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 A B S T R A C T

The volatile electricity generation from renewable energies creates the need for electricity storage technologies 
which, unlike the pumped hydroelectric energy storage established to date, are not tied to geographical 
conditions. The emerging technology of pumped thermal electricity storage (PTES) is one such alternative. 
PTESs belong to the group of Carnot Batteries.

Using a price-taker approach with perfect daily foresight, this study determines the achievable contribution 
margin of a 5MW generic storage in the German day-ahead market by exclusively exploiting daily price 
spreads. Based on real data from various phase change materials, the investment costs for PTES with a latent 
thermal energy storage (LTES) unit can be determined as a function of their energy-to-power ratio (E/P-
ratio). By comparing the achievable contribution margins and investment costs, the most economical E/P-ratio 
can be identified. The result is a cost-optimal E/P-ratio that depends on the year, the round-trip efficiency 
(electricity to electricity), the coefficient of performance, and the power-related purchased equipment cost. 
For this purpose, both historical and future years were examined, whereby an agent-based market model was 
used to simulate the future electricity price time series. Oxalic acid dihydrate proved to be a promising phase 
change material for all round-trip efficiencies investigated. It turned out that, under the assumed boundary 
conditions, no PTES enables an economically attractive operation at round-trip efficiencies between 30% and 
70%. The configurations closest to an economically attractive operation have E/P-ratios of at least 4 h related 
to the charging duration at half discharging duration.
1. Introduction

In order to limit global warming to less than 2 °C or even 1.5 °C, 
decisive action to reduce greenhouse gas emissions across all sectors is 
essential in the coming years [1]. One measure to reduce greenhouse 
gas emissions is the expansion of renewable energies, which is already 
having a positive impact on the emission curve, with wind and photo-
voltaic (PV) having a major influence [2]. This is also reflected in the 
exponential increase in global electricity generation from wind [3,4] 
and PV [4,5] in recent years. Nevertheless, a tripling of installed wind 
and PV capacity by 2030 compared to 2022 would be necessary to 
achieve the goals of the Paris Agreement [6]. The increasing share of 
renewable energies requires more flexibility in the operation of the 
energy system [6], whereby energy storage technologies can support 
the integration of renewable energies [7,8]. While PHES still account 
for more than 90% of total global electricity storage capacity in 2020, 
grid-scale battery storage such as lithium-ion batteries are catching 
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up [8]. Another emerging energy storage technology is the Carnot Bat-
tery (CB), which has met with increasing interest, especially in recent 
years [9]. In contrast to PHES, CBs do not suffer from geographical 
constraints [9–11] and large space requirements for installation [11].

A subgroup of CBs is the PTES [9,10]. A PTES stores electricity by 
converting it to heat [11]. One possibility for further subdivision is 
the distinction between Brayton and Rankine cycles for the charging 
(heat pump (HP)) and discharging (heat engine (HE)) process [9,10]. 
In addition, the HP can be extended [11] or replaced [12] by an 
electric heater for the charging process. While Brayton PTES are most 
frequently coupled with sensible thermal energy storage units, Rankine 
PTES are suitable for operation with LTES units [10]. Nevertheless, 
opposite or combined couplings can also be found in the literature. For 
example, Rankine PTES are experimentally coupled to sensible thermal
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Nomenclature

Abbreviations

AA Adipic acid
AC Ammonium chloride
ADO Adonitol
BHO Barium hydroxide octahydrate
BW03 Beeswax with 0.3% graphene
CAPEX Capital expenditure
CB Carnot Battery
CEPCI Chemical Engineering Plant Cost Index
CM Contribution margin
COP Coefficient of performance
ERY Erythritol
E/P-ratio Energy-to-power ratio
HDPE High-density polyethylene
HE Heat engine
HP Heat pump
LAES Liquid air energy storage
LCOS Levelized cost of storage
LTES Latent thermal energy storage
MAN Mannitol
MCH Magnesium chloride hexahydrate
MNH Magnesium nitrate hexahydrate
MNHLN Magnesium nitrate hexahydrate with 

lithium nitrate
OAD Oxalic acid dihydrate
OPEX Operational expenditure
PCM Phase change material
PEC Purchased equipment cost
PFSF Potassium formate with sodium formate
PHES Pumped hydroelectric energy storage
PNSN Potassium nitrate with sodium nitrite
PTES Pumped thermal electricity storage
PV Photovoltaic
SA Sebacic acid
SC Sodium chloride
SN Sodium nitrate
SNPN Sodium nitrate with potassium nitrite
SoC State of charge
SoC0 Initial state of charge
WACC Weighted average cost of capital
Symbols

