thermal energy storage and electrical storage for
each month during 3 years by solving a convex optimization problem aimed at
finding the most cost-efficient energy storage solution. Various factors affecting the
performance and cost-efficiency of these technologies, focusing on energy demand,
seasonal variations, energy prices, and system response characteristics were inves-
tigated. Chapter “Behind-The-Meter. Combination of Li-lon Batteries and Organic
Flow Redox Batteries for BTM Applications” focus on the development of a Hybrid
Energy Storage System (HESS), constituted by the integration of a Lithium Titanate
and Aqueous Organic Redox Flow battery systems to provide behind-the-meter grid
services. In particular, the system has been demonstrated in the Messina community,
Italy.
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heating and power generation, at building level requires the development of innova-
tive compact hybrid energy storages. These technologies are able to support the flex-
ible operation of such complex systems, increasing the exploitability of renewables
and the overall system efficiency. In this chapter, a brief overview of different storage
technologies, such as thermal, electric and hybrid, at building level is provided,
mostly focusing on their integration with onsite renewable generation and smart
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1 Introduction

The increase of the share or renewable energy into the existing power and heating
and cooling infrastructure requires overcoming new challenges (Cabeza and Palomba
2020). Energy storage systems contribute to the stabilization of the variable output
of renewable energy (Liu et al. 2024). By storing surplus electricity during high-
generation periods and discharging it during low-generation periods, energy storage
technologies maintain a balance between supply and demand. Another advantage is
the enhancement of the scheduling flexibility of renewable energy sources. There-
fore, energy storage brings technical, economic and social opportunities in this new
energy system. Energy storage technologies include pumped hydro energy storage,
compressed air energy storage, flywheels, supercapacitors, thermal energy storage
(TES), batteries, and hydrogen storage.

Batteries serve as a prevalent energy storage medium and are typically classified
as short-duration storage systems (Liu et al. 2024). TES is often integrated into
concentrated solar power (CSP) systems for short-duration storage due with its large
capacity and cost-effectiveness, but recently, its potential for seasonal-storage has
been demonstrated (Prieto et al. 2024). At building level, batteries are mainly used
for short-term electrical storage, while TES technologies can be either used for
short-term (sensible and latent TES) or for long-term storage (thermochemical TES).
Therefore, hybrid systems using both batteries and TES can give advantages such as
flexibility, short- and long-term storage, energy efficiency, etc.

In the present chapter, a brief overview of the current investigations focused
on storage integration in buildings is presented. Then, a case study related to the
development and demonstration of innovative hybrid energy storage solutions in
buildings, carried out in the framework of the Horizon 2020 project HYBUILD (G.
A. 768,824) is described.

2 Integrated Solutions for Hybrid Storage and Power-To-X
Systems in Building

In the following sections, a brief state-of-the-art related to different energy storage
technologies, i.e., thermal, electric and hybrid, employed in buildings to support
heating, cooling and power demand is reported. The main advantages and challenges
linked to the use of these technologies are discussed to highlight the relevance of the
development of flexible and highly efficient storage solutions to support the future
energy systems.
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2.1 Thermal Energy Storage + Power-To-X

Anoverview of the potential inclusion of thermal energy storage (TES) and electrical-
thermal energy storage (ETES) in the overall energy system is shown in Fig. 1. Excess
electricity from renewable energy sources or for grid balancing can be stored in ETES
systems for its later use for heating and cooling purposes (Cisek and Taler 2019).
It should be highlighted that both TES and ETES can be installed in the generation
side of the energy system (for example, coupled to the energy generation system
with molten salts storage), in the transmission and distribution section of the energy
system (for example, including heating and cooling networks), and in the demand
side to directly cover the load of the user.

There are many reasons to add a TES or ETES device in the energy system. One
of the key drivers is given by the need to increase the integration of new renewable
energy sources (RES) in the grid (especially the intermittent ones such as wind power
and solar energy, to reach the target of up to 100% penetration. Research on this topic
has been carried out during the last decade at a global level (Jacobson et al. 2015;
Child et al. 2018, 2019) and the importance of a proper mix of energy generation
technologies and storage solutions was highlighted (Solomon et al. 2017, 2019),
especially in view of a trans-national connection of the energy system (Rasmussen
etal. 2012). Other reasons are the reduction of the levelized cost of energy (LCoE) via
economic optimization with the adequate balance between production and utilization
of energy considering power and time (Kiptoo et al. 2020; Timmons et al. 2020)
and peak shifting, to avoid curtailment of the energy produced by RES (Beaudin
et al. 2010; Bao et al. 2016; Talluri et al. 2019). On the demand side TES and
ETES are integrated two-fold. First, storage solutions help matching the generation

Generation ‘ Electricity
flow

Thermal
energy flow

Distribution/
Transmission

User

Fig. 1 Possible storage interaction in the energy system. TES, thermal energy storage; ETES,
electrical thermal energy storage
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capacity with load demand under extremely variable operating conditions to give
response to the significant push towards an increased self-consumption and energy
balance at district/micro-grid level present today (McKenna et al. 2019). Second, at
single building level, TES and ETES are utilized to increase the flexibility of the
energy system and achieve contemporarily both human comfort conditions and high
efficiency of the system (Palomba and Frazzica 2019; Cisek and Taler 2019).

The need for a combination of solutions for coupling the electricity sector with the
heat one has been highlighted in different roadmaps for energy storage technologies
(Durand et al. 2013; International Energy Agency 2014; ICEF-Innovation for Cool
Earch Forum 2017), but most applications are still linked to the use of electricity
storage at the different scales mentioned above.

2.2 Electric Energy Storage + Power-To-X

Power-to-X system architectures need the integration of several technologies able
to provide the necessary transport and storage of the energy carriers used. This
integration requires a combined and optimized use of the energy resources through
the management of their production and utilization which normally does not match
in time. To do this, energy storage systems are crucial elements to act as buffers
between production and consumption, as represented in Fig. 2. This is particularly
true if the electricity carrier is considered, given that the presence of renewables
introduces an important factor of uncertainty.

Several technologies were and are developed in recent years to realize storage
systems more and more efficient, reliable, affordable and generally more performing.
In particular, electrochemical storage systems (batteries) have significantly increased
their presence on the market, driven by various sectors such as portable devices,
transport and stationary services to the electricity grid. The performances currently
offered in terms energy and power density, round-trip efficiency and lifetime have
pushed these technologies into common use also in building sector, normally coupled
with small renewable energy production systems (solar, wind) (IEA 2024). It is
important to underline that, in power to X architectures, batteries are not suitable for
seasonal storage because they become uneconomical when the stored energy have
to be released in weeks or months (Sterner and Specht 2021). On the contrary, they
are superior systems when short-term storage is considered, allowing high flexibility
and efficiency in power-to-power systems, as schematically reported in Fig. 3. The
presence of the storage can have several impact: it maximize the load and generation
match; it can reduce stress on the grid, making it more reliable and potentially
delaying the need for costly infrastructure upgrades; it can generate revenue or money
saving through optimized management of the energy carriers cost and prices; it is
able to face unexpected events, maintaining systems stability and allowing superior
user comfort (Airo Farulla et al. 2021).
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Fig. 2 Sector coupling resulted from power-to-gas and power-to-X (Sterner and Specht 2021)
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2017)
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As described in (Rey et al. 2023) the main technology among batteries is currently
the Lithium-ion cell (Li-ion). They are nowadays widely used in several application
sectors due to high energy and power density, very high round-trip efficiency, good
lifetime and rapid charge and discharge times. Different types of lithium battery
exist according to active materials used for their realization. Among them, the most
important are:

NCA (Li(Ni,Co,Al)O,): the presence of aluminum reduces cobalt use (critical) and
also volumetric changes. They ensure long life and overall good performances but
lower safety due to cathode instability.

NMC (Li(Ni,Co,Mn)O,): the current most used technology with several different
percentages of constitutive components. They offer customizable properties, high
capacity, good C-rate and performance. Better safety than NCA but it is still a
concerning issue. Stationary market is exploring their use after the first life (second
life application).

LFP (LiFePOy,): well known for their superior stability, wider temperature window
and high lifetime. However, they have a lower nominal voltage and consequent lower
energy density. For their characteristics they constitute the dominant technology in
Behind the Meter (BTM) applications.

LTO (Li4TisOj,): take the name of the different anode material (LTO vs graphite),
they offer an exceptional lifetime compared to other lithium batteries and good safety.
On the contrary, their cost is the main drawback.

The current evolution stage is called GEN3 with goal of optimized NMC811 and
high voltage cell with 3D oxide-structured spinel. The GEN4 (2025-2030) will focus
to commercial deploy of solid state batteries.

A schematization usually used to compare the different characteristics of lithium
batteries in terms of specific energy (capacity), specific power, safety, performance,
life span, and cost is realized via radar diagrams (higher value is better) and shown
in Fig. 4 (Miao et al. 2019).

Nickel batteries are generally less energy efficient than Li-ion batteries, but they
perform well at high current rates. They are also safer and more robust, which makes
their control systems cheaper (i.e. they don’t need balancing). The main technology
currently developed is:

Nickel-metal-hydride (Ni-MH): they use hydrogen alloys and are common in
portable devices. They offer good energy density and C-rate. However, they are
heavier and bulkier than Li-ion batteries. Their main advantage is that they don’t
form dendrites, reducing the risk of overheating and internal short circuits.

Sodium Batteries base their popularity on the abundance and low cost of their main
material. Several technologies, mainly divided into low temperature and high temper-
ature sodium batteries, are currently developed. The main technologies with potential
use in building are:
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Fig. 4 Radar diagrams to compare different lithium batteries for building applications (Miao et al.
2019)

Sodium ion (low-temp): considered the heirs of lithium-ion, are appearing on the
market with different manufacturing process. They feature a lower energy density
(probably reaching LFP one) but high interests in research sector could fill the gap.
They are safer and cost-effective, offering high C-rate and good lifetime.

Sodium-nickel-chloride (high-temp, NaNiCl,): they operate at high temperatures
(270-350 °C) and involve a charging process where nickel and salt transform into
molten sodium and nickel chloride. They have a long life cycle and high energy
density but require significant thermal management.

ZEBRA cells: they use iron chloride, nickel chloride, or a mix of both with molten
sodium tetra chloroaluminate as electrode material. They are safer, less corrosive, and
operate over a wider temperature range than other high temperature batteries such
as sodium-sulfur batteries. They have a long life cycle (2500-4500 cycles) (Solyali
et al. 2022).

Some technologies (Na—O,, Na—CO,) show good performance at the small-scale
level, nevertheless, further development activities are needed to improve sodium
anodes technology. Sodium-ion based batteries will become widely diffused in next
years and also solid state device can improve performance and safety (Wu et al.
2024).
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All the technologies previously explained are suitable for small size systems (i.e.
below 50 kW). A family that is arousing interest in stationary applications are the
Flow Batteries. They are particularly attractive due their capacity to be designed sepa-
rating the energy content, which depends on the tanks’ size, from the power released,
which depends on stack size. Electro-active materials (held in tanks) constitute two
redox couple solutions. By pumping through the stack, energy exchange can occur.
They offer long life cycle, low-maintenance and deep discharge. However overall
efficiency is lower than other technologies. Normally they are inserted in larger
systems (hundreds ok kW and more), given that the cost depends a lot on the various
systems needed for operation. Main technologies developed are:

Zinc-based flow batteries (Zn/Cl, or Zn/Bry): they offer high energy and power
density, low environmental impact and low price, gaining popularity among batteries.
The main drawbacks are efficiency and volume used for minimum power release.

Vanadium redox batteries (VRBs): they store energy through electron transfer
between different ionic states of vanadium. They are known for their long-duration
energy storage capabilities, high power release and quick time response. Low energy
density and high costs are the main limits.

Polysulfide bromide (PSB) flow batteries: they use a reversible electrochemical
reaction between sodium bromide and sodium polysulfide. A polymer membrane
separates the electrolytes, allowing sodium cations to transfer between electrodes.
PSB batteries are known for their quick response time, high energy efficiency and
low environmental impact. High preparation cost is the main challenge for diffuse
commercialization.

All the technologies briefly explained show different advantages and disadvan-
tages with Li-ion technology leading the sector. Their main role in power to x
economy is to make renewable electricity to become the primary energy source
(Breyer et al. 2024). In addition, the flexibility offered by fast response, high C-rate
and high efficiency storage system can enable optimized management of the elec-
tricity used, allowing price-based behaviors and demand response (DR) programs
(Xuetal. 2022). Some works in literature show the importance given by the electricity
storage system to implement efficient decision-making power-to-x technologies able
to manage uncertainties and variability of these systems (Burre et al. 2020). In partic-
ular, at building level, the combination and integration of renewables, batteries,
heat pump and/or thermal storage is very interesting. In (Baraskar et al. 2024)
how smart control strategies can optimize heat pump operation to reach higher and
better self-consumption is highlighted. Some management algorithms were devel-
oped and validated using some key performance Indicators (KPIs), showing that
seasonal performance factor (SPF) is improved. It practically describes the benefit
related to a reduced grid electricity need to meet the household heating demands.
In REACT project (Freeman and Coakley 2021), heat pump systems and energy
storage combined use (properly shifting when heating or cooling energy is used)
enables demand-side management or demand-response strategies. Three paths, using
electrical or thermal storage, are possible to manage electricity and heat in buildings
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and different use strategies and challenges were explored inside this project. The
work in (Palomba et al. 2021) explores more in detail the realization and control of
hybrid thermal/electrical storage system coupled with heat pump. The system was
characterized and studied to improve efficiency and lifetime in a specific use case.
Hybridized storage will be further explained in the following section.

2.3 Hpybrid Energy Storage + Power-To-X

The definition of hybrid storage is wide, covering the integration of different electric
storage technologies (e.g., batteries and supercapacitors (Anta et al. 2024)), electric
and mechanical storages (e.g., batteries and flywheels (Li et al. 2024)), electric and
chemical storages (e.g., batteries and hydrogen (Jacob et al. 2018)). This paragraph
focuses on the analysis of the existing examples of hybrid storages dedicated to the
electric and thermal provision to buildings. Indeed, this hybridization approach is
considered extremely urgent, taking into account the route towards the decarboniza-
tion of buildings (European Commission 2022). Actually, overall, the building sector
still represents around 40% of energy consumption in Europe with a large portion of
it caused by heating and cooling demand (UNEP 2024).

In this context, most of the reported papers in the literature are focusing on the
optimization of the joint operation between electric and thermal storages, using a
numerical model approach. For example, Mehrjerdi and Rakhshanib (2019) proposed
a hybrid model for an energy storage system integrating both thermal and elec-
trical storage within a building, in which both thermal and electrical loads are
modeled using Gaussian probability distributions, considering ideal electrochemical
and thermal energy storage systems with a certain efficiency and charge/discharge
power (i.e. regardless of the technology). The electric energy supply was provided
by the electrical grid, and the goal was to minimize daily energy costs through the
optimal operation of the hybrid storage system. Scenario-based stochastic modeling
was employed to address the uncertainty in load forecasting. The obtained results
showed that the electrical storage system can reduce costs by approximately 15%,
and the thermal storage system reduced costs by around 17%, and the coordinated
hybrid thermal-electrical storage system can cut costs by about 34%, resulting in the
most effective way to integrate energy storage in buildings. Dong et al. (2023) inves-
tigated the role of hybrid energy storage, including electric, hydrogen and thermal
provision, to support rooftop photovoltaic (PV) operation on a building. A generic
model for electric energy storage is used, whereas the thermal energy storage model
is based on a water tank. The numerical modelling investigation and optimization
demonstrated that the overall integrated system can achieve an annual return on
investment of 36.37% and a levelized cost of energy of $0.1016 per kWh. More-
over, it can reduce the annual carbon emissions by 25.5 tons compared to a system
with only rooftop PV + electrochemical energy storage. This confirmed the poten-
tial of hybrid energy storage solutions to mitigate the stress on the local grid by
reducing the peak power needed. Another example, by Brandt et al. (2022) focused
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on the development of a simplified method to optimize the sizing of hybrid battery/
TES systems. The analysis highlighted that integrating batteries with a TES system
enhances the system’s load-shaving capacity by 20% compared to a system with only
electrochemical energy storage. At the same time, hybrid energy storage improves
the economics of the system, thanks to the lower capital cost of the TES against the
battery, allowing for a reduction of annual expenses in the range of 10 000-60 000
$. Moreover, in the case of climatic zones with high cooling demand, the hybrid
solution is always more efficient than the standalone battery or TES system since it
increases the available discharge power by up to 40%.