𝐴 Capacity parameter, m3

𝐶 Heat capacity, kJ
𝐶𝐴𝑃𝐸𝑋 Capital expenditure, e
𝐶𝑂𝑃 Coefficient of performance, -
𝐸∕𝑃 -ratio Energy-to-power ratio, h
𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠(𝑡) Expenses at hour 𝑡, e
𝐸𝑋𝑅 Exchange rate, e$−1
𝑓 Factor, -
ℎ Specific enthalpy, kJ kg−1
𝑖 Interest rate, %
𝑙 Length, m
𝐿𝐶𝑂𝑆 Levelized cost of storage, ecent kWh−1

𝑚 Mass, kg
𝑛 Quantity, -
𝑂𝑃𝐸𝑋 Operational expenditure, e
2 
𝑝 Price, e kWh−1 / e kg−1 / em−1

𝑃 Power, W
𝑃𝐸𝐶 Purchased equipment cost, $
𝑟 Radius, m
𝑅 Ratio, -
𝑅𝑒𝑣𝑒𝑛𝑢𝑒(𝑡) Revenue at hour 𝑡, e
𝑠(𝑡) Operating duration at hour 𝑡, h
𝑆𝑜𝐶 State of charge, h
𝑡 Time, h
𝑇 Temperature, °C / K
𝑉 Volume, m3

Greek symbols
𝜂 Efficiency, -
𝜌 Density, kgm−3

Subscripts and superscripts
0 Initial (beginning of the day)
char Charge
dis Discharge
E End of system lifetime
el Electricity
ex Exergetic
grid Electricity grid
HTF Heat transfer fluid
i Inner/mathematical index
lit Literature
n Year
o Outer
P Power
PC Phase change
rt Round-trip
s Solid
study Present study
tot Total
USD US Dollar

energy storage units [13], and Brayton PTES are extended by latent 
energy storage [14] or considered in combination with LTES [15].

For each possible configuration of a PTES, the question arises as 
to the dimensioning of the individual components, with the thermal 
energy storage being of particular importance as it defines the storage 
capacity of the PTES. Both the energy market in which a PTES is 
integrated and the selected thermal energy storage must be taken into 
account in this process. This will be discussed in the following.

1.1. Electrical energy storage systems in energy markets

Individual PTES configurations can vary in terms of the capacity 
of the storage unit in relation to the electrical power. This variable is 
referred to as E/P-ratio [16,17] and in the context of this work, the 
E/P-ratio is defined as the duration that the heat pump cycle can run at 
maximum power until the storage unit is considered to be fully charged. 
There are also other definitions of the E/P-ratio in the literature, for 
example as the ratio of storage capacity to discharge power [18,19]. 
In those cases where the discharge power is recognizably used for the 
definition of the E/P-ratio, it is explicitly highlighted as E/P-ratiodis.

The influence of the E/P-ratio on the economic performance of 
electrical energy storage systems has already been the subject of stud-
ies. A comprehensive study of the potential contribution margin (CM) 
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from price spreads in several day-ahead markets was conducted by 
Mercier et al. [18]. The study examined the EU-28 countries as well as 
Norway, Switzerland and Turkey for the period from 2000 to 2021. The 
authors determined a maximum E/P-ratiosdis of 4 h to 6 h hours, which, 
if exceeded, does not lead to a significant increase in the CM in any 
of the countries investigated. Major country-specific differences were 
identified. In addition, the achievable CM varies over the years. Two 
important findings, namely the importance of regional and temporal 
dependency, were also found by Connolly et al. [20] for a PHES with 
a given E/P-ratio.

In addition to cross-national studies [16,18], there are also country-
specific studies. Various European countries [21–24], including Ger-
many [17,25–27], were investigated.

1.2. Dimensioning of LTES units

One form of thermal energy storage is represented by LTES. A PCM 
that experiences a phase change and thereby absorbs or releases energy 
is used in an LTES unit [28]. Particularly relevant here are PCMs 
that undergo a phase change from solid to liquid and vice versa [28]. 
Since PCMs have a low thermal conductivity, measures to enhance heat 
transfer such as fins and nanoparticles, are being considered [29,30]. 
This, however, makes the design and dimensioning of an LTES unit 
more complex.

When dimensioning LTES units, the boundary conditions resulting 
from the system into which they are integrated must be taken into ac-
count [31]. This includes the required heat capacity and heat flow [31]. 
Given a specific geometry, the driving temperature difference in an 
LTES unit can be adjusted to achieve the required heat flow [32] 
whereby a variable temperature difference can also be used [33]. 
A systematic variation of geometry parameters [34], e.g., with the 
aim of minimizing the storage volume [35], can also be part of the 
design process. However, the choice of geometry, e.g., the number of 
tubes used in an LTES unit, has an impact on costs [35]. An accurate 
cost estimate requires knowledge of the materials used and a detailed 
breakdown of the geometry.

1.3. Dimensioning of CBs in energy systems

Several attempts have been made to link the macro perspective of 
energy systems and markets with the system-level design of CBs. In ad-
dition to PTES, which have already been introduced, liquid air energy 
storage (LAES) also belong to the group of CBs [10,19]. LAES store 
energy by liquefying air and storing it at cryogenic temperatures [10,
19,36].

The potential of an LAES that benefits from price fluctuations in the 
UK real-time electricity market to achieve a CM was investigated by 
Lin et al. [37]. The three main components of the LAES, consisting of 
the liquefaction unit, storage tank and discharge unit, are dimensioned 
using a genetic algorithm in order to optimize the net present value.

The economic performance of an LAES on the UK electricity market 
is examined by Vecchi et al. [19]. CMs from price spreads and reserve 
markets were taken into account. An E/P-ratiodis of 2-3 h was identified 
as an optimum when all markets were considered. If only price spreads 
were allowed to generate a CM, an E/P-ratiodis of 4-5 h was found to be 
optimal.

An optimal size of a PTES was determined by Tassenoy et al. [38]. 
For this purpose, the investment costs per MW of the HP and the HE 
as well as the investment costs per MWh of the sensible thermal energy 
storage were considered. Although it turned out that none of the con-
figurations justifies the investment in a PTES from an economic point of 
view, the methodology presented enables cost-optimized dimensioning 
of the thermal energy storage.

Dumont et al. [39] propose a methodology for dimensioning a PTES 
that aims at peak shaving. The tank of the thermal energy storage was 
dimensioned in such a way that the daily heat demand peaks could 
be covered. The case study revealed a payback period for the PTES of 
slightly more than six years.
3 
1.4. Scope of the present study

As the literature review shows, there is a lack of studies that take 
a holistic perspective in the design of LTES based PTES. The present 
study aims to address this gap.

A detailed examination of an LTES unit is carried out in order to 
answer the following research question:

1. Which PCMs enable the lowest possible costs in an LTES unit 
based PTES?

The following question arises with regard to the dimensioning of 
the LTES unit in the PTES, which is reflected by the E/P-ratio:

2. Which E/P-ratios allow for the most economical operation of the 
LTES unit based PTES?

As the results of [18] clearly demonstrate, it is advisable to focus on 
one market area and a limited time period. The following third research 
question should therefore be answered:

3. Would it have been economically attractive to operate an LTES 
unit based PTES with an electrical input power of 5MW on the 
German electricity market in 2023 and 2024, and is economically 
attractive operation realistic in the future?

This requires various assumptions to be made when creating the un-
derlying future scenarios, which leads to the fourth and final research 
question:

4. Under which conditions would it be economically attractive to 
operate an LTES based PTES in the future?

Further assumptions that specify the research questions of this 
study are explained in the subsequent chapter, along with the ratio-
nale behind them. The following important limitation of the study 
applies: Even though some studies show that the reserve markets 
have considerable economic potential [17,27], these markets are not 
included in the present study. This is based on the expectation that 
the market volume for automatic Frequency Restoration Reserve and 
manual Frequency Restoration Reserves will not be sufficiently large 
in the future to be a representative case for large-scale applications of 
PTESs. This assumption is supported by current data from the Federal 
Network Agency [40]. These markets are expected to be served by other 
technologies, which limits the potential for new technologies to achieve 
profitability.

2. Material and methods

This chapter describes the methodology on which the present study 
is based and the material required for its application. The PTES exam-
ined in this study consists of a HP, an LTES unit, and a HE. No cold 
storage is involved. Due to the abstract consideration of HP and HE 
presented below, this study is not limited to a specific PTES design.

2.1. Influencing parameters investigated

The aim of this study is to determine the optimal E/P-ratios and 
the associated PCMs based on market prices. For this purpose, both the 
achievable CM and the associated investment costs of each configura-
tion must be determined. To this end, the influencing parameters that 
will be examined in more detail in the further course of this study are 
presented and categorized. These are as follows:

1. Electricity price time series
2. Round-trip efficiency (𝜂rt)
3. Energy-to-power ratio (E/P-ratio)
4. Coefficient of performance (COP)
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Table 1
Influencing parameters, parameter ranges and parameter step sizes.
 Influencing parameter Parameter range Parameter step size 
 Electricity price time series 2023, 2024, 2030, 2035 –  
 𝜂rt 30–70% 5%  
 𝐸∕𝑃 -𝑟𝑎𝑡𝑖𝑜 1–10 h 1 h  
 𝐶𝑂𝑃 2.25–3.50 0.25  
 𝑃𝐸𝐶HP,HE 1–6M$ 1M$  
 𝑅char,dis 2 –  
 𝑆𝑜𝐶0 0–10 h 1 h  
5. Power-related purchased equipment cost (𝑃𝐸𝐶HP,HE)
6. Ratio between charging and discharging duration (𝑅char,dis)
7. Initial state of charge (SoC0)