The above reported analysis highlights the huge potential of hybrid storage solu-
tions in buildings, especially when coupled with onsite renewables and innovative
heating and cooling provision devices (e.g. heat pumps). Nevertheless, most of these
analyses are using standard storage technologies, marking a lack of experimental
activities dedicated to the development of novel components, able to maximize the
integration of hybrid thermal/electric storages both from the hardware and control-
ling point of view. In the following, an example of innovative solutions for heating,
cooling and power storage and provision in single-family buildings is presented, to
highlight also the need of innovative technological packages to make hybrid storages
competitive for future market uptake.

3 Description of a Fully Integrated Hybrid Solution
for Buildings Integration: The HYBUILD Solution

Within the EU-funded project HYBUILD (Cordis web page 2017), an innovative
system to produce heating, domestic hot water (DHW), and cooling was developed
for Continental (only heating and DHW) and Mediterranean (including cooling)
climates. Most important is that the system included sensible, latent, and electrical
energy storage, to increase the use of renewable energy on-site (one of the main KPIs
targeted). Moreover, this system integrates a three-media refrigerant/phase change
material (PCM)/water heat exchanger in a heat pump using a low GWP refrigerant,
R32.

3.1 HYBUILD Solution for Continental Climate

The Continental solution was developed for a multi-family house (MFH) located
in Stuttgart (Germany), as being representative of the building typology for the
building stock in Continental climate regions in Europe. The innovative system for
this Continental climate is shown in Fig. 5. The main components of the system are a
PV system connected to the heat pump, ten sensible heat storage DHW storage tanks
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Fig. 5 Schematic diagram of the innovative hybrid system for the continental climate

(one for each dwelling), a high-temperature latent heat storage tank, and a Lithium-
Titanate-Oxide electrochemical energy storage system. The latent heat storage, which
employs a commercial paraffinic material, is connected to the compressor outlet to
store part of the energy contained in the hot refrigerant gas that leaves the compressor,
which is used to generate DHW in an efficient way. There are many innovative aspects
in the proposed system, such as the direct integration of an innovative three-media
refrigerant/PCM/water heat exchanger (RPW-HEX) in the hot superheated section
of the heat pump, the use of electric storage combined with both sensible and latent
heat storage, and the use of a DC microgrid and innovative control for coupling the
electric grid with the thermal distribution. Therefore, the use of PV panels and both
the thermal and electrical storage systems help increasing the share of renewable
energy.

The sizing of the main components of the system was as follows. The PV system
nominal power and the electrical storage capacity were calculated with an itera-
tive process to ensure that 40% yearly self-consumption and self-sufficiency were
ensured, therefore 10 kWp of PV peak power and 15 kWh of electrical storage
capacity (battery) were used. The water tank (sensible heat storage) was fixed
according to the technology provider to 140 L. The heat pump had 30 kW nominal
heating power to ensure coverage of building space heating peak demand. Finally,
80 kg of PCM were used to maximize its contribution to the domestic hot water
(DHW) production.

The energy consumption of the building was calculated via dynamic simulations
with TRNSYS (Klein et al. 1979) simulating each system component using standard
or specifically developed types or performance maps provided by the manufacturer or
developed experimentally. The annual energy consumption of the different compo-
nents of the system was 6374 kWh/year for the heat pump, 3654 kWh/year for the
electric heater, 658 kWh/year for the fan coil, and 392 kWh/year for the circulation
pumps, with a total of 11,078 kWh (Llantoy et al. 2021).

The economic performance of the full system was assessed (Emhofer et al. 2020).
The systems showed a payback time of 12.4 year with energy savings of 622 kWh;
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per year. That analysis also showed that this system is best suited for low-energy
buildings in cold climates.

The environmental performance was also assessed using the life cycle assessment
(LCA) methodology using both the ReCiPe and IPCC GWP indicators. For the
Continental system, results showed that the overall impact (measured with both
indicators) of the innovative system is lower than that of the reference system. The
impact for the operational stage (manufacturing stage and disposal stage) is higher
than that of the reference system, but the lower impact during the operational stage
compensates for it (Llantoy et al. 2021). The analysis of the subsystems considered
shows that the sensible heat storage and the PV panels are the subsystems with the
higher impact (34% higher and 30% higher, respectively), while the high-temperature
latent TES storage subsystem has a contribution of 20%. Finally, the other two
subsystems considered have the lowest impact contribution, with 10% the electrical
storage and 6% the compression heat pump.

3.2 HYBUILD Solution for the Mediterranean Climate

The Mediterranean solution was developed for a single-family house (SFH) located
in Athens (Grece), as being representative of the building typology for the building
stock in Mediterranean climate regions in Europe. The innovative system for this
Mediterranean climate is shown Fig. 6. The main components of the system are a
field of lineal Fresnel solar collectors and a PV system to increase the use of renewable
energy sources. To improve the energy efficiency of the heat pump working in cooling
mode, a sorption chiller is used in cascade with the heat pump. The heat produced
by the Fresnel collectors is used to drive the sorption chiller in summer, but it is
also used to contribute to the energy supply for heating and DHW to the building.
In addition, the system incorporates a low temperature PCM thermal energy storage
tank and an electric battery to help increase the energy efficiency of the system.

The sizing of the main components of the system was as follows. The PV system
nominal power and the electrical storage capacity were calculated giving 20.9 m?
of PV panels and 7.3 kWh of electrical storage capacity (battery). The water tank
(sensible heat storage) was fixed according to the technology provider to 800 L fed
with 60 m? of Fresnel solar collectors. The heat pump had 13.2 kW nominal cooling
power to ensure coverage of building space cooling peak demand with a cooling
storage capacity of 12 kWh of PCM storage. Finally, the DHW tank had 250 L.

Again, the annual energy consumption of the system was calculated with
TRNSYS. The energy consumption of the heat pump was 1564 kWh/year, for the
dry cooling was 215 kWh/year, for the adsorption storage was 80 kWh/year, for the
DHW electric heater was 552 kWh/year, and for the circulating pumps was 355 kWh/
year, with a total annual energy consumption of 2766 kWh/year (Zsembinszki et al.
2021).

The LCA carried out using both the ReCiPe and IPCC GWP indicators showed
that the overall impact (measured with both indicators) of the innovative system is
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higher than for the reference system, mainly due to the higher complexity of the
system. Due to the lower use of electricity from the grid compared to the considered
reference system, the impact during the operational stage is lower than during the
manufacturing and disposal stages. So, in this case, the higher impact in manufac-
turing due to more components in the system is not compensated by the operational
stage. When analysing the subsystems, the higher contribution in the overall impact
comes from the TES system, the sorption storage, and the solar field (with 29%,
27%, and 21% contribution respectively). The other subsystems (electrical storage,
heat pump, PV panels, and sensible heat storage) have a much lower contribution
(14%, 7%, 1%, and 1% contribution respectively) (Zsembinszki et al. 2021).

3.3 Core Technologies

The proposed system for the Continental concept includes the following main
components:

e Reversible heat pump.
e Latent heat storage.
e Electricity storage.

The reversible heat pump employs R32 refrigerant, a low-GWP refrigerant and its
main peculiarity compared to the state-of-art is the use of a DC-driven compressor.
Indeed, as shown in the schematics in the previous sections, the HYBUILD system
includes a DC bus, for the connection of the PV, the electricity storage and the
compression heat pump. Energy from the grid when local production is not available
is also transmitted to the various components through the DC bus by using an AC/DC
converter. This choice allows a better exploitation of the renewable energy sources on
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site, since it eliminates the conversion stages between the PV, the electricity storage
and the heat pump.

The latent heat storage consists of the desuperheater of the heat pump, as discussed
in (Emhofer et al. 2020, 2022). It is an aluminium heat exchanger with passages for
three fluids: PCM, heat transfer fluid (HTF), and refrigerant. It is installed in the
refrigerant line of the heat pump and uses a commercial PCM with melting point
of 64 °C. The PCM is directly charged by the hot refrigerant of the heat pump and
releases the heat to the heat transfer fluid, which is, in turn connected to the domestic
hot water distribution system of the building. This configuration, with the latent
storage embedded inside the heat pump, allows reducing the heat losses that would
occur in case of transferring the heat from the refrigerant to a second fluid and then
to the PCM.

The proposed system for the Mediterranean concept, instead, includes the following
main components:

Fresnel collectors.
Reversible heat pump.
Sorption storage.
Latent heat storage.
Electricity storage.

The general idea is to exploit the cascading integration of the sorption system
with the vapour compression unit. The energy needed to drive the sorption unit is
solar energy, which is harvested by Fresnel collectors. The peculiarity of the Fresnel
collectors for the HYBUILD system, is their modularity and the possibility of being
used also in small and medium-scale applications.

The sorption unit consists of two modules employing zeolite/water working pair,
based on the concept patented by Fahrenheit GmbH, which allows the growth of the
zeolite directly on the aluminium heat exchangers. An extensive description of the
concept is given in (Velte-Schifer et al. 2023). The main advantage of the HYBUILD
sorption unit compared to other adsorption chillers on the market, is the use of the
zeolite, which can operate better at high external ambient temperatures.

The cooling effect to the end-user is provided by the evaporator of the vapour
compression unit. The peculiarities in the units are the cascade connection to the sorp-
tion unit and the integrated refrigerant-PCM-water heat exchanger. The cascading
connection consists in the hydraulic connection of the heat transfer fluid side of the
condenser of the compression chiller with the evaporator of the adsorption one. In
this way, the heat from the vapour compression chiller is “pumped” to the adsorption
chiller, which then discharges it to the ambient by means of a dry cooler. In this way,
the condensation temperature of the vapour compression chiller is reduced compared
to the ambient temperature. This allows reducing the pressure difference between
evaporator and condenser in the vapour compression heat pump, limiting the energy
consumption to drive the compressor. The refrigerant-PCM-water heat exchanger is
extensively described in (Mselle et al. 2022a, b) and consists of an aluminium heat
exchanger of the multi-port extruded tube type, in which there are three separate
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circuits: for the PCM, for the refrigerant of the vapour compression unit, and for the
heat transfer fluid, which is used to actually deliver the cold energy produced to the
user. A commercial PCM with melting point of 4 °C was selected for the purpose.
It is worth mentioning that the configuration with the three fluids allows the direct
integration of the storage inside the vapour compression unit, thus eliminating the
needs for extra heat exchangers for their connection.

Finally, the electricity storage for both the Continental and Mediterranean
concepts is based on lithium-titanate-oxide (LTO) batteries. This choice was made
due to its long lifespan, which aligns with the typical lifespan of PV systems, as
well as its exceptional safety—essential for building installations—and high charge
and discharge C-rates. This makes it suitable for various services (both energy and
power), including operation with on/off heat pumps. Specifically, during the project
development, commercial batteries were employed, where the Battery Management
System (BMS) was adapted, and communication interfaces were debugged to ensure
full control of the storage system by the supervisor. Testing at the cell, module, and
pack levels showed strong alignment with the expected specifications. In particular,
tests conducted in a climatic chamber at high temperatures demonstrated excellent
safety and performance, even at temperatures up to 45 °C. Lab-scale simulations
under real operating conditions revealed a high self-consumption rate due to the
battery storage (56-62%) and a very low average operating temperature (27 °C),
ensuring safe operating conditions.

4 Case Study: HYBUILD System in Mediterranean
Climate

In the following, the performed validation and demonstration campaigns for the
developed hybrid storage solutions are described. The concept was firstly evaluate in
the lab under controlled conditions and then installed in a demo building to analyze
the seasonal operation.

4.1 Lab-Scale Validation

The system was first validated at lab-scale at CNR ITAE (Messina, Italy). The test
stand with the system connected is shown in Fig. 7.

The validation was done at four different levels. First the operation of the system
without the sorption module in terms of typical dynamic evolution was evaluated.
Then, the cascade mode in terms of dynamic evolution was tested. Following, an
overall energy balance of the system to identify the relative flows and contributions
of the components to the overall energy required and supplied by the system was
investigated. Finally, the performance maps of the system for the various operating
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Fig. 7 HYBUILD system installed at CNR ITAE lab (Palomba et al. 2021)

modes as a function of boundary temperatures in the different circuits was calculated.
All the results are presented in Palomba et al. (2021); here only a summary is included.

The test without the sorption module were carried out to calculate the electricity
consumption of the vapour compression heat pump while charging the latent heat
storage at different ambient temperatures, as well as to evaluate the time needed to
charge and discharge the storage and the correspondent energy released. The energy
that the storage was able to accumulate and release was up to 1.8 kWh, with an
average EER (Energy Efficiency Ratio) of the compression heat pump in the range
of 3—4. The cascade operation includes, instead, the combination of the sorption
storage + compression heat pump + latent heat storage. In this case, the energy
efficiency of the heat pump increased and, to achieve the same cooling effect, an
EER of 4-7 was measured.

Figure 8 shows the thermal (top) and electric (bottom) powers measured during
a test in cascade mode. It is possible to notice the typical cyclic behaviour of the
adsorption unit. The behaviour of the compression unit (see as an example the power
at the compressor, purple line) is also partly following the oscillations of the sorption
unit, due to their cascade coupling. The cooling power at the evaporator of the
compressor unit is always in the range of 5-7 kW, with an electricity consumption
that is almost constant at 2 kW.

The energy balance for different operating modes is shown in Fig. 9. For consis-
tency in comparison, identical boundary conditions were applied: inlet medium
temperature for the sorption module (MTi, o) Or for the compression module
(MTis,comp) Was set at 33 °C, with an inlet high-temperature source (HTj,) of 85 °C
and an outlet low-temperature target (LTou¢comp) Of 5 °C. A comparison of the first
operating mode (charging latent storage) with the parallel charge/discharge mode
reveals that approximately one-third of the total evaporation heat is stored in the
phase change material (PCM) during parallel charge/discharge operations, while the
relative electricity consumption remains unchanged. Similarly, for the charge of the
latent storage and the parallel charge/discharge of the latent storage in cascade mode,
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Fig. 8 Example of power in the various components for the HYBUILD Mediterranean concept
during lab tests: on top all the powers measured in the prototype, at the bottom a detail of the
cooling generation. HT_sorp stands for thermal power driving the adsorption module; MT_sorp
stands for thermal power rejected to the ambient by the adsorption module; LT_sorp stands for the
cooling power delivered by the evaporator of the adsorption module, cooling down the condenser
power of the electric chiller (Cond_comp); Evap_comp stands for the cooling power delivered by
the electric chiller; Elec_comp stands for the electric consumption of the electric chiller

the findings indicate that about two-thirds of the overall cooling effect is delivered
directly to the user, with the remaining portion of the evaporation heat stored in the
PCM. Generally, under these operating conditions, the system achieves a heat input
to cooling effect ratio of 3:1, while the compression unit demonstrates an electrical
efficiency exceeding 3.