The CM is influenced by the parameters electricity price time series 
(1), round-trip efficiency (2), E/P-ratio (3), ratio between charging and 
discharging duration (6), and initial state of charge (7). Round-trip 
efficiency (2), E/P-ratio (3), COP (4), and the power-related PEC (5) 
have an influence on the investment costs in the context of this study. 
The following explains how the parameters mentioned affect the CM 
and the power-related PEC. The electricity price time series depends 
on the year under consideration and directly influences the CM through 
the course of the electricity price. Higher round-trip efficiencies ensure 
higher profits per charge and discharge cycle and also allow more hours 
to be used profitably. An increase in E/P-ratio enables an extension of 
usable hours. The rise in the latter two parameters therefore leads to 
an increase in the CM. An upward trend in the ratio between charging 
and discharging duration leads to an increase in discharge power and 
price peaks being better exploited, which is why an increase also has 
a positive effect on the achievable CM. As far as the SoC0 of the 
storage unit is concerned, it is not possible to determine a generally 
valid influence on the achievable CM without taking into account 
the specific electricity price time series. However, the ratio between 
charging and discharging duration and the SoC0 are defined based on 
the explanations in Sections 3.2 and 3.3 and are therefore not variable 
for the final analyses.

A change in the round-trip efficiency has an effect on the efficiency 
of the subsystems and therefore also on the exergetic efficiency, i.e., the 
quality grade of the HP. For a prescribed COP, a change in the exer-
getic efficiency of the HP results in a varying temperature level. This 
means that the available PCMs characterized by their phase change 
temperature also change. Consequently, the round-trip efficiency has an 
impact on the capacity-dependent PEC. It should be emphasized at this 
point that the specification of the COP and the round-trip efficiency is 
hypothetical, so that implementation in a real system is not necessarily 
feasible. Temperature differences during heat transfer and isentropic 
efficiencies of less than one in compression and expansion machines 
are typical reasons why it is difficult to achieve high efficiencies in 
real systems. Both an increase in the E/P-ratio and the COP increase 
the required capacity of the LTES unit and thus also the capacity-
dependent PEC. While a higher E/P-ratio requires longer charging and 
therefore larger storage capacity, an increased COP results in more 
thermal energy that must be stored per unit of electrical energy used, 
thus having the same effect. These capacity-dependent PEC and the 
power-related PEC make up the total PEC. The range of the influencing 
parameters and, if applicable, the step size of these parameters are 
listed in Table  1. 𝑅char,dis is specified as 2. In exceptional cases prior 
to Section 3.4, a value of 1 is used instead, corresponding to an equal 
charging and discharging duration, which is indicated in each case.

The optimization is influenced by the CM effecting parameters and 
is described in the following section. The origin of the electricity price 
time series for this optimization is explained in the two subsequent 
Sections 2.3 and 2.4. The PEC calculation of the LTES unit and the 
selection of the PCMs are then presented in Sections 2.5 and 2.6, so that 
the economic viability of the PTES can be assessed using the quantities 
described in the last two sections.
4 
2.2. Optimization problem

In order to evaluate the CM of a PTES on the German electricity 
market, an optimization model was developed using the Python-based 
modeling language Pyomo [41,42]. The solver GLPK was used to 
provide a solution to the problem.

A generic electrical energy storage model was developed for the 
optimization. The properties of the PTES are only explicitly taken into 
account when calculating the PEC of the LTES unit. Market power is ne-
glected, so that the assumption of a price-taker applies. A perfect daily 
price forecast with hourly resolution is assumed and the optimization 
takes place on a daily basis.

The objective function is given as follows: 

max

( 23
∑

𝑡=0
(𝑅𝑒𝑣𝑒𝑛𝑢𝑒(𝑡) − 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠(𝑡))

)

(1)

which corresponds to the CM, excluding other variable operating 
costs apart from the purchase of electricity, with 
𝑅𝑒𝑣𝑒𝑛𝑢𝑒(𝑡) = 𝑃char ⋅ 𝑓𝑃 ⋅ 𝜂rt ⋅ 𝑝el(𝑡) ⋅ 𝑠dis(𝑡) (2)

𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠(𝑡) = 𝑃char ⋅ (𝑝el(𝑡) + 𝑝grid(𝑡)) ⋅ 𝑠char (𝑡) (3)

where 𝑃char is the electrical charge power. The discharge power takes 
twice the value of 𝑃char in the case of halved discharging duration, 
which is described by 𝑓𝑃 : 

𝑓𝑃 =

{

1 Equal charging and discharging duration
2 Halved discharging duration (4)

The round-trip efficiency is denoted by 𝜂rt . The electricity price 
of the respective hour 𝑝el(𝑡) is taken into account for the discharge 
process, while an additional grid fee of 12.01eMWh−1 is added for 
the charge process, as for a battery electrical energy storage located in 
Aachen (Germany) [17]. 𝑠dis(𝑡) and 𝑠char (𝑡) are the operating durations 
for the discharging and charging process at hour 𝑡. These operating 
durations can have the integer values 0 h and 1 h and in the case of 
a halved discharging duration, 𝑠dis(𝑡) can additionally take the value 
0.5 h. Consequently, the operating durations represent the variables of 
the optimization problem.

The following constraints apply to the optimization. In each hour, 
the state of charge (SoC) of the PTES must not fall below 0 h taking into 
account the offset due to SoC0:
𝑡i
∑

𝑡=0

(

𝑠char (𝑡) − 𝑓𝑃 ⋅ 𝑠dis(𝑡)
)

+ 𝑆𝑜𝐶0 ≥ 0 h ∀𝑡i ∈ [0, 23] ∩ Z (5)

In addition, the E/P-ratio, also including SoC0, must not be ex-
ceeded at any time:
𝑡i
∑

𝑡=0

(

𝑠char (𝑡) − 𝑓𝑃 ⋅ 𝑠dis(𝑡)
)

+ 𝑆𝑜𝐶0 ≤ 𝐸∕𝑃 -𝑟𝑎𝑡𝑖𝑜 ∀𝑡i ∈ [0, 23] ∩ Z (6)

The SoC0 is given in hours. An empty storage corresponds to the 
SoC0 of 0 h, whereas a value of the SoC0 equal to the E/P-ratio repre-
sents a fully charged storage.

At the end of the day, the SoC must be the same as at the beginning:
23
∑

(

𝑠char (𝑡) − 𝑓𝑃 ⋅ 𝑠dis(𝑡)
)

= 0 h (7)

𝑡=0
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Finally, charging and discharging are prevented from taking place 
simultaneously: 

𝑠char (𝑡i) + 𝑠dis(𝑡i) ≤ 1 h ∀𝑡i ∈ [0, 23] ∩ Z (8)

2.3. Day-ahead market data

The input data for the historical electricity market prices for 2023 
and 2024 originate from the Federal Network Agency [43]. An hourly 
resolution of the prices was chosen. Logarithmic histograms of the 
price distribution for the two years can be seen in Fig.  A.1. The 
average electricity price in 2023 is 95.18eMWh−1, and 78.55eMWh−1

in 2024. The standard deviation is higher in 2024 with a value of 
52.79eMWh−1 than in 2023, where it has a value of 47.57eMWh−1. 
The quotient of standard deviation and mean value, which is referred to 
as relative standard deviation in Wilson et al. [25], is therefore higher 
in 2024. According to the results of Wilson et al. [25], this leads to 
the expectation of a higher achievable CM for PTESs in 2024. The 
relative standard deviations for the historical data are 49.98% in 2023 
and 67.20% in 2024.

2.4. Future market data

This study also examines the economics of the storage system under 
potential market price scenarios for the years 2030 and 2035 to reflect 
possible future market conditions. To this end, a scenario is simu-
lated using the agent-based electricity market model PowerACE [44], 
from which corresponding market prices are derived. PowerACE sim-
ulates the day-ahead electricity market with hourly resolution up to 
the year 2050, covering multiple market regions. The model includes 
the hourly dispatch planning and operational simulation of power 
plants, taking into account factors such as electricity demand, renew-
able energy generation, resource availability, and technical constraints. 
In this framework, renewable generation and demand profiles are 
treated as exogenous inputs, whereas conventional generation units and 
storage systems are modeled as autonomous agents. Each agent oper-
ates independently, pursuing its own objectives and making decisions 
based on its individual constraints and capabilities. This decentral-
ized, agent-based approach replaces centralized system planning with 
self-optimized behavior at the unit level. The model outputs include, 
among others, plant dispatch, cross-border electricity flows, curtail-
ment of variable renewable energy sources, and electricity prices. A 
comprehensive overview of the model is provided in [44], with ex-
ample applications found in [45–47]. While PowerACE simulates 15 
European market areas, this study focuses specifically on the market 
prices generated for Germany. The scenario framework is based on 
TYNDP 2022-NT [48], with the expansion of renewable energy sources 
adjusted to align with national targets as of 2024. Thus, a scenario is 
created that assumes a conservative electricity demand trajectory while 
incorporating the highly ambitious expansion of renewable energy 
sources. This results in a scenario with rather low day-ahead market 
prices that serves as a contrast to current (2024) market conditions. 
The aim is to explore how emerging technologies perform in a future 
context characterized by high renewable penetration and a moderated 
demand outlook, which may lead to structurally lower electricity prices 
compared to today (2024). To maintain consistency in the dataset, 
missing annual data points are filled through interpolation. The annual 
demand and the installed generation capacities by technology type are 
listed in Table  A.1. Renewable generation profiles are based on the 
Pan-European wind and solar time series developed by the Technical 
University of Denmark in collaboration with ENTSO-E [49], using 2009 
as the reference weather year. Fuel costs are derived from forward 
market prices as of August 31, 2024, and projections from the World 
Energy Outlook 2023 [2].
5 
Fig. 1. Logarithmic histograms of the day-ahead market prices. The average 
electricity prices of 44.88eMWh−1 in 2030 and 52.99eMWh−1 in 2035 are 
shown by the red dashed lines. The data originates from the base-case scenario 
simulated in PowerACE [44].