4.2 Demo Implementation

The system described was implemented in a two-floors single-family house, located
at Almatret (Lleida, Spain) and built in 1970. Minor renovation was carried out in
2014, replacing windows, blinds and balcony doors to improve their thermal perfor-
mance. The building serves as medical office and the second floor has a residential
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Fig. 9 Energy balance of the HYBUILD Mediterranean concept during lab tests

purpose, where the doctor family lives. The tested system serves the heating and
cooling demand of the first floor. This first floor has 8 rooms, with a gross area
of 132.5 m? and a net/heated area of 112.5 m>. At the time of the system imple-
mentation, the house was heated with a propane gas boiler, and there was no air
conditioning system. The main aim of the new system was to provide comfort condi-
tioning during Summer, using the available solar energy. The estimated yearly space
cooling demand is around 2600 kWh and the cooling peak power 3 kW (Rossi et al.
2021).

The hybrid multi-energy system tested at Almatret is based in the diagram illus-
trated in Fig. 5, integrating different components, including 6 modules of Fresnel
solar collectors equivalent to 60 m? of mirrors surface are, 14 monocrystalline PV
panels covering an area of 28 m* and providing a total power output of 5.74 kW, a
sorption chiller connected to a dry cooler, a standard heat pump working with R410A
refrigerant, modified to allow the integration of a PCM tank working as evaporator
(with RT4 PCM with a nominal melting temperature of 4 °C), a gas boiler working
as back-up, a 800 L buffer tank storing the water coming from the Fresnel solar
collectors and being used as heat source for the sorption chiller, a DHW tank, an
electric battery installed on an electric rack, and connection to the power grid via a
DC bus. The system is designed for combined heating, cooling, and DHW produc-
tion, utilizing renewable energy sources and storage for optimized building energy
performance. The components are shown in Fig. 10. The installation was equipped
with the required sensors to be able to monitor the performance of the system.

The first evaluated results were the harvested solar energy with the Fresnel solar
collectors and the daily accumulated heat flows to the DHW tank, the sorption chiller,
and the buffer tank (including ambient heat losses) (Fig. 11). Results show very
different behaviour in the different days evaluated, due to sun availability and cooling
demand. When the sorption is not active (i.e., the first two days), only about 20% of
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Fig. 10 Demo site located at Almatret (Lleida, Spain). Adapted from (Zsembinszki et al. 2024)

the harvested solar energy is used for DHW. When cooling is needed, around 65%
of the energy produced is used by the sorption system (Day 3).

The assessment over a full season was done using the thermal seasonal energy
efficiency ratio (SEERy,) and the thermal seasonal performance factor (SPFy, ). Exper-
imental results from Almatret (Spain) gave a SEERy, of 0.35 while the numerical
simulations of a theoretical model in Athens (Greece) gave a SEERy, of 0.57. On the
other hand, the experimental SPFy, was five times higher than the theoretical one.
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Fig. 11 Harvested thermal solar energy and heat flows in the system up to the buffer tank
(Zsembinszki et al. 2024)
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Fig. 12 Harvested electric solar energy and accumulated electricity flows (Zsembinszki et al. 2024)

Looking at the results related to electricity production and use (Fig. 12), first the
PV production shows a weekly average of 28 kWh, delivering between 5 and 6 kWh
to the battery.

The assessment of the full season electrical performance gives an average daily
self-consumption of 0.80, higher than the 0.70 obtained theoretically. The self-
sufficiency experimental result was similar to the theoretical one, around 0.50.
Finally, the experimental average share of renewables was 0.67. The weekly average
of the share of renewables is higher than the self-sufficiency, as expected, due to the
contribution of the renewable fraction of the power grid.

5 Lessons Learned and Recommendation for Future
Development

The deployment of hybrid energy storage solutions in buildings can help in increasing
the exploitation of onsite renewables to support the decarbonization of the building
stock. Most of the investigations in this field aimed at analysing the optimal inte-
gration of electric and thermal storages through numerical analyses, leveraging on
existing standard battery and thermal storage technologies.

The EU-funded HYBUILD project aimed at moving one step further in this
sector, by coupling innovative management strategies with new storage compo-
nents development. The investigation performed both at lab-level and in a real
building environment demonstrated that the developed concept is able to promote a
PV self-consumption up to 0.8, with self-sufficiency of 0.5 and share of renew-
ables for heating, cooling and power generation up to 0.67. This proved the
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possibility of significantly reducing the non-renewable primary energy consump-
tion. On the contrary, the integration between concentrating solar collectors and
adsorption module showed some criticalities, lowering the overall performance and
increasing, under some conditions, the use of dry cooler to properly operate the
vapour compression heat pump.

These findings highlight the potential of combining advanced heating and cooling
technologies with thermal and electrical storage and renewable energy sources to
create more efficient and sustainable building energy systems. On the other hand, it
has to be considered that, from the LCA point of view, the complexity of the system
increases a lot the impact during the manufacturing phase, which is only partially
compensated by the environmental impact during operation.

In general, this first development demonstrates the potentiality of the solution,
which requires more studies in different weather conditions to optimize its year-
round efficiency. Some design optimizations will be needed to reduce the manu-
facturing efforts and the system’ complexity, to make it more appealing for future
commercialization.
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Hybrid Thermal and Electrical Energy )
Storage in Office Buildings ek

Olav Galteland, Davide Tommasini, Ragnhild Kjaestad Szeterli,
and Jorge Salgado-Beceiro

Abstract This chapter investigates the most cost-efficient energy storage solution
for a net-zero office building in Trondheim, Norway. For each month from December
2021 to August 2024, we determined the optimal combination of latent thermal
energy storage and electrical storage by solving a convex optimization problem aimed
at finding the most cost-efficient energy storage solution. Our analysis indicates
that a combination of electrical and thermal energy storage, specifically 67 kWh
and 104 kWh respectively, represents the optimal solution for the whole period.
We explored seasonal variations in optimal storage configurations, finding a greater
demand for thermal energy storage during winter months. This is primarily driven
by higher energy prices, higher energy price fluctuations, and increased thermal
energy demand during winter. While electrical energy storage needs also increase in
winter, this is mainly attributed to higher energy prices and energy price fluctuations.
Ultimately, our findings highlight that high energy prices and significant energy price
fluctuations are the primary drivers for implementing energy storage solutions.
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1 Introduction

Consumer-side energy storage in buildings benefits consumers, grid operators, and
the general public alike (Medved et al. 2021). For energy consumers, energy storage
can provide cost savings through peak shaving and load shifting, and profits through
price arbitrage and ancillary services. Energy storage can also supply power during
planned or unplanned outages. Consumer-side energy storage enhances grid stability
and price stability. For energy systems with intermittent sources, such as photo-
voltaics (PV), and fluctuating demands, energy storage can help reduce costs (Shagsi
et al. 2020).

Many buildings and households use energy storage. For example, thermal energy
storage (TES) in the form of hot water tanks (HWT) is common. However, HWTs are
primarily used for hot water, often in combination with waterborne space heating and
other applications (Ibrahim et al. 2014). Latent thermal energy storage (LTES), with
the use of phase change materials (PCM) (Khudhair and Farid 2021) is an emerging,
promising, and market-ready technology (Cartesian 2024; Cowa-TS 2024). LTES
offers up to four times the energy density of HWTs, and with decreasing costs, it is
expected to achieve commercial breakthroughs soon (Tronchin et al. 2018).

Battery energy storage systems (BESS) are less common in buildings and house-
holds due to costs and safety concerns (Conzen et al. 2023). However, with increasing
use of consumer-side PV, BESS installations are growing (Sepulveda-Mora and
Hegedus 2021). Various technologies exist, among those the widely employed
lithium-ion batteries (LiB) (Campana et al. 2021). One emerging technology with
potential for widespread adoption in buildings is vanadium redox-flow batteries
(VRFB) (Lourenssen et al. 2019), known for their safety and cost-saving potential.

Both BESS and TES can store energy for a few hours to up to 72 h, making them
suitable for mitigating daily energy price fluctuations The building sector already
has well-established and highly efficient power-to-heat (P2H) technologies, such
as heat pumps (HP), but lacks efficient heat-to-power (H2P) solutions. BESS with
P2H is more flexible, as it can meet both electrical and thermal demands. TES, on
the other hand, is only efficient for thermal demand. TES on the other hand can
only be efficiently used to meet the thermal demand. Smart energy management
systems (SEMS) that control both TES and BESS—using factors such as energy
costs, building usage, and weather data—could optimize energy use in modern build-
ings, which are increasingly connected to the grid, district heating networks, and
local energy production. However, many variables influencing technology selection,
design, control, and sizing remain largely unexplored.

Table 1 compares some of the key performance indicators (KPIs) of BESS (LiB
and VRFB) and TES (HWT and LTES). Charge/discharge rate (C-rate) is defined
as the charge/discharge power divided by the energy storage capacity of the unit.



Hybrid Thermal and Electrical Energy Storage in Office Buildings 421

The charge and discharge are assumed to be equal for simplicity in this work. A
C-rate of 1 indicates that the energy storage can be fully charged or discharged in
one hour. BESS generally have higher C-rates than TES, allowing for more rapid
charging/discharging. Self-discharge rate is the percentage of stored energy lost over
acertain period of time. Regarding energy density, it is generally higher for BESS than
TES. The round trip efficiency indicates the energy efficiency of the storage system
during charge and discharge cycles, where TES typically exhibit higher round trip
efficiencies compared to BESS. In the case of TES, the round-trip efficiency considers
only the distribution heat losses of the pipes going towards and from the TES and the
energy needed for pumps. Specific energy cost and specific power cost is the turnkey
investment cost of the unit divided by the energy and power capacity, respectively.
The specific energy cost for BESS is typically higher than TES, while the specific
power cost for BESS and TES is at a comparable level. Environmental factors are
qualitatively assessed for each technology. TES is generally fire safe, contain no
CRMs, and have a low CO2e footprint, as opposed to particularly LiB.

In this study, a zero-emissions building laboratory in Trondheim (Norway) will
serve as a case study of how hybrid energy storage systems (HESS) could be imple-
mented to meet the dynamic energy needs of modern office buildings, while keeping
costs and environmental impact to a minimum. To minimize energy and investment
costs, we will investigate the optimal hybrid energy storage solution by combining
LiB and LTES. In this work, we will not specify a LiB chemistry, but rather investigate
a general electrical energy storage with charge and discharge rates, self-discharge
rates and round trip efficiencies, and investment cost that correspond to state-of-
the art BESS systems with lithium iron phosphate (LFP), nickel manganese cobalt

Table 1 KPIs for lithium-ion batteries (LiB) (Le Varlet et al. 2020; Romare and Dahllof 2017,
Kallitsis et al. 2024; Huang and Li 2022), vanadium redox flow batteries (VFRB) (Simi¢ et al.
2021; AlShafi and Bicer 2021; Bai and Song 2023), hot water tanks (HWT) (International Energy
Agency 2024b; Depcik et al. 2020; Hgiax 2024; EASE 2024), and latent thermal energy storage
(LTES) (International Energy Agency 2024a; Choconta Bernal et al. 2021; Lamnatou et al. 2018)

KPI Unit BESS TES

LiB VRFB HWT LTES
Charge rate - 0.5-2 0.1-0.5 0.1-0.5 |0.02-0.05
Discharge rate - 0.5-2 0.1-0.5 0.5-2 0.02-0.05
Self-discharge rate 1/day 0.1% 0% 2.5% 0.68%
Round trip efficiency 82-89% | 70-80% 87-99% | 91-99%
Energy density kWh/m? 95-500 | 150-350 60 80-110
Specific energy cost €/kWh 350 250-420 40 20-100
Specific power cost €/kW 350 850-2500 | 1-15 200-400
Tech. safety - Low Mid High High
Use of CRM - High High Low Low
Global warming potential kgcorze/kWh | 48-120 |0.04-0.12 |0.0005 0.3-0.8
Energy intensive production | MJ/kg High Mid Mid Low
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(NMC), or nickel cobalt aluminum (NCA) LiBs. This approach allows for broader
applicability of our findings, as it is not limited to a single LiB chemistry. We will
model BESS and TES energy storage in a system with district heating, PV production
and a HP, with realistic energy costs and weather data, and then discuss the influence
of each of these energy storage solutions. KPIs for TES and BESS corresponding to
LTES and LiB, respectively, to highlight the technology advances needed for LTES
to compete with HW'T.

2 The Zero-Emission Building Laboratory

The zero-emission building laboratory (ZEB-lab) is an office building in Trondheim,
designed as a living laboratory for researching topics such as indoor climate, energy
systems, and smart energy control systems (Galteland et al. 2023). The building
consists of four floors and has a capacity to accommodate approximately 80 office
workers. The facility is equipped with a PV system, HP, LTES, and an accumulator
tank. It is connected to a local district heating loop, where the thermal energy demand
of the building can be met by the HP or by the district heating circuit (Sevault
et al. 2019). Importantly, the HPs alone can fully meet the building’s peak heating
demand, and the peak power of the PV system significantly exceeds the peak electrical
load. The building produces a substantial amount of excess energy from the PV
system during the months from April to August. The energy system specifications
are summarized in Table 2.

The daily mean energy consumption and production from December 2021 to
August 2024 is shown in Fig. 1, and in Fig. 2 the energy consumption and produc-
tion is shown for a week in March 2024. During the summer, the mean daily PV
production can double the mean daily electrical consumption, resulting in signif-
icant overproduction that is distributed to the neighbouring buildings. In addition,
the electricity prices vary through the day, week and seasons. At the Glgshaugen

Table 2 Energy system

aspects for the ZEB-lab from Aspect Value

December 2021 to August Peak PV system power 185 kW

2024 HP capacity 30 kW
PCM-TES capacity (40-60 °C) 226 kWh
Accumulator tank capacity 800 L
HP Temperature lift From 35 to 40 °C
District heating temperature 45 °C
Average thermal energy consumption 166 kWh/day
Average electrical energy consumption 319 kWh/day
Average PV production 359 kWh/day
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Fig.1 Mean daily energy consumption and production in the ZEB-lab from December 2021 to
August 2024

campus, where the ZEB-lab is located, the building is connected to the local heating
loop (Blindheim et al. 2024).

The LTES unit in the ZEB-lab has approximately 3000 kg of organic PCM, and
24 vertical pillow plate heat exchangers with a maximum distance of 40 mm between
the plates. The PCM is CrodaTherm 37, with a melting temperature of 37 °C. More
thermophysical properties of the material is presented in Table 3. The total energy
storage capacity is 226 kWh, it can discharge at an average power of 10.51 kW for
12.2 h and charge at an average power of 13.7 kW for 11 h, or a C-rate of 0.06.
The average charge—discharge rate for a full charge/discharge is 3.8 kW, or a C-rate
of 0.02. The C-rate is a function of the state-of-charge, but in this work, we will
assume it to be constant. The performance of the LTES has been previously reported
in detail (Salgado-Beceiro et al. 2022). Water acts as the heat transfer fluid, and the
unit can be charged either by the HPs or district heating. The unit can be discharged
to preheating of domestic hot water and for spacing heating of the building.