Fig.  1 shows the logarithmic histograms for the years 2030 and 
2035. The underlying data originates from the base-case scenario de-
scribed above, which was simulated in PowerACE. Negative prices 
no longer occur, as renewables are modeled to enter the market at 
zero cost and are curtailed based on market signals, as subsidies are 
not represented. At the same time, the number of hours with prices 
close to or equal to 0eMWh−1 increases significantly. In contrast to 
the historical prices, no distribution resembling a normal distribution 
is visible; instead, three price levels in 2030 and two price levels in 
2035 dominate the distribution. The average electricity price, indi-
cated by the red dashed line, rises from 44.88eMWh−1 in 2030 to 
52.99eMWh−1 in 2035, with both values below the two historical 
average electricity prices under consideration. The standard deviation 
increases from 65.33eMWh−1 to 83.49eMWh−1 in the same period 
and is therefore above the historical values. Consequently, the relative 
standard deviations of the two future electricity price time series are 
higher than the historical ones. Relative standard deviations of 145.56%
and 157.54% are achieved for 2030 and 2035.

2.5. LTES unit PEC calculation

When calculating the PEC of the LTES unit, a distinction is made 
between the three components PCM, finned tubes and tank according 
to the following equation: 

𝑃𝐸𝐶LTES = 𝑃𝐸𝐶PCM + 𝑃𝐸𝐶tubes + 𝑃𝐸𝐶tank (9)

For the assumed geometry presented below, these three components 
cover the main costs of an LTES unit. In a prototype with this design, 
these three cost components and the manifolds accounted for 85% of 
the costs [28]. A further 11% was attributable to insulation [28], the 
cost share of which is likely to decrease in larger systems due to an 
increasing ratio of volume to surface area.

Both the geometry and the required storage capacity are important 
for selecting the resulting PCM.
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Table 2
Fin geometry parameters and values in mm.
 𝑟HTF,i 𝑟HTF,o 𝑟PCM 𝑙PCM 𝑙f in 
 5 6 50 10 1  
Fig. 2. Geometry of a single tube (a) and cross section view of a single tube 
section (b)

2.5.1. LTES unit geometry
The basic shape of the LTES unit is assumed to be cylindrical. Heat 

exchanger tubes are located inside the LTES unit, creating a shell-and-
tube heat exchanger structure. The height of the LTES unit and each 
tube is assumed to be 6m, which corresponds to the tube length of the 
German Aerospace Center’s LTES unit prototype [33]. The shape of a 
single finned tube is assumed to be cylindrical and to have the geometry 
presented in [50], which is based on the hexagonal fin geometry of 
Laing et al. [51]. An illustration is shown in Fig.  2. For dimensioning 
purposes, it is assumed that the PCM is only located between the fins. 
The geometry of the tube is particularly relevant for the cost estimation 
concerning the PCM volume per tube and thus the required number of 
tubes.