Currently, there is no BESS installed in the ZEB-lab. In this work, we will inves-
tigate the hypothetical case of energy cost savings by installing BESS in combina-
tion with LTES.. This approach enables us to analyze potential energy cost savings
and system performance benefits before making any real-world investments or
installations.
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Table 3 Thermophysical

properties CrodaTherm 37 Property Value
Melting temperature 37°C
Liquid mass density 819 kg/m3
Solid mass density 957 kg/m?
Solid specific heat capacity 2.3 kl/K/kg
Liquid specific heat capacity 1.4 kJ/K/kg
Thermal conductivity 0.24 W/m/K
Latent heat of fusion 186.6 kl/kg

3 Objective and Methodology

We will use the energy consumption and production, weather, and energy price
data of the ZEB-lab from December 2021 to August 2024 to examine, analyse, and
determine the optimal hybrid energy storage solution. The integration of a BESS
and the re-dimensioning of the TES system will be simulated, considering scenarios
with only TES, only BESS, and combination of both, to determine the most cost-
efficient energy storage solution for the ZEB-lab under different energy and weather
scenarios. The technologies considered are LiB as the BESS, as the most established
technology; and LTES, since it’s already installed in the case study.

A convex optimization problem is formulated below and will be solved with the
objective of minimizing the electric and thermal energy costs. In summary, the electric
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Fig. 3 A diagram of the components in the modelled energy system, with electric energy flows in
blue and thermal energy flows in red

and thermal energy demand of the building must be met, and the electric energy
production from PV can be used. Hourly data from the ZEB-lab of consumption
and production from December 2021 to August 2024 is used and the problem is
solved on a monthly basis. The investment costs of storage will be considered after
the optimization of charging and discharging schedules for a set of BESS and TES
capacities to determine which combination of BESS and TES is most cost-efficient.
We will consider specifications of BESS and TES to be representative of LTES, as
already installed in the ZEB-lab, and LiB, respectively.

The optimization procedure will be used to analyse the effects of storage capacity
and C-rates to determine the most cost-effective storage solution for the energy
system. Combinations of BESS and TES will be considered. For the main part of the
results, C-rates of 0.05 for TES and 0.5 for BESS will be considered.

In Fig. 3, the components and the electric and thermal energy flows of the system
are shown. There are two energy carriers in the energy system, electric and thermal
energy. On the electric side, there are two components, PV panels and BESS. On the
thermal side there is one component, the TES. The HP connects the two, making it
possible to produce thermal energy from electric energy. On each side there is also
an energy demand, the electric and thermal demands. In the following section the
constrains of these energy flows are defined.

3.1 Constraints Formulation

The constraints of the convex optimization are as follows. The electric energy balance
PgG + Ppy = Pic + Plyp + Pg,
where the electric power drawn from the grid Pgg, and the electric power production

from the PV panels Ppy, must meet the electric power consumption of the building
Prc, the power input to the HP P}, and the power input to the BESS, Pg. The power
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from the electric grid must be positive and the power input to the HP must be positive,
Pgg > 0 and Pﬁp > 0. We do not consider the possibility of selling electricity back
to the grid, e.g. by selling excess PV production or by price arbitrage. PV production
that exceeds consumption is curtailed. Similarly for the thermal energy balance,

Prc + Pjp = Prc + Pr

where the thermal power drawn from the grid and the output power from the HP
meet the thermal power consumption and the thermal power input to the TES. The
power from the thermal grid must be positive, Ptg > 0.

The PV power production, electric and thermal power consumption are
constrained to be equal to the actual production and consumption of the ZEB-lab.
The HP input and output is

Py = COP x Pip

where COP = COP(T) is the coefficient of performance of the HP. This is an
equation of the outside temperature, fitted to a 2nd order polynomial of the data from
the HPs in the ZEB-lab,

COP(T) =89 x 107°T? +23 x 107°T + 2.4

where the temperature is in units of degree Celsius. The HP delivers heat at a constant
temperature. The HP electric power capacity is constrained to be Pjp < Cup, Where
Cyp equal to 30 kW. For the charging and discharging dynamics of the BESS, we
have the following constraint

QLA = (1 — eg AN QY + /NP AL

where Q]t;A’ is the state of charge (in dimension energy) of the BESS in timestep
t+ At, ep is its self-discharge rate and np is its round-trip efficiency. We have not used
the superscripts for other parameters, as they do not depend on previous timesteps
as the states-of-charges do. The self-discharge rate is in dimensions of fraction of
energy loss per time. We have a corresponding constraint for the TES,

QA = (1 — e AN QL + /MTPrAL.

The TES and BESS also have constraints on their states of charge and power input
and output. The constraints on the states of charge

0<Qp <0 and 0 < Qf < OF™,

where QF'** and Q7 are the storage capacity of the storages. The constraints on the
power input and output are,
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Table 4 List of parameters in the constraint formulation

Symbol | Description Value | Unit

€B BESS self-discharge rate 3 90/month
€T TES self-discharge rate 20 90/month
nB BESS round trip efficiency 0.90

nT TES round trip efficiency 0.98

Qp BESS storage capacity kWh
Q™ TES storage capacity kWh

Cs BESS C-rate 0.5

Cr TES C-rate 0.05

copP HP coefficient of performance. A function of outside temperature | 1-4

Cyp HP capacity 30 kW

—CgPg <Pg <CgPg and — CyPr <Pr < CyPr,

where Cg and Cr are the charge and discharge rates. The initial and end conditions
of the storages are set such that they are half-way stored at the start and end of each
month.

max max
ts le __ B ts le __ T
B=Y8= 7, and QOp =0QF = 7

where #° and ¢ are the first and last hours in the month, respectively. A compiled list
of the parameters of the constraints are shown in Table 4.

3.2 Objective Formulation

The objective of the optimization problem, with the constraints formulated above, is
to minimize the energy costs. The energy cost is the sum of the electricity cost and
the district heating cost, C = Cg+ Cr. The investment costs of energy storage will be
considered after determining the energy costs for a set of BESS and TES capacities.
The energy prices used here are equal to the price model used in Trondheim, Norway
and are in the currency of Norwegian kroner (NOK). However, all amounts are
presented in EUR for the convenience of the reader. A conversion rate of 1 NOK =
0.085 EUR has been used.

The electricity cost is the sum of the spot price, the grid tariff, and public charges.
The grid tariff consists of two parts, the energy and capacity components. The energy
component is a fixed amount per kWh during the day and the night. During the day
(06-22) it is 0.020 EUR/kWh, and during the night (22-09) it is 0.001 EUR/kWh.
The capacity component is an amount per month, calculated from the three hours
of the month with the highest power drawn from the grid. These three hours must
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be on separate days. The capacity component is a staircase function, which is non-
convex and has been approximated by a linear function based on the mean of the
three maximum powers drawn from the grid. In addition, there are public charges of
68 EUR/year and 0.014 EUR/kWh.

The district heating price has been simplified to be the average value of the elec-
tricity price. In the real-world scenario, this cost is calculated after each month, and
therefore this cost is not known a priori, but in this optimization procedure it is.

The investment costs of BESS and TES are set to be 325 EUR/kWh and 100 EUR/
kWh, respectively, with the specifications given in Table 4.

4 Results and Discussion

4.1 A Single Week

To better understand the results over the entire simulated period, a representative week
is shown in detail in Fig. 4. This figure illustrates the time series of the energy prices,
energy demand and production, outside temperature, and the stored energy for the
3rd week of March 2024. March 2024 was characterized by a high PV production,
while there was still a large electrical and thermal demand. In Fig. 4b, it can be
observed that the PV production is much higher than the electrical consumption. In
addition, the energy prices are relatively high, as seen in Fig. 4a. Moreover, this figure
perfectly describes the behaviour of the prices: the electricity price varies, while the
heat price remains constant as previously described in Sect. 2.

Over a year, all these parameters vary. In the winter months the PV production is
low and almost zero in December and January, and the thermal demand and the energy
prices are relatively high. Conversely, in the summer months, the PV production is
high and can be twice the electrical consumption in the time period from April to
August, but the energy demand and energy prices are low. The monthly average
energy consumption and production, outside temperature, and electric spot price for
each month from December 2021 to August 2024 are shown in Fig. 6.

In Fig. 4d the state-of-charge of the TES and BESS is shown throughout this
week for storage capacities of 243 and 129 kWh, respectively, which represent the
most cost-efficient combination of TES and BESS for this month. The optimization
procedure finds this optimal charging and discharging schedule with minimal energy
costs. The optimal storage capacities of TES and BESS were determined by evalu-
ating the energy cost savings from the storage system and balancing them against the
investment costs associated with the storage. The BESS has a C-rate of 0.5, while the
TES has a C-rate of 0.05. For these storage capacities, this corresponds to 64.5 kW
and 12.15 kW peak power input and output for BESS and TES, respectively.

The BESS charges rapidly during periods of low electricity prices or high PV
production, allowing it to take full advantage of these cost savings. This quick
charging is possible due to the BESS’s high C-rate. Then, it discharges at a slower rate,
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delivering power over a longer duration. In contrast, the TES charges and discharges
at a more consistent rate, regardless of price fluctuations, due to its low C-rate. The
BESS has a power capacity to operate with a 23 h-equivalent cycle period. The TES,
however, has a much lower C-rate, and operates at an average 78 h-equivalent cycle
period.

The equivalent cycle period is the time it takes to complete one equivalent cycle,
calculated by dividing the total time by the number of the equivalent cycles. An
equivalent cycle represents the average full charge and discharge cycle, determined
by converting partial charge and discharge cycles into full cycles.

With this optimal storage, 67% of the PV power is utilized, while without storage
for this month, only 40% of the PV power is utilized. It should be noted that in the real
building, the PV system is over-dimensioned, and the power is used in neighbouring
buildings. In this work, we have not allowed power to be shared with neighbours or
sold to the power grid. Any excess PV power is therefore curtailed.

4.2 Optimal Hybrid Energy System

The optimal storage sizes for each month are shown in Fig. 5. Overall, we find that
a 67 kWh BESS and 104 kWh TES storage to be optimal solution for the whole
period examined, however there are large variations for each month depending on
energy costs, weather conditions, and energy demand. For example, in December
2022, the optimal solution is 270 kWh BESS and 740 kWh TES. In this month, the
energy price and demand were abnormally high with large fluctuations in energy
price, making the energy storage technologies very attractive. On the other hand, in
June 2023, the optimal solution is 25 kWh BESS and no TES. In this month, the
energy price was low with minimal fluctuations, the energy demand was also low,
and the PV production was more than four times the electrical consumption. All
these parameters together made both the technologies less convenient in this month.
These monthly averages of energy price, outside temperature, energy demand and
production are shown in Fig. 6.

With the optimal capacities of the TES and BESS determined for the entire simu-
lation period, the monetary savings in both absolute and relative terms for each month
were calculated. The cost savings per month for the optimal hybrid configuration are
shown in Fig. 7. The savings are relative to no energy storage installed. Absolute
savings are greater during the winter months, particularly when the optimal storage
capacity is larger, and decrease during the summer, when smaller storage sizes are
optimal. This is because the energy consumption and prices are generally higher in
the winter months. In contrast, relative savings follow an inverse pattern, tending
to be higher in the summer and lower in the winter. This is because in the summer
months there are large amounts of PV production, which is better utilized with energy
storage. However, since the energy demand and prices are generally low during the
summer, the absolute savings are less significant than the savings during the winter
months.
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Fig. 5 Optimal combination of BESS and TES storage size for each month from December 2021
to August 2024. BESS C-rate of 0.5 and TES C-rate of 0.05

4.3 Correlations

To quantify what determines if BESS and/or TES are beneficial, we have investigated
the correlations between the optimal storage sizes of TES and BESS between various
factors. These factors were the monthly mean and standard deviation of thermal
load, electrical load, PV production, outside temperature, and electricity spot price.
The correlations are normalized and dimensionless numbers between — 1 and 1,
representing respectively inverse and positive correlation. These results are presented
in Table 5.

There are correlations corresponding to conditions in the winter and summer
months. During the winter months, the temperature and PV production are low, and
the energy demand and prices are high. In the summer months, the temperature
and PV production are high, while the energy demand and prices are low. The two
strongest correlations with optimal storage size of TES are the mean and std. of the
electricity spot price, and the third strongest correlation is the mean thermal demand.
For the BESS, however, the strongest correlations are with the mean and std. electric
spot prices. It is clear that TES is much more dependent on having high thermal
demand, while BESS is less on high energy demands. As a result, optimal TES size
is much more cost-efficient in the winter months than the summer months, while
optimal BESS size is less affected by the seasons. A reason for this is that there is
very no thermal energy demand in the summer months, but there will always be some
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Fig. 6 Monthly average a energy consumption and production b outside temperature, and
¢ electricity spot price

electrical energy demand. In addition, the PV production is higher in the summer
months.

4.4

Geographical Location

The weather conditions influence the most cost-efficient energy storage solutions.
Specifically, the outside temperature influences the heating demand, and the solar
irradiation influences the PV production. The geographical location plays a crucial
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Fig. 7 Monthly savings with the optimal BESS and TES sizes for the whole simulation period, i.e.
67 and 104 kWh respectively, in absolute (blue) and relative (orange) values

Table 5 Normalized correlations of monthly optimal storage size of BESS and TES to various
parameters

Optimal Thermal Electrical PV Outside Electric
storage size load load production | temperature | spot price
TES | BESS [ Mean| Std. | Mean| Std. | Mean| Std. | Mean| Std. | Mean| Std.

Optimal TES | 2.00 | 0.70 | 0.70 | 0.63 | 0.29 | 0.35 | -0.52 | -0.48
storagesize | BESS | 0.70 | 1.00 | 0.30 | 0.24 | 0.21 | 0.14
Thermal Mean | 0.70 | 0.30 | 1.00 | 0.88 | 0.69 | 0.71
load std. | 0.63 | 0.24 | 0.88 | 1.00 | 0.54 | 0.67

0.16 | 0.84| 0.77
-0.10 | -0. -0.35] 0.30 | 0.72| 0.68
-0.10| 0.55| 0.57
-0.19| 0.51] 0.48

Electrical Mean | 0.29 | 0.21 | 0.69 | 0.54 | 1.00 | 0.83 | -0.32 -0.25| 0.11] 0.13
load Std. 0.35]0.14] 0.71 | 0.67 | 0.83 | 1.00 | -0.49 -0.32| 0.19] 0.19
PV Mean | -0.52| -0.10 -0.32| -0.49| 1.00 | 0.96 | 0.65 | 0.10 | -0.42 | -0.42
production Std. -0.48 | -0.03 -0.20 | -0.34| 0.96 | 1.00 | 0.58 | 0.01 | -0.43 | -0.44

Outside | Mean 035 053 0,63 0.65 | 058 | 1.00 | 0.21 [ -0.60| -0.46

temperature Std. 0.16 | 0.30 | -0.10| -0.19 | -0.25| -0.32| 0.10 | 0.01 | 0.21 | 1.00 | 0.30| 0.39
Electric Mean | 0.84 | 0.72 | 0.55 | 0.51 | 0.11 | 0.19 | -0.42 | -0.43 0.30 | 1.00] 0.89
spot price Std. 0.77 | 0.68 | 0.57 | 0.48 | 0.13 | 0.19 | -0.42 | -0.44 | -0.46| 0.39 | 0.89| 1.00

Gold colors indicate positive correlations, and blue colors indicate negative correlations

role in determining the optimal combination of TES and BESS, as it directly influ-
ences both energy demand and production. In the case of the ZEB-lab in Trond-
heim, the extreme seasonal variation in temperature significantly impacts heating
and cooling demands, as well as the efficiency of PV generation. Our results show
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that the optimal configuration of hybrid energy storage requires a higher storage size
of TES (in kWh) for the months from October to April (Fig. 5). This is due to the
cold climate conditions, which drive higher heating demand, combined with lower
PV production during these months. In these conditions, a larger TES system effec-
tively meets the thermal energy needs, while minimizing the reliance on external
grid sources. The increased capacity of TES during this period leads to the highest
savings over the entire year, as seen in Fig. 7. In contrast, the warmer months with
higher PV production can accommodate smaller storage systems, highlighting the
seasonal variations that must be considered when designing a hybrid energy storage
system. This demonstrates how the cold climate in Trondheim, paired with seasonal
fluctuations in PV generation, can optimize the use of a larger TES system, offering
substantial energy cost savings.

4.5 Energy Costs

The cost of electricity and grid distribution significantly influences the sizing of
BESS, but the integration of TES can further impact this decision. In regions with
high electricity costs or unreliable grid infrastructure, larger BESS systems are often
necessary to ensure a stable supply and optimize energy usage, especially when
combined with renewable sources. However, as we saw in this case study, TES can
reduce the required size of BESS by providing an additional means to store and
release energy, particularly in sectors with thermal energy needs. By leveraging TES
to balance peak demand periods, the overall BESS capacity needed can be reduced,
as TES can absorb excess renewable energy during periods of low demand and
provide thermal energy when needed, thus enhancing system efficiency and lowering
costs. Therefore, the combination of electricity cost, grid distribution needs, and TES
capabilities can optimize the sizing of BESS, ensuring the most cost-effective solution
(Killer et al. 2020).

In this study, the cost of heat is assumed constant while the cost of electricity
is the actual cost seen by the ZEB lab in the relevant time period. District heating
costs and policies vary significantly throughout EU (Billerbeck et al. 2023), and
connections to free sources of surplus heat separate from the DH network can also
be envisioned for other cases. In this study, we have considered energy prices in
the region of Trondheim, Norway. The rising overall cost of electricity, combined
with large price variations, makes the installation of both BESS and TES more cost-
efficient, as indicated by the correlations in Table 5. Table 5 will make a better case
for installing both BESS and TES. Higher costs of electricity are also more in line
with the costs that are typically seen elsewhere in Europe. For other studies looking
at hybrid energy storage solutions, it was found how not only price fluctuations, but
grid availability and reliability influenced the selection and sizing of one storage
technology or another (Alonso et al. 2024). This dependence shows again how the
geographical location plays a key role on optimizing a hybrid energy storage system.
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4.6 Charging and Discharging Rates (C-rate)

The charging and discharging rate (C-rate) of LTES is known to be a limiting factor
in many applications. This is because of the relatively low thermal conductivity of
PCMs. So far in this study, we have considered TES and BESS C-rates of 0.05 and
0.5, respectively. The C-rates are the average rates for the entire charging/discharging
process, independent of state-of-charge. In operation, however, we find that the C-
rate depends on the state-of-charge (SoC) (Saxena et al. 2019; Suyitno et al. 2023).
At the start of charging, the C-rate is at its maximum value and gradually decreases
as the SoC rises due to a solid layer that forms on the plates, limiting heat transfer.
Similarly, during discharge, the C-rate is highest at the beginning but drops as the
SoC decreases. This is because a liquid layer forms between the plates and the solid
PCM fraction, acting as an insulating layer and further reducing heat transfer.

To investigate the influence of the TES C-rate on its cost-efficiency, we have
calculated the mean energy cost per month as a function of the TES C-rate for five
different TES storage capacities, presented in Fig. 8. Only TES as energy storage was
considered in this analysis, meaning there was no BESS. All TES storage capacities
show a steep incline in energy savings at low C-rates, followed by a plateau at higher
C-rates. These results show that the energy cost savings increase of 0.6—1.7% can be
expected if the C-rate is doubled from 0.05 to 0.1, while increasing the C-rate from
0.05 to 0.2 we can expect an increased energy cost saving of 1.2-2.8%. The savings
depend on the TES storage capacities, more energy cost savings can be expected
with larger TES storage capacities. However, high relative savings can be realized
for smaller storage sizes.

In this work, we have not considered the investment cost of the LTES. It is expected
that the investment cost of the LTES will increase dramatically with increasing C-
rates if the increased C-rate is obtained by increased heat exchanger surface area or
by introduction of additives.

4.7 Investment Cost

LiBs are a well-established and mature technology in the market, characterized
by relatively low CAPEX compared to alternative energy storage solutions. This
cost advantage, combined with their high efficiency and adaptability, makes them
economically attractive for hybrid installations, particularly when integrated with
photovoltaic (PV) systems. However, careful attention to system sizing is essential
to avoid over-investment while maximizing operational benefits. LiBs also play a
critical role in Demand Response strategies, offering unique energy flexibility that
enhances the integration of renewable energy sources. Properly tailored investments
in LiBs, considering operational needs and geographical factors, are key to achieving
optimal returns while supporting sustainable energy transitions (Chatzigeorgiou et al.
2024).
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LTES is a less mature technology than LiBs, and as a consequence it is expected
that the price of LTES will reduce at a faster pace than LiBs. To investigate how
a reduced price of LTES will impact the optimal storage sizes, we have calculated
the overall optimal storage sizes for BESS and TES for investment costs of TES
ranging from 20 to 150 EUR/kWh, shown in Fig. 9 The C-rate of TES and BESS
were kept constant at 0.05 and 0.5, respectively, and the investment cost of BESS
was kept constant at 325 EUR/kWh. So far in the analysis, we have considered
a TES investment cost of 100 EUR/kWh, giving an optimal TES storage size of
104 kWh. With lower investment cost of TES, the optimal TES storage size is large,
as expected. The optimal storage size decreases approximately linearly until reaching
an investment cost of 145 EUR/kWh, beyond which installing TES becomes cost
ineffective. Today, the investment cost of LTES is in the price range of 20—100 EUR/
kWh and expected to decrease in the coming years. HWTs, on the other hand, are
cheaper, with a price range of 10 to 20 EUR/kWh. However, it is important to note
that other operational conditions should be considered for HWTs.

The optimal storage size of BESS does increase with increasing investment cost
of TES, however to a limited degree, approximately a difference of 15 kWh in this
investment cost range (see inset in Fig. 9). The reason for this is that at low investment
costs of TES it is more cost efficient to store energy as heat. However, it will always
be beneficial to have BESS, as the energy stored as heat cannot be used to meet the
electric demand as there is no heat-to-power unit. There will always be a demand to
store the energy as electrical energy in the BESS.
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4.8 Other Thermal and Electrical Sources in the System

Including a HP would, at first glance, make a good case for installing BESS rather
than TES, as a HP will deliver thermal energy at a higher efficiency (electric input
times COP). The same argument can be used for PV installations, where storage
through BESS initially makes more sense than TES. However, as much as the energy
needs of buildings are thermal, it is important to understand whether hybrid energy
storage systems with BESS 4+ TES makes sense whenever HPs or PVs are planned
or already installed, and what the factors are that influence the size of storages. The
potential connection to district heating or other sources of surplus heat, including
their costs, as well as the capacity of the HP and also enters into the equation—
in cases of high thermal demand, a thermal storage will enable a reduction in HP
capacity.

4.9 Environmental, Social, and Safety Aspects

Environmental, social and safety aspects are not easily included in planning and
dimensioning tools for energy storages, for a multitude of reasons. Life cycle assess-
ments (LCA) and similar methods exist to address some of these topics, but they are
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often not implemented in decision making tools (Zakeri and Syri 2015; Kittner et al.
2017). These models are complex and time consuming, while at the same time highly
case/boundary specific, making general comparisons of different technologies diffi-
cult. The large number of potential parameters to assess, like land and water usage,
GHG and particulate matter emissions, is not easily translated into costs and it is
often therefore left as a decision for the end-user how to weigh these factors towards
each other and towards the technical performance and costs of the technologies.

LCA has also emerged as a valuable tool for evaluating the environmental impact
of BESS across all stages of their lifecycle, from material extraction through manu-
facturing, use, and disposal. Given the building sector’s role as a major consumer
of energy, reducing greenhouse gas emissions in building applications is essential,
particularly with the increasing adoption of net-zero energy buildings, like the ZEB-
lab, which integrate renewable energy sources like solar and wind. However, renew-
able energy’s intermittent nature makes storage technologies, such as BESS, essential
to ensure a stable and reliable energy supply. LCA studies on BESS for buildings
demonstrate both environmental and economic benefits, yet they also highlight chal-
lenges, particularly in managing the environmental footprint associated with critical
raw materials used in batteries, such as cobalt, lithium, and graphite. Studies indi-
cate that while BESS can significantly reduce greenhouse gas emissions, especially
in off-grid or hybrid systems, there remains a need for comprehensive, system-wide
assessments that balance environmental impact with costs. Furthermore, fully renew-
able energy systems can have higher economic and environmental costs, making a
mix of on-site generation and grid connectivity a potentially more sustainable option.
Moving forward, a balanced approach, informed by LCA, will be crucial to ensuring
the sustainability of BESS in building applications (Wralsen and O’Born 2023).

Here, we have chosen to look at four indicators where BESS and TES are expected
to have large environmental impact, to discuss the differences and understand the
trade-offs and considerations needed in order to also make hybrid energy storage
systems sound from an environmental and social perspective, and that may influence
the relative sizes of BESS and TES storages. It is not an exhaustive review of all
factors, nor does it review each factor in detail, however it is meant as a guide to the
reader on important topics to consider.

4.9.1 Technology Safety

Technology safety is an important aspect when integrated into buildings, whether
retrofitted into existing systems or planned as a part of new buildings. In partic-
ular, fire safety is an issue with LiB in buildings that require adaptations to fire
detection and suppression and containment systems (Chombo and Laoonual 2020).
The risk in case of fire for TES depends highly on the choice of material and its
properties, but is considered significantly less than for LiB. While HWTs do not
pose any particular risk, LTES may in some cases use paraffins or other flammable
materials. However, they are not self-sustaining, and usually contained in air-tight,
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non-flammable containers, and do not release any toxic or flammable vapors, as is
the case for LiB.

4.9.2 Use of Critical Raw Materials

LiB are also problematic due to the fact that they use several critical raw materials,
namely cobalt, natural graphite, and, to some extent, silicon (Dils 2020). Cobalt is
problematic in a number of ways, most notably high global warming potential and
eutrophication (Farjanaet al. 2019), high possibility for supply chain disruptions (Van
den Brink et al. 2020) and human rights violations (Baumann-Pauly 2023). Lithium
is not currently on the EU list of CRMs, however that is not to say that it is without
controversy. In particular, the water usage for lithium extraction is very high (Vera
et al. 2023) an aspect that is not necessarily picked up through LCA studies (Halkes
et al. 2024). IEA recognizes the importance of energy storage to reach net zero, and
at the same time states the importance of improving the resilience and diversity of
supply chains of CRMs (International Energy Agency 2024c). Though VFBs are
generally considered more environmentally friendly than LiBs (Weber et al. 2018),
they utilize the critical raw material vanadium. Vanadium is solely supplied by four
countries, none of which are in EU or associated countries (Plananska 2023). TES
storages, be it HWT or LTES, are generally CRM free.

4.9.3 Global Warming Potential

The global warming potential (GWP) is one of the factors regularly assessed through
LCA studies. It is, however, as noted earlier, dependent on a number of detailed input
factors such as production sites, methods and input factors, including energy mix.
The GWP is thus very specific, however a general comparison was given in Table 1.
The energy intensity for VRFB and LTES are particularly hard to estimate, as the
technologies have yet to reach market maturity, and the manufacturing methodologies
are in an early stage of development. LTES is notoriously hard to estimate, since a
large portion of the GWP is due to the PCM and thus case specific.

494 Energy Consumption in Production

The energy consumption is one of the factors included in the GWP assessment,
however we also consider it an important factor in itself. The global need for elec-
tricity has increased twice as much as the overall energy demand in the past decade,
and with the increasing demand for data centres, electrification of industry, increased
demands for cooling, and increased electricity use in developing countries, among
other factors, the need is expected to increase 6% yearly. The introduction of renew-
able energy source somewhat alleviates this, with oil, gas and coal set to peak by
2030. However, energy efficiency measures help reach net zero faster. It should also
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be noted that the intermittency of most renewable energy sources calls for more
energy storage solutions. Regarding HWT and LTES, they require a lower energy
intensive production than LiB and VRFB due to a simpler assembly process. HWT
is the technology with the lowest energy density due to the larger availability of
water compared to the other storage mediums. After reviewing data for the four
technologies, we found that the energy consumption in production is proportional to
the energy density offered by each technology.

5 Summary and Conclusions

This study determined that the most cost-efficient combined capacities for energy
storage in a medium-sized office building in Trondheim, Norway, are 67 kWh of
battery energy storage system (BESS) and 104 kWh of thermal energy storage (TES),
based on the specified system parameters. We investigated various factors affecting
the performance and cost-efficiency of these technologies, focusing on energy
demand, seasonal variations, energy prices, and system response characteristics.

Key findings highlight that the strongest correlations with optimal storage sizes
were observed with energy prices, both for BESS and TES. For this case, combining
BESS with HP offered greater flexibility than TES, as BESS could store electrical
energy, which, through HP, could be efficiently converted into thermal energy with
a COP between 1 and 4. This made BESS + HP the preferred choice for addressing
both electrical and thermal demands. However, TES can still play a role, particularly
when the cost of TES is low, which is more achievable for HWTs than for LTES. In
addition, if the cost of district heating is low, TES will have additional benefits.

Environmental factors, including CO, emissions, use of land, water, and critical
raw materials, were identified as important, but challenging to quantify compre-
hensively. Preliminary qualitative assessments suggest that TES generally has a
lower environmental impact than BESS. Therefore, hybrid energy storage systems,
combining TES and BESS, tend to offer better overall efficiency and cost savings
while minimizing environmental harm.

Main Points:

e The optimal storage size is most strongly influenced by energy prices, with high
energy prices favouring larger storage systems.

e Combining BESS with HP offers superior flexibility in meeting both electrical
and thermal demands.

e TES is more cost-effective when investment costs are low.

e Environmental impacts of TES and BESS are important, with TES generally being
less harmful, especially regarding the use of critical raw materials.

e Hybrid systems combining TES and BESS are generally more efficient and cost-
effective, but must be tailored to local conditions, including climate and energy
prices.
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The optimal energy storage configuration depends heavily on location-specific
factors, such as energy prices, climate conditions, and energy demand patterns. Key
factors influencing the decision-making process include the cost and performance
of both TES and BESS technologies, the energy flexibility of the combined system
(especially in areas with seasonal variations), and the environmental impact of each
storage solution.