2.5.2. LTES unit dimensioning
The LTES unit is dimensioned by calculating the thermal storage 

capacity of a tube and scaling the number of tubes to achieve the 
required total thermal storage capacity. The thermal storage capacity 
of a single finned tube 𝐶tube is calculated using Eq. (10), whereby only 
the PCM is taken into account: 
𝐶tube = ℎPC ⋅ 𝜌PCM ⋅ 𝑉PCM,tube (10)

where ℎPC is the enthalpy of fusion of the PCM, 𝜌PCM is its density and 
𝑉PCM,tube is the volume it occupies. The latter is determined by: 

𝑉PCM,tube = 𝜋 ⋅ (𝑟2PCM − 𝑟2HTF,o) ⋅ 𝑙tube ⋅
𝑙PCM

𝑙PCM + 𝑙f in
(11)

The parameters and values used can be seen in Fig.  2(b) and Table 
2. The end faces of the tubes, where another fin would be located, were 
neglected when calculating the volume. Finally, the required number 
of tubes is calculated according to: 

𝑛tubes =
𝑃char ⋅ 𝐶𝑂𝑃 ⋅ 𝐸∕𝑃 -𝑟𝑎𝑡𝑖𝑜

𝐶tube
(12)

Although, in practice, only an integer number of tubes is possible, 
the number of tubes was not rounded to an integer, as this would result 
in unintended influence of the length of a single tube.

The COP is varied, whereby its values are specified. As the COP 
is related to the phase change temperature of the PCM 𝑇PC, each 
temperature can be assigned to a COP for a given exergetic efficiency 
of the HP 𝜂ex,HP. The following relationship applies between the COP 
and the phase change temperature of the PCM: 

𝑇PC =
𝐶𝑂𝑃 ⋅ 𝑇source
𝐶𝑂𝑃 − 𝜂ex,HP

(13)

This equation results directly from rearranging the expression: 

𝐶𝑂𝑃 = 𝜂ex,HP ⋅ 𝐶𝑂𝑃ideal = 𝜂ex,HP ⋅
𝑇PC

𝑇 − 𝑇
(14)
PC source
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For the source temperature 𝑇source, the average temperature in Ger-
many of 283.75K from the year 2023 is used, which corresponds to 
10.6 °C [52].

The exergetic efficiency of the HP varies depending on the round-
trip efficiency. Assuming that storage losses can be neglected, the 
round-trip efficiency depends exclusively on the exergetic efficiency of 
the HP and the exergetic efficiency of the HE. Their product forms the 
round-trip efficiency: 

𝜂rt = 𝜂ex,HP ⋅ 𝜂ex,HE (15)

Based on the assumption that the exergetic efficiencies have the 
same values, the following relationship applies: 

𝜂ex,HP = 𝜂ex,HE =
√

𝜂rt (16)

Consequently, the corresponding phase change temperatures of the 
PCMs are derived on the basis of the predefined COPs and round-trip 
efficiencies. For the round-trip efficiencies, values between 30%, which 
corresponds to a value in the lower range of the already proven possible 
round-trip efficiencies [53], and 70%, which is only slightly below a 
round-trip efficiency of 72.8% of a PTES based on several storage units 
and high isentropic efficiencies of the machines [54], were selected. 
The COPs and the resulting phase change temperatures considered in 
this study are summarized in Table  3.

2.5.3. PCM properties and prices
The PCMs considered in this study and their properties are shown 

in Table  4. The prices of the same PCMs are collected in Table  5. Prices 
were taken from trading platforms and manufacturers [55–57]. Of the 
prices researched, the minimum price was used in each case. This is 
justified by the fact that the requirements for the quality (e.g. purity) 
of the PCMs are considered to be low.

In order to verify the prices found, some of them are compared 
with historical prices from the literature. For this purpose, both the 
time offset through the use of the Chemical Engineering Plant Cost 
Index (CEPCI) is applied and, if necessary, a correction of the currency 
using the average exchange rate of 1.36USD£−1 from 2016 [58]. Based 
on [59], a CEPCI of 540 is estimated for 2016. A CEPCI of 800 is 
assumed for 2024.

The price comparison is made on the basis of the relative price 
deviation and is shown in Fig.  3. The difference between the price from 
the present study in $ kWh−1 and the literature value of the price in 
relation to the former is shown on the abscissa: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑟𝑖𝑐𝑒 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =
𝑝study − 𝑝lit

𝑝study
(17)

Values less than zero mean that the literature value is higher. The 
green dotted vertical lines delimit the range within which there is a 
deviation of 50%. The yellow lines delimit the range in which there 
is a 100% deviation. The horizontal bars are colored accordingly. It is 
clear that the majority of PCM prices show a deviation of less than 50%
compared to the literature values. Clear deviations can be seen for urea, 
which is the main component in some of the PCMs considered, and for 
high-density polyethylene (HDPE). In the case of HDPE, this is due to 
the fact that prices of recycled HDPE were used in the present study.