In conclusion, for a given location, optimizing hybrid energy storage systems
requires a deep understanding of local energy demand, system costs, and environ-
mental impacts. Hybrid energy storage systems, combining TES and BESS, offer
strong performance in many cases, but the specific configuration must be tailored
to local conditions, with ongoing optimization tools needed for more effective
decision-making.
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Abstract This work is focused on the development of a Hybrid Energy Storage
System (HESS), constituted by the integration of a Lithium Titanate and Aqueous
Organic Redox Flow battery systems. The HESS can provide several Behind-The-
Meter services for energy management and efficient use. After an initial section
dedicated to BTM services, the system and functionalities offered are deeply
described, enhancing system exploitation within some case studies (in particular
in an experimental site of Messina) with advantages and benefits offered by the
hybrid architecture.
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1 Introduction

Hybrid Energy Storage Systems (HESS) are a rapidly growing technology within the
energy storage landscape, offering a versatile and efficient solution for addressing
the dynamic challenges posed by modern electrical grids. These systems combine
two or more energy storage technologies, typically batteries, to leverage their unique
strengths and mitigate their individual limitations (which can appear using single
technologies as BESS, Battery Energy Storage System) (Luca Trombetta et al. 2024;
Sergi et al. 2016). The primary purpose of HESS is to enhance grid reliability,
efficiency, and flexibility, making them particularly valuable in the context of grid
services. The increasing penetration of renewable energy sources like solar and wind,
with their inherent intermittency, has amplified the need for energy storage solutions
that can provide both short-term power requests and long-term energy storage. Tradi-
tional power grids were designed to deliver electricity from centralized power plants
to consumers in a predictable, one-directional flow. However, the intermittent nature
of renewable energy generation and fluctuating electricity consumption patterns have
introduced new challenges to grid management. In this context, storage systems and
in particular HESS have emerged as one of the most promising solutions. HESS offers
a powerful solution by combining different types of energy storage technologies,
optimizing their individual strengths to deliver a flexible, scalable, and cost-effective
method for storing and managing electricity.

At the heart of a HESS lies the combination of complementary storage tech-
nologies. A typical configuration might integrate high-power density batteries, such
as Lithium-Ion (Li-ion) batteries, with large-capacity batteries like Redox Flow
Batteries (RFB). Another interesting combination could be realized by the integration
of supercapacitors and batteries. In this case, due to the excellent power capability of
supercapacitors, the batteries are used as the energy element. Other combinations are
also explored (batteries and fuel cells, mechanic storage systems and batteries, etc.
(Brunaccini et al. 2017) but are out of scope of this chapter. Hybridization enables
a wider range of applications and uses also in the grid services market, providing
flexibility in both energy/power delivery and storage. This versatility makes HESS
ideal for a variety of applications, from supporting local renewable energy genera-
tion to enhancing the stability of large-scale power grids. For example, delivering
fast power for short periods makes them ideal for applications like frequency regu-
lation and voltage support, where quick response times are crucial. On the other
hand, storing energy over longer durations is essential for services such as energy
arbitrage, peak shaving, and load shifting. Therefore, by combining these technolo-
gies, a HESS can serve multiple functions within the grid, enhancing its performance
across various use cases. Also, the combination of different battery systems can better
regulate internally the state of health of both batteries actively and therefore enlarge
the useful lifetime of the storing system.

The deployment of HESS is expected to grow significantly in the coming years
as grid operators, utilities, and consumers recognize the benefits of hybrid storage
technologies. Government policies and incentives aimed at promoting renewable
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energy and energy storage are also driving the adoption of HESS (Ibrahim et al.
2021]. For example, many countries have implemented feed-in tariffs, tax credits,
and subsidies for energy storage systems, making HESS more economically viable
for both residential and commercial users. Additionally, regulatory frameworks that
support the participation of energy storage in electricity markets are creating new
opportunities for HESS to provide grid services and generate revenue (Rezaeimozafar
et al. 2022).

In terms of technological advancements, one of the most promising develop-
ments in HESS is the integration and development of advanced energy manage-
ment systems. The use of the new technologies such as big-data access, optimiza-
tion strategies, Al-based algorithms, can enable the realization of advanced Energy
Management Systems (EMS) able to analyze data from the grid, weather patterns,
and electricity markets to optimize the operation of HESS (Xiaojuan et al. 2017). For
example, they can predict periods of high electricity demand or low renewable energy
production, allowing the HESS to charge or discharge at the optimal times. This not
only maximizes the economic benefits of energy storage but also improves the effi-
ciency and reliability of the grid. Advanced control systems can also enhance the
flexibility of HESS, allowing them to adapt to changing grid conditions in real-time.

In conclusion, Hybrid Energy Storage Systems (HESS) offer a range of advantages
for the modern electrical grid, particularly in the context of providing critical grid
services. Their ability to enhance grid resilience, defer infrastructure upgrades, and
participate in ancillary services markets makes them a valuable tool for grid operators
and energy providers. As the energy landscape continues to evolve, with greater
emphasis on renewable energy integration and grid flexibility, HESSs are poised to
play a central role in the transition to a more sustainable and resilient energy system.

2 Ancillaries Behind-the-Meter Services and HESS
as a Viable Player

One of the primary advantages of HESS lies in its ability to offer multiple grid
services. These services can be broadly categorized as either “in-front-of-the-meter”
(FTM) or “behind-the-meter (BTM)” (Boshell et al. 2019). The main difference
between them is related to the beneficiary to which the service is provided: the
‘meter’ is usually the instrument used to measure the final users’ consumption (resi-
dential, commercial, industrial) and represent the limit to distinguish FTM and BTM
applications. More specifically, FTM services are supplied directly to distribution/
transmission grids or power plants, which constitute the bulk of energy generation,
since consumers’ meters are downstream of the segment served, while, for BTM,
the services are provided behind the utility service meter with the main purpose of
consumer energy management and electricity bill savings, optimizing energy usage
at the consumer level, whether in homes, businesses, or industrial settings. This
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Fig. 1 Behind the meter and Front of the meter electricity exchange with energy storage system
(Rearranged from from (Rezaeimozafar et al. 2022)), licensed under CC-BY 4.0

categorization (Rezaeimozafar et al. 2022) does not necessarily identify the point in
which the storage system is inserted but rather the service’s recipient (Fig. 1).

The classification in (Fitzgerald et al. 2015) identifies services according to stake-
holder groups which receive or monetize a major part of the value provided by
the service. Thirteen services were defined and linked to beneficiaries, including
independent system operators (ISOs), regional transmission organizations (RTOs),
utilities, and customers. Some services benefit multiple groups, but the primary bene-
ficiary was considered for classification. The grid is divided into three segments for
BESS services: transmission level (bulk generation), distribution level (commer-
cial/industrial customers), and behind-the-meter level (residential, commercial, and
industrial end users) (Fig. 2).

Considering the increased integration of energy storage systems into the electric
grid, such categorization cannot be univocally defined and some services, usually
considered FTM, can be included in BTM. For example, this is the case of service
remuneration while considering the BESS/HESS owner point of view.

Therefore, here BTM services that can provide the battery owner with precious
benefits will be briefly explained. In (Itani and De Bernardinis 2023), four main
categories are identified as business cases, and they are:

1. Self-consumption
2. Energy arbitrage
3. Demand charge management
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4. Energy and balancing market participation.

Self-consumption of renewable energy is an area where HESSs offer significant
advantages. As many homes, businesses, and industrial facilities install renewable
energy systems like solar panels, the ability to store energy surplus for later use
becomes increasingly important. Without storage, energy surplus generated during
periods of high production (e.g., sunny days) is often sent back to the grid, that
could not be always able to absorb it efficiently. In some cases, grid operators may
even curtail renewable energy production to avoid overloading the grid. HESSs can
locally store this energy, allowing consumers to use it later when their own energy
demand exceeds production (e.g. at night or during cloudy periods), thus maximizing
self-sufficiency. This not only increases the value of renewable energy systems, but
also reduces the need for grid electricity, contributing to a more sustainable energy
system.
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One of the most fruitful services of HESSs is the energy arbitrage. Energy
arbitrage involves storing electricity during low price periods and discharging it
during high price periods. This practice allows grid operators and consumers to take
advantage of fluctuations in electricity prices. In many markets, electricity prices
can vary significantly throughout the day due to changes in supply and demand.
By storing energy during low-price periods and selling it back to the grid during
high-price periods, HESS can generate significant cost savings or even extra income,
taking advantage of time-varying tariff structures by active management. This not
only benefits the grid operator or energy provider but also contributes to overall grid
efficiency by smoothing out the peaks and troughs in energy demand.

For end users, both residential and commercial, HESSs offer significant economic
benefits through services like peak shaving and demand charge reduction. They
refer to the process of reducing electricity consumption during periods of peak
demand, typically to avoid high demand charges or to mitigate grid overload. Many
power consumers, such as commercial and industrial users, are charged based on their
peak power consumption during a billing period. By using energy stored in a HESS,
consumers can smooth their peak demand and reduce their overall energy expen-
diture. The high-power components of the HESS can discharge quickly to support
demand spikes, whereas the long-duration (i.e. with slower dynamics) batteries can
provide energy for sustained periods. Such a combination of features makes HESSs
ideal solutions for peak demand managing, improving the overall stability of the grid
by reducing the strain on the system during peak demand periods.

The role of HESSs in demand response programs is also growing. Demand
response refers to the practice of adjusting energy consumption in response to price
signals or specific grid needs. HESSs can facilitate demand response programs
helping to balance the grid, reducing the need for expensive and polluting peaking
power plants, and creating a more flexible and efficient energy system. In addition,
this service can bring profit to the owner.

Moreover, depending on the various national regulations, HESS can participate
in both energy and balancing market, by proper management of the stored energy,
and improving grid stability and reliability, respectively. One of the most significant
services (normally delivered by the power part of the HESS (Sergi et al. 2019) in
balancing market is frequency regulation (Leonardi et al. 2021). Modern electrical
grids require an efficient balancing between electricity supply and demand to main-
tain a stable frequency. The increasing penetration of renewable energy sources,
particularly wind and solar, has led to frequent fluctuations in grid frequency due to
their intermittent nature. In such scenarios, high-power batteries within a HESS,
such as Li-ion, can respond almost instantaneously to these fluctuations, either
by discharging energy to compensate for a generation shortfall or by absorbing
excess energy to prevent over-generation. This rapid response, preventing frequency
deviations, reduces power outages or damage to electrical equipment.

In addition to frequency regulation, HESS are highly effective in providing voltage
support. Voltage instability is another challenge of modern grids, especially in
regions with a high penetration of renewable energy. As previously mentioned, Solar
and wind energy can cause voltage fluctuations due to the variability of the power
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produced. HESSs can help to maintain voltage stability by absorbing or injecting
reactive power into the grid as needed. The high-power components of the HESSs
can quickly adjust their output to counteract voltage fluctuations, ensuring that the
grid operates within safe voltage limits. This reduces the risk of voltage sags or swells,
which can disrupt sensitive equipment and increase wear on electrical infrastructure.

Energy communities, also known as Local Energy Communities (LECs), consist
of groups of consumers, producers, and storage systems that work together to opti-
mize energy use and reduce reliance on the grid. These communities typically include
a combination of local renewable energy generation, energy storage, and demand
response to manage their energy needs. HESSs can play a central role in these
communities by storing excess renewable energy and distributing it to members
when needed. The Energy Management System (EMS) within the HESS can optimize
energy flows, ensuring that energy is used efficiently within the community.

In summary, Hybrid Energy Storage Systems offer a wide range of benefits to
both grid operators and consumers, making them a critical component of the modern
energy field. Their ability to provide fast-responding, flexible, and scalable solu-
tions to the challenges posed by renewable energy integration, grid instability, and
fluctuating energy demand makes them an invaluable asset in the transition to a
more sustainable and resilient energy system. In particular, the presence of different
storage systems and wider application range enables HESS to release multiple
services at once, thus increasing the effective value and total income coming from
them. Therefore, the role of HESSs in a continuously evolving energy market, with
greater emphasis on decarbonization and digitalization, will become more and more
important, helping to create a smarter, cleaner, and more reliable grid for the future.

3 Combining Li-Ion Batteries and Organic Flow Redox
Batteries for BTM Applications

The combination of Li-Ion and Organic Flow Redox batteries has been studied in the
European research project called HYBRIS (Grant Agreement No. 963652): Hybrid
Battery energy stoRage system for advanced grid and beHInd-de-meter Segments.

The HYBRIS project is part of the Horizon 2020 research programme funded by
the European Union.

The project is built around optimizing a hybrid energy storage system (HESS)
by integrating advanced technologies to create efficient, cost-effective, and environ-
mentally friendly energy storage solutions for microgrid applications. The project
envisions the integration of lithium titanate oxide (LTO) battery and aqueous organic
redox flow battery (AORFB) into a unified hybrid system to address different energy
demands, from power intensive requests to long-term energy release.

The central goal of HYBRIS is to demonstrate the viability of hybrid battery
systems in different use cases such as:
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e [sland microgrids, to release energy services where conventional power grids are
not available

e Grid-connected microgrids, where energy storage can release services to ensure
stability, reduced operational costs and increased renewable energy use

e Energy communities and private users, where usually storage systems are essential
to obtain cost-saving and reliability.

HYBRIS is designed with an industrial focus, aiming to bridge the gap between
technical development and real-world application. Enabling the aforementioned
services, the developed HESS can provide cost savings for the end user, higher
energy utilization efficiency, and long-term sustainability.

The hybrid system integrates two complementary battery technologies:

1. LTO batteries, known among all the lithium batteries for their fast response time,
high power density, and very long lifetime;

2. AOREFB, an innovative redox-flow battery that does not make use of toxic mate-
rials, like aqueous organic electrolyte, providing high and long-term energy
storage capacity with lower power output.

This combination ensures the realization of a versatile system, capable of
managing both high power demands and sustained energy requirements over time.
This hybrid system is particularly suitable for advanced grid applications and
“behind-the-meter” systems, where energy storage plays a crucial role in balancing
power supply and demand.

The HYBRIS system operates under the principle of “Energy as a Service”
(EaaS). It is designed not only to serve the needs of the system owner but also to
provide energy services to external stakeholders such as Distribution System Opera-
tors (DSOs) or new energy market operators such as Balance Service Providers (BSP)
or aggregators. This approach prioritizes interoperability, ensuring that the system
can be easily integrated with different energy systems, power grids, and applications.
In this hybrid configuration, the LTO battery serves as a power buffer, offering fast
response and high-power output to facilitate the optimal use of the AORFB’s energy
storage capacity. The AORFB, in turn, serves as an energy buffer, working at its most
efficient operating points. This synergy ensures that the hybrid system can meet a
broad range of energy requirements without overburdening either component.

The development of the HYBRIS system involves several key technical compo-
nents. More specifically they are:

e LTO (Lithium Titanate Oxide) Batteries: they are known for their high-power
output (high C-rate provided, both in charge and discharge up to 4C), long life
cycle (more than 20,000 cycles) (Sergi et al. 2019), and high safety standards. LTO
chemistry uses a lithium titanate oxide anode instead of graphite, which guarantees
minimum anode deformation, reduced Solid Electrolyte Interface (SEI) and no
lithium metal deposition at low temperatures (Gao et al. 2020), avoiding dendrite
formation and internal short-circuits. For these reasons, LTO technology allows
for rapid charging and discharging without significant degradation, making it
suitable for applications where fast response is crucial. LTO batteries also operate
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efficiently across a wide temperature range, from — 30 to 55 °C, and are resistant
to thermal runaway, an important and critical safety issue of common lithium
batteries.

This process does not practically change crystal volume and therefore it does

not suffer mechanical stress (Fig. 3). This is the anode used by the SCiB cells and
chosen as the power element from hybrid system in HYBRIS project. Having such
robust anode material increases the operational currents at which the battery can
work without suffering material degradation. This enhances the overall health and
cyclability of the LiB system and enables it to operate at high currents for short times
(peak power consumption).