Since various effects such as subcooling, thermal stability and corro-
sion could limit the application of PCMs, but could be at least partially 
overcome by appropriate measures [81], all listed PCMs are considered, 
even if the applicability has not yet been proven.
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Table 3
𝑇PC in °C depending on round-trip efficiency and COP.
 Round-trip efficiency COP = 2.25 COP = 2.50 COP = 2.75 COP = 3.00 COP = 3.25 COP = 3.50 
 0.30 101.90 90.21 81.17 73.98 68.11 63.24  
 0.35 111.82 98.56 88.37 80.30 73.75 68.32  
 0.40 121.55 106.69 95.35 86.40 79.16 73.18  
 0.45 131.13 114.66 102.15 92.32 84.40 77.88  
 0.50 140.64 122.51 108.81 98.11 89.50 82.44  
 0.55 150.11 130.28 115.38 103.78 94.49 86.89  
 0.60 159.57 137.99 121.86 109.36 99.39 91.25  
 0.65 169.05 145.66 128.29 114.88 104.21 95.52  
 0.70 178.57 153.33 134.68 120.34 108.97 99.74  
Table 4
PCM compositions, abbreviations and physical properties.
 PCM main component PCM additive wt% 

additive
Abbreviation 𝑇PC

◦C
ℎPC
kJ kg−1

𝜌PCM,s
kgm−3

Sources  

 Beeswax Graphene 0.05 – 62.05 156.98 960 [60,61]  
 Beeswax Graphene 0.3 BW03 62.42 188.76 960 [60,61]  
 Stearic acid Acetamide 17 – 65 213 972 [62]  
 Magnesium nitrate hexahydrate Lithium nitrate 14 MNHLN 72 180 1713 [62]  
 Urea Lithium nitrate 18 – 76 218 1438 [62]  
 Barium hydroxide octahydrate – – BHO 78 280 2180 [62,63]  
 Xylitol (eutectic mixture) Erythritol 30 – 81.85 270 1272 [64]  
 Acetamide – – – 82 256.3 1159.5 [62,65,66]  
 Urea Sodium nitrate 29 Urea & SN 83 187 1502 [62]  
 Magnesium nitrate hexahydrate – – MNH 89 151.5 1638 [62,67]  
 Adonitol – – ADO 98.18 244.5 1530 [64,68,69]  
 Oxalic acid dihydrate – – OAD 100.25 264 1651.5 [62,70,71]  
 Urea Ammonium chloride 15 Urea & AC 102 214 1348 [62]  
 Potassium carbonate Urea 15 – 102 206 1415 [62]  
 Urea Potassium nitrate 23 – 109 195 1416 [62]  
 Urea Sodium chloride 10 Urea & SC 112 230 1372 [62]  
 Urea Potassium chloride 11 – 115 227 1370 [62]  
 Magnesium chloride hexahydrate – – MCH 117 150 1570 [62,72]  
 Erythritol – – ERY 117.6 340 1418 [62,64,67]  
 Acetanilide – – – 118.9 180.8 1210 [67,73]  
 High-density polyethylene – – HDPE 130 222 952 [62,74,75]  
 Sebacic acid – – SA 131.4 284.5 1210 [76,77]  
 Potassium nitrate Lithium nitrate 34 – 133 150 2018 [62]  
 Potassium nitrate Sodium nitrite 44 PNSN 141 97 1994 [62]  
 Sodium nitrate Potassium nitrite 48 SNPN 149 124 2080 [62]  
 Adipic acid – – AA 152 255.75 1360 [62,75,78,79] 
 Lithium nitrate Sodium nitrite 38 – 156 233 2296 [62]  
 Lithium nitrate Potassium chloride 42 – 160 272 2196 [62]  
 Mannitol – – MAN 162.3 317.85 1505 [62,77,80]  
 Potassium formate Sodium formate 45 PFSF 176 175 1913 [62]  
 Sodium nitrate Lithium nitrate 49 – 194 262 2317 [62]  
2.5.4. PEC of PCM, finned tubes and storage tank
The PEC for the PCM is calculated from the product of the mass-

specific price and the mass of PCM: 
𝑃𝐸𝐶PCM = 𝑝PCM ⋅ 𝑚PCM (18)

The price for the finned tubes is set at 𝑝tube = 10$m−1. Based 
on researched prices for finned tubes a wide range of prices was 
identified. On the one hand, the geometry used is outside the range 
of commercially available finned tubes [51]. On the other hand, it is 
assumed that a large order quantity will lead to prices that are usual 
for commercially finned tubes. Therefore, the selected estimated value 
can be interpreted as one adapted to the geometry and size of the PTES. 
The following equation is used to calculate the PEC of the tubes: 
𝑃𝐸𝐶tubes = 𝑝tube ⋅ 𝑙tube ⋅ 𝑛tubes (19)

The PEC of the storage tank is calculated according to the correla-
tion of Turton et al. [82] for an API fixed