Fig. 3 Lithium Titanate
Oxide battery characteristics:
LTO unit cell (anode
material) and phase
transition that undergoes
during Li intercalation
(Ziebarth et al. 2014), used
with permission RNP/25/
FEB/088193

AORFB (Aqueous Organic Redox Flow Battery): AORFBs provide large-scale
energy storage at a lower cost compared to conventional battery technologies.
The technology is based on aqueous electrolytes, which are non-flammable
and environmentally friendly. While the energy density is lower compared to
LTO batteries, the flow battery technology offers flexibility in terms of power
and energy capacity, making it ideal for prolonged energy discharge. AORFBs
use organic molecules and recyclable materials, further enhancing the system’s
sustainability. AORFB stores energy in aqueous based liquid electrolyte solutions
which flows through a cell stack during charge and discharge processes. Redox

Spinel structure LigTisO, Rock-salt structure Li;TigOy

| LisTis0,, + 3~ + 3Li* > Li,Tis0,, |

+  High cyclability (>20,000 cycles, at 3C & 25°C)

+  High charge/discharge power (up to 80% SOC
in 6min, 50% SOC in 10s)

* Hinders dendrite formation

» Lower Cocontentin cathode, Nirich chemistry
(partially substituted by Ni & Mn).

+ Incorporation of Liin anode host material
results in a phase transition which has “zero
?trail;" intercalation or zero change in volume

0.2%).

Benedikt Ziebarth, PHYSICAL REVIEW B 89, 174301 (2014)
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reactions occur at the anode and cathode sides that define an electrode compart-
ment (Fig. 4). The electrolyte in each case is called respectively ‘anolyte ‘and
‘catholyte’, or ‘negolyte’ and ‘posolyte’ as well. Figure 4 shows cyclic voltam-
mograms of the two electrolytes before and after post-treatment compensation,
in the reference electrodes.

e Power Electronics: The integration of these two battery systems requires
advanced power electronics to manage the flow of energy between the batteries and
the grid. Studies performed in HYBRIS project demonstrated that the optimum
power conversion architecture is the one shown in Fig. 5. This architecture features
two stages. The first stage consists of two dc-dc modules that interface the LTO
and AORFB batteries with a common dc-link. The second stage consists of a
dc-ac module, interfacing the dc-link with the utility grid.
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This conversion architecture allows obtaining the best compromise between effi-
ciency, capital cost, and operational cost, compared to other architectures that employ
multiple dc-dc modules in parallel, and/or separate dc-ac modules for each battery.
The dc-dc modules are implemented with the dual-active-bridge (DAB) converter
topology. The DAB converter allows bidirectional power transfer, a high step-up
or step-down voltage gain, and provides galvanic isolation, thanks to the use of a
high-frequency transformer. Moreover, it features reduced switching losses since all
switches feature zero-voltage switching (ZVS) on the turn-on transitions, also known
as soft switching. All these features yield on the DAB converter a high efficiency,
power density, versatility, and reliability. The dc-ac module is implemented with
a three-phase two-level dc-ac converter. The dc-ac converter oversees transferring
power from the common dc-link to the utility grid, and vice versa.

Despite the architecture in Fig. 5 can be considered optimal from cost and effi-
ciency point of view, the power conversion architecture reported in Fig. 6 has been
chosen for the final development in the Hybris project. The last allows more accurate
control of both subcomponents in terms of power exchange with the grid, guaran-
teeing the provision of power independently to the grid, that increases the reliability
of the overall system.

¢ Energy Management System (EMS): The EMS plays a critical role in optimizing
the use of both batteries, ensuring that the LTO battery handles short-term power
demands while the AORFB manages long-term energy storage. Therefore, this
goal is achieved by a proper choice of the set-points dispatched to the two storage
subsystems. The EMS also monitors battery health, state of charge (SOC), and
other key parameters to ensure efficient operation and longevity of the system.

e Containerized Design: to facilitate the deployment of the hybrid system at
multiple demonstration sites, the prototype is designed to be portable and housed
within a container. This containerized system (Fig. 7) includes all the neces-
sary components, such as battery modules, power converters, control systems,
and safety mechanisms. The containerization ensures easy transportation and
installation at the different sites.

The use of AORFB technology, which relies on organic molecules and recyclable
materials, also helps reduce the environmental impact of energy storage. AORFBs do
not rely on rare or toxic materials, making them a greener alternative to conventional
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Fig. 7 Hybris containerized hybrid battery energy storage

batteries. The system is also designed to have a long operational life, reducing the
need for frequent replacements and minimizing waste.

From an economic perspective, the hybrid system is expected to reduce energy
costs by up to 40%, making it a viable solution for both private and commercial
applications. The system’s flexibility and scalability mean it can be adapted to a
wide range of use cases, from small-scale residential energy storage to large-scale
industrial applications.

The proposed modules using LTO cells can operate nominally at 1.24 kW (27.6 V
@ 45 A) and handle current peaksup to 3 C (135 A). Higherratesup to 5 C (225 A) are
possible but require a redesigned cooling system to keep temperatures below 55 °C.
Each module has a capacity of 45 Ah, which may be insufficient for some applica-
tions. To achieve higher power, more modules need to be stacked. For instance, a
12-module stack can provide 50 kW of power with an energy content of 15 kWh. The
AORFB energy capacity is determined by the amount of electrolyte in external tanks,
and power depends on the active cell area and number of cells. The simplicity of elec-
trode reactions ensures high lifetime and cyclability, unlike conventional batteries.
The system considered uses green, cost-effective technology with organic molecules
and recyclable materials. It employs a non-flammable aqueous organic electrolyte,
operating safely between 10 and 45 °C, offering advantages like no thermal runaway
and greater safety. RFB technology can release energy at constant power for several
hours, making it suitable for various energy services. However, it has low power
and energy densities due to high volume occupation. Considering the objective of
demonstrating the technology, the prototype system was sized with:

1. an AORFB system of 5 kW/15 kWh
2. and an LTO system of 50 kW/15 kWh (Table 1).

The proposed system is the current state of art of respective technologies. Taking
a brief outlook of the future of both technologies, lithium batteries are considered
mature technology while the AORFBs have currently a lower stage of development.
However, both technologies could have important improvements in future years.
Lithium batteries are considered at a current stage, called generation 3 (optimized
lithium-ion). The close roadmap to 2030 will bring them to generation 4, with the
promise of Nichel-rich and low cobalt cathode, higher cell voltage (close to 5 V), but
in particular the use of solid-state electrolyte and lithium metal anode. This evolution
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Table 1 Hybrid Energy Storage System characteristics

Units of Redox Flow KEMIWATT | Li-ion HESS
measurement | AORFB TOSHIBA
SCiB

Number of cells - 55 288 -
System nominal Ah 300 45 -
capacity
System nominal v 50 330 -
voltage
System voltage range |V 40-70 250-390 -
(min-max)
System max DC A 165 200 -
current
Stored energy kWh 15 15 30
Peak power kW 5 50 55

will improve specific energy up to 500 + Wh/kg, + 1000 Wh/L. The following stage
(>2030) will introduce metal air, Lithium-Sulphur and new Ion-based batteries (Itani
and De Bernardinis 2023) (Table 2).

On the AORFB side the scenario is less defined and open to important innovations
and changes. AORFB constitutes one of the technologies inside the family of Redox
Flow Battery (RFB). Both inorganic and organic electrolyte are currently developed
with pros and cons for each technology. Only in Europe, several emergent companies
(Kemiwatt, involved in the HYBRIS project, Jena Batteries, Green Energy Storage,
CMBlu) are developing AORFB at industrial scale using different materials. Major
effort is concentrated on the anolyte improvement and, generally, classification is
done according to group of anolyte materials. Main technologies are Carbonyl based
(anthraquinones, AQS/BQDS all-organic quinone etc.), Quinoxiline based, Viologen
based, and Polymer based. Main goals to be reached are reducing materials cost (< 1—
2€kg™!, tomeet 0.05€ kW~ h~! cycle™! EU target), improved solubility of redox
active species to allow higher energy density (minimum target of 20 Wh L ™!, obtained
with Vanadium technology), higher stability (value < 0.003%/day for 20 years, able
to leave capacity retention > 80%, making them competitive for stationary sector),
lifetime (> 10,000 cycles), higher cell potential (> 1 V) and round-trip efficiency

Table 2 Lithium battery evolution, synthetized and adapted from (Itani and De Bernardinis 2023)

Cell type Year
Generation 1 Lithium-ion 1991
Generation 2 Lithium-ion Up to 2005
Generation 3 Optimized lithium-ion Up to 2025
Generation 4 Solid state lithium-ion and lithium metal Up to 2030
Generation 5 Metal-air, lithium-Sulphur, new-ion > 2030
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(although not fundamental for RFBs, strongly dependent from the cell type). All these
considerations comes from (Brushett et al. 2020; Fontmorin et al. 2022; Sanchez-
Diez et al. 2021). Exploration of new materials combination (redox active species
with high solubility and stable molecules) will drive the process for performance
improvement. In this process, the various mechanisms understanding combined with
research on new materials (helped by modern technologies such as computational
models, Machine learning etc.) will bring several improvements in coming years to
this kind of batteries (Zhu et al. 2024).

4 Control and Communication Architecture

The control architecture of the HYBRIS system is designed to manage the interaction
between the two different battery systems and implement the control strategy. This
infrastructure enables the system to operate in different modes and deliver several
kinds of services such as frequency regulation, peak shaving, energy arbitrage, and
increased self-consumption of renewable energy.

The platform operates at two levels (Fig. 8): the former on the cloud and the
latter on the HESS system. At cloud level, two elements have been developed: the
EMS (Energy Management System) and an ABMS (Advanced Battery Management
System). The EMS constitutes the logic controller of the system. Through the infor-
mation coming from the other sub-systems, it implements the optimization algorithm
that governs the system behavior, by proper selecting the working setpoints of the two
batteries according to the (present and past) state and the selected application/service.
The data coming from the physical layer provide the EMS with SoC, battery voltage
and current values, temperatures, warnings and alarms, grid status and local requests/
production. The building energy data and on field telemetries are also collected by
the EMS to feed its control algorithm and give feedback (to allow a close control
loop.) In fact, consumption forecast and solar production are used to realise energy
optimisation control and real data helps to perform real-time corrections. This EMS
computes general strategies depending on external and internal factors, as well as it
ensures the transmission of information to the local controller, actuating a separation
layer between the IT and OT operations.

The ABMS, at cloud level, uses battery data to feed an internal model of the
involved systems. The output of the model feeds the EMS while updating the working
points of the two batteries (by considering impacts of the requests on ageing of single
batteries). The ABMS periodically sends data to the EMS with yield charts, advanced
state of health, power in function of temperature for each battery and technology
preference indicator. Then, this information is exploited to optimize long term Hess
battery control and maximise its life cycle operations.

At physical level, a Supervisory Control and Data Acquisition (SCADA) system
plays a key role in managing the flow of data between the different components of
the HESS. The SCADA is basically a device that acquire all the HESS battery data
by instance historical data and historical error/warning messages but as well real



Behind-the-Meter. Combination of Li-Ion Batteries and Organic Flow ... 459

HYBRIS SYSTEM

DEMO SITE

PV inverters
SMART meters
Local Loads
SCADA over INMS EV chargers

I

BMS (LTO) BMS (AORFB)

Fig. 8 Overall HYBRIS communication diagram

time data. This device will communicate with several entities. It collects real-time
data from two other sub-systems, the Power Management System (PMS) and Battery
Management System (BMS), including information on the state of charge (SoC) of
the batteries, energy consumption, and grid status. This data is then used by the EMS
to take informed decisions.

The PMS is responsible for dispatching the operation set points of the LTO and
AORFB battery systems with a direct connection with battery inverters and control
of the same. Substantially it acts like a passthrough gateway supervisor to manage
the two battery inverters (LTO and AORFB). On the other hand, the proprietary BMS
monitors the health and status of the batteries, ensuring that they operate within safe
and efficient parameters, and informs the higher-level components on the real-time
battery status. The SCADA collects all the recovered datapoints and shares them
with cloud level.

The realized infrastructure ensures proper communication among each subsystem.
In a general view the communication between all the parties could be summarized
as follows:

An important element for digitalization of the system and simulation of its
behavior, is the HiL device model. This model was built using Typhoon HIL Control
Center’s freemium software installation and deployed to interact directly with the
communication assets on the site. In this way, the real control and communication
hardware is connected to the “digital twin”—in this case, a high-fidelity mathemat-
ical model of the battery system. These digital twin models are then run in real-time,
receiving commands from the control system and returning the resulting measure-
ments just as the real, physical network would. In doing so, the control design and
communication infrastructure can be tested and pre-commissioned under real condi-
tions, without the same cost and safety risks as physical tests (Costa and Kavgic
2022).

Three separate levels of HiL system models were developed, with each model
building on the previous one, as shown in Fig. 9. At the individual battery level
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Fig. 9 Representation of the scope of the Digital Twin models in the physical HYBRIS system
(Sergi et al. 2022), licensed under CC-BY 4.0

is the model of the LTO and AORFB battery systems, which served the role of
supporting the Energy Management System (EMS) development and control of
individual batteries. This was later integrated into a HESS-level model, which addi-
tionally includes the converters, ancillary loads, and the corresponding local grid
balancing and grid forming functionality that they provide. Finally, the HESS system
is integrated with a Grid Emulation model to make a site-level model, which allows
for control system validation in a real environment.

The individual AORFB and LTO battery models were originally developed in
collaboration with IREC and CEA within Matlab/Simulink. This model represented
the dynamics of each battery system individually, integrating the design parameters
of the final battery systems and reporting on the stack voltage (V), stack current
(A), state of charge (SoC) of each cell and the battery stack, and the battery stack
temperature. These outputs were considered sufficient for cloud-based estimation of
the state of health (SoH), as well as for the cloud-based EMS to properly coordinate
and control the individual battery systems.

For real-time testing, the AORFB and LTO models were characterized using an
enhanced self-correcting cell model utilizing equivalent circuit representations of
the behavior of the original battery system within the Typhoon HIL Control Center
toolchain (Typhoon HIL n.d.; Cazot 2019) To validate that the accuracy of these
modeling approaches, a 60-min simulation was run involving charging of the battery
stacks (LTO and AORFB) with 2 kW of power for 20 min, followed by a 20-min 2 kW
discharge, and finally 20 min of 0 W power demand. The simulation was performed
with a time resolution of 100 ps in the Typhoon HIL environment and 200 ms for
the Simulink environment.

Various measurements were taken once every two seconds, resulting in 1800 data
points. Measured and compared variables for the LTO battery stack are displayed in
Fig. 10:
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Fig. 10 LTO battery stack comparison

Vstack/V—uvoltage of the stack

Current/A—current of the stack

SOC/%—state of charge of each battery cell and of the entire battery stack
Temperature/°C—temperature of the battery stack in Celsius.
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Measured and compared variables for AORFB battery stack are displayed in
Fig. 11:

1. Vstack/V—voltage of the stack
2. Current/A—current of the stack
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3. SOC/%—state of charge of each battery cell and of the entire battery stack.

As shown in Figs. 10 and 11, validation of AORFB and LTO battery performance
within the Matlab/Simulink and Typhoon HIL Control Center models were found to
be virtually identical (Sergi et al. 2022). For this reason, the Typhoon HIL Control
Center Battery Cell model was used exclusively for the planned real-time tests. This
allowed for rapid control development and initial validation of EMS performance in
a safe environment, prior to physical battery integration. An example of the battery-
level model adapted for use in rapid control development is shown in Fig. 12.

To support communication between the model and the cloud, the HiL. model
includes a Modbus Device component, which is parameterized based on the specific
network in which the Typhoon HIL device is housed. Additionally, local control
logic was added to this component as needed by implementing either with code or
as logical structures using the built-in library components. Scada Input and output
components are added as needed to make the data outputs available to other partners.

To ensure continuous availability of data, the Typhoon HIL device was run in
a standalone boot configuration mode. In this mode, the model self-boots upon
powering up the device, and runtime interaction with the model takes place via
MODBUS commands sent over the Ethernet port of the HIL device. While the func-
tionalities of Standalone boot mode are more limited, it does allow the HilL model to

INPUT TEMPERATURE

INPUT POWER W), GENERATED IN STEPS
e INPUT POWER (kW) GENERATED IN STE!

[PATTFRY CFII MODELS ARF UNLOCKED RUT LIMITED IN FEATURE'S

HD

Fig. 12 Example of an LTO and AORFB model with a Modbus Device component and associated
local control logic implemented (top)
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run in real-time without requiring a dedicated computer available to send or receive
data.

This battery level model formed the core of what would later become the inte-
grated HESS model. The HESS-level model allowed EMS developers to validate
their control actions in real-time, using the same commands that would be used on
the physical battery. This required integrating a bi-directional inverter that integrated
the same grid forming functionalities intended for the physical LTO inverter, as well
as the necessary communication interfaces which translated the EMS commands into
real-time commands to stimulate the model. This is shown on the left side of Fig. 13.

Once these tests were implemented, the HYBRIS HESS model was then connected
to areal-time representation of one of the physical sites, utilizing the same parameters
as the existing on-site assets, gathered from electrical diagrams of the site itself and
nameplates of the actual devices on site. A simple example of this is shown in the
scheme in Fig. 13. With this site-level model, full EMS control functionality could
be validated under a variety of conditions.

Graui Grig1

HESS Battery Model Site Model
AORFB Battery model
» Originally developed by CEA
AORFB * Implemented by Typhoon HIL using
the Battery Cell component
LTO Battery model / )
« Originally developed by CEA by
Implemented by Typhoon HIL using L ‘—T
LTO the Battery Cell component :
.s & c¢_n| LTO/AORFB Inverters
$id Implemented by Typhoon HIL using
hgf]] the Bi-directional AC-DC Converter
e % (generic) component
BVSC (generic) Al ol cf w
Fvoabus ~ Communication Interfaces !HVBRIS
Implemented by HESStec
| seRver | corresponding to their AP structure ] ] ” ” ]

Fig. 13 Representation of the components of the virtual HESS model (left) and its placement
within a physical site model (right)



464 F. Sergi et al.

5 Preliminary Parallel Testing of the Batteries Through
Common Switch and Controlled by SCADA
and Validation of the HESS Performance with Real Case
Studies and HIL Simulation

Once defined the systems and communicating architecture (see Sect. 4) preliminary
tests have been applied in parallel to the containerized systems. Previously to any
service application, it is necessary to characterize the systems working in parallel
and test the communication and lecture of commands and data, respectively, through
the SCADA controlling commands. Therefore, a simple test of discharge and charge
cycles at low power has been launched in parallel at the Li-ion (TOSHIBA-SCiB)
battery and the AORFB (KEMIWATT) battery systems. Voltage, state of charge,
current, power setpoints and temperature have been registered among other relevant
information of the systems given by the respective BMS. The first approach shows
that several preconfigured limitations of the systems must be considered and plausibly
modified to provide services to customers. For example, de-ratings setpoints modify
automatically power setpoints given a certain SoC at each system. These behaviors
must be considered when the automatized response wants to be implemented. The
preliminary measurements done on the hybrid system via a router with fixed IP and
controlled by SCADA are shown in Fig. 14. The router derives the commands to a
switch following MODBUS protocol. The switch in turn derives the commands to
the two different battery systems. These measurements are done using both batteries
at the same time. Data has been recorded directly from respective converters. On
the left side of the figure a discharge—charge curve for two power setpoints on the
Li-battery system is shown. Voltage, SoC, current and power as functions of time
measured for the LiB system are represented. Red dotted lines indicate the change
in power setpoints. On the right-side similar measurements carried out on AORFB
system are reported. In both cases we observe the derating adjustments present on
the batteries.

To demonstrate the performance of the HESS under real systems, both physical
and virtual prototypes were developed within the HYBRIS project. These prototypes
were deployed at several demonstration sites to validate performance for several of
the behind-the-meter use cases described previously.

The containerized design of the HYBRIS HESS yields certain advantages when
testing the prototype for multiple demonstration sites. Despite the AORFB’s low
energy density, placing both batteries inside of a containerized unit allows for much
easier logistical deployment at different sites. This is in large part due to the capa-
bility of pre-assembly and commissioning of the entire battery unit ahead of first
deployment. For subsequent re-deployments of the battery the liquid components of
the AORFB need only to be drained and transported separately before being reincor-
porated into the system at the new site. Once all proper connections to site equipment
are made and validated, the battery is ready to provide energy services.

Within the HYBRIS project, for instance, this allowed a single battery to be
tested at multiple case study sites, saving on total system costs for multiple battery
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Fig. 14 Preliminary test on hybrid system. On the left side, LIB discharge—charge curve for two
power setpoints. From top to bottom: voltage, SoC, current and power as a function of time. On the
right-side same measurement carried out on AORFB system

prototype systems. While this method of re-deployment is not recommended for
extremely short periods, due to the need for ground infrastructure to support the
container’s weight and the expertise required for ensuring proper air-tight cycling
of the AORFB fluids, repurposing a single battery container to multiple locations
can be useful in cases where a static battery is needed to provide regular energy and
power services over months at a time.

The HYBRIS project demonstrated battery system performance at a total of three
sites. The first of these case studies covers a small energy community in Messina
managed by Solidarity and Energy, with several PV panels and an ESS already
installed. The primary intention of this case study is to validate the capability of
the HESS storage to augment the energy storage capabilities on site, increasing the
self-consumption of PV energy and avoiding power outages (SAIFI, load shedding
events, etc.). In these cases, the HESS can provide island operation for a limited
period until power is restored.

The second case study involves a business park of 20+ mixed business companies
in Belgium, managed by Quares. At this site, the focus is on demonstrating the
capabilities of using the HESS to provide energy services for the grid in the form
of peak shaving, enhanced self-consumption, and load shifting/energy arbitrage. For
these cases, the advantages of the long cycle life and flexible storage capacity of the
redox flow battery is expected to provide consistent energy bill savings that couldn’t
normally be achieved solely via a single, lithium battery solution.
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The final case study involves a glass factory in Tholen, Netherlands. This site is
equipped with PV, and will integrate a cloud-controllable EV charger, with the goal
of developing a local energy community in the near future. The primary purpose of
the HESS in this case is to improve energy bill savings—Ilike the Belgium case.

In particular, the demo site in Messina was the first one tested and the only
one in which the system was physically installed. For the other two sites, virtual
implementation was considered. Historical data and data coming from the Messina
site were used for real model development and virtual implementation. Data includes
information such as the load demand on site and grid frequency from which the
battery control should react to. For the purpose of this chapter, the Messina site will
be considered with the various services provided and the benefits brought to the small
community.

To resume the main services considered for the use case Table 3 is provided.

To show the effective functionality of the system the services described were
tested both in field test and simulated way. Some of them are briefly reported below.

In Figs. 15 and 16 the commutation from grid-following to island mode of the
HESS is demonstrated through the HIL for a small grid, by using the site model
shown in Fig. 13. In Fig. 15, the grid breaker is closed, with the battery operating
in grid following mode. The EMS sends an Active power reference of 30 kW to the
LTO battery and 5 kW to the AORFB, forcing the charge using excess power from
the grid. The resulting battery status and battery state of charge are all visible.

Following a fault in the grid, the grid breaker tripped. This forces the batteries
to switch to grid-forming configuration led by the LTO inverter operating in droop
mode. To meet the load demand, the EMS ensures that 35 kW from the LTO battery
and 5 kW from the AORFB. The resulting conditions are shown in Fig. 16.

Since the HESS model supports real-time interaction, utilizing the developed
communication infrastructure and load and generation profiles reproduce the site
itself. This type of integration represents a realistic representation (like a digital
twin) of the demonstration site. The EMS can send commands to this digital twin in
real-time, precisely as it would control the physical system. Then it receives back the
resulting dynamics within the grid, including all critical measurements. Afterwards,
it needs to estimate the proper controls for the next time window, such as peak voltage
and current, state of charge of the battery, and other parameters.

Once aggregated data coming from simulation, the total energy savings achieved
over a set period can be calculated. This allows maximum-fidelity comparisons of
system performance under “what-if” scenarios. Such HiL approach demonstrates that
an AORFB system and its integration within a HESS can be modeled in a real-time
framework.

In some countries, such as Belgium and the Netherlands, a “capacity fee” is
charged, which bills consumers not only for the energy consumed but also for the
maximum 15-min average monthly peak power. The goal of the peak shaving func-
tionality is to reduce these monthly peaks and, consequently, the yearly average.
Therefore, in this case, the HESS is controlled to keep the grid power below a prede-
fined peak target. If the shaving of the peak fails, e.g., the portion of the peak is
too high or the peak energy exceeds the available amount, the target is reset. To
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Table 3 BTM services explored with technical issues and provided benefits

Service

Implementation

Target result and/or
expected benefit (KPI
metric)

Other details

Island operation and

The HESS inverter

No grid interruption/

Average interruption <

SAIFI reduction switches the use mode, | fault in island 5 min. Time response
normally operation. The target | of few seconds
grid-connected, to for the site is to avoid
provide energy to 40 interruptions per
loads connected to year (practically
privileged line 100%)

Peak shaving HESS intervention to | Reduce the peak A peak target for the

reduce peak power
used inside 15 min
gate time over a
certain threshold

buildings capacity
more than 10 kW
monthly. Results are
validated at the end of
a month

current month is set at
the beginning, which
we shouldn’t exceed.
All 50-kW provided
can be used. LTO
prevailing

Energy arbitrage

HESS management to
buy and sell energy,
according to the
energy prices to
generate profit

Evaluate cost revenue
(€) considering
monthly use of
arbitrage (in terms of
hours in which the
service is active)

Total energy usable set
at a % of the total

kWh. Service activated
on command. LTO and
AORFB combined use

Increase to
self-consumed

HESS maintains the
grid as close as

Increasing the
self-consumption by >

Primary use of solar
energy, HESS charged

energy possible to 0 kW, 75%. Self-sufficiency | only with excess.
storing the excess of | is increased using HESS working during
PV production, and HESS even at night day and night
releasing it when using about up to
necessary 15KWh

Demand/response HESS follows D&R | Benefit in terms of To release this service,

profiles. Simulated
D&R service from the
TSO is considered to
set the overall power
profile for a specific
period (not known a
priori)

revenue of the services
(€) to the community
and more in general
benefits to the whole
electric grid

a certain amount of
energy must be
considered unusable
for other services. This
can be done setting a
low threshold of SOC
for other services

Energy community

HESS share energy
with the whole
community

A minimum energy
sharing of 50 kWh/
day to provide cost
savings and social
benefits to
disadvantaged users

PV production and
load consumption
typical/historical
profile can be used to
manage the system and
provide benefits to the
whole community
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Fig. 15 HiL simulation of HESS operation in grid following mode (battery charging)
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Fig. 16 HiL simulation of HESS operation in Island mode (battery discharging)

achieve this, the EMS uses historical, forecasts, and real-time measurements. If a
peak is soon expected, the EMS uses a faster (one-minute basis) loop to control the
battery discharge. The LTO will provide most of the value here, but the AORFB
could provide the flexibility to remove a portion of the base load. By updating the
peak target as the month progresses, the system can avoid shaving peaks lower than
the monthly average. The principle of the functionality is described in the Fig. 17.
From historical data the highest peak of the last months can be retrieved. To reduce
the peak, the target is set at a fraction of the historical peak, e.g. 60% (5 kW in this
case, picture (a)). If the grid power (on a one-minute basis) is observed to exceed the
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Fig. 17 Peak shaving behaviour during one month of operation

peak target, the algorithm will try to shave it down to the target limit. If the target
(on a 15 min basis) is exceeded, then the target will be recalculated (e.g. 8 kW). This
operation is done daily (picture (b)). All peaks which remain below the new target
are not shaved (picture (c)). At the end of the month, a new consumption peak is
encountered and, in this case, also successfully shaved (picture d) and target was
not reset. Overall, without this functionality a peak of more than 10 kW would not
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have been managed, with a consequent impact on the user. The next month’s target
is based on last month’s final target, where again a percentage is applied (50%) with
the aim of achieving a better result.

The principle of arbitrage relies on the knowledge of the published day-ahead
electricity prices. By strategically scheduling the purchase and selling of energy
through the battery’s charge—discharge cycles, the user can exploit price fluctuations
to generate profit. The potential gains are influenced by both the price variability
and the difference between the purchase and selling prices. This difference can be
impacted by national taxes and transmission charges. For instance (as illustrated in
Fig. 18), this gap can be relatively small (as in Netherlands) because there is only a
21% VAT and no transmission fees. Therefore, since the primary goal is to buy at
low prices and sell at high prices, this case is an advantageous application case of
arbitrage.

In other instances (e.g., Belgium), the selling price is generally much lower than
the purchase price, as illustrated in Fig. 19. This discrepancy arises from the combi-
nation of transmission and distribution charges (which account for about two-thirds
of the total cost per kWh, only while the prosumer drains power from the grid), and
other taxes. However, when energy is sold back to the grid, the prosumer is only
compensated for the energy itself (without any reimbursement to compensate for
transmission and distribution charges). Consequently, arbitrage is less profitable in
this scenario.

Finally, self-consumption involves using locally produced energy to balance
the building’s energy consumption. When production exceeds demand, the energy
surplus is stored. This stored energy can be later used to reduce grid electricity
consumption and generate profit. This concept is like arbitrage, since the surplus
energy is stored and used later (at no cost). The goal is to use stored energy when the
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Fig. 19 DAM price with transmission fees
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purchase price is highest. As illustrated in Fig. 20, this is equivalent to selling energy
to the grid and receiving the purchase price (orange plot). On the contrary, sending
the excess energy back to the grid would only yield the sell price (green plot). There-
fore, once again, in countries where there is a significant gap between the purchase
and sell prices, there is a strong incentive to maximize self-consumption.

As shown in these few examples of applications, the benefits coming from the
HESS system and its corresponding release of energy services have a direct benefit
on the end user energy exploitation. In addition, indirect advantages to the main
electric grid support an overall better management of the energy flows, thanks to a
local optimized use of the energy.

6 Conclusions

A first of a kind hybrid energy storage system made of the combination of an
Aqueous Organic Redox Flow battery and a Lithium Titanate battery has been demon-
strated in a European project called Hybris through preliminary parallel testing and
hardware-in-the-loop tests, designed for behind-the-meter grid services applications.
The results showed that both digital twin models and HiL representations can repro-
duce real case studies. The system has been designed to provide both energy and
power intensive services. Control and communication architecture, using both cloud
and local solutions have been integrated together with batteries and power electronics
in a unique containerized energy storage system, easy to transport and install to the
end user premises.

To achieve more details on the real operation of the HEES and to evaluate the
ability to provide behind-the-meter grid services, the system has been demonstrated
in the Messina (Italy) community, where the different use cases have been validated
in real environment.

Features offered by the combined use of two different systems extend the range
of possible applications and enable the possibility to perform multiple services at
once. In the case of a small community as in the Messina case study, the benefits
are evident and involve several aspects, from a better use of the green energy locally
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produced, to balancing of social differences, through a fairer use of energy within
the community.
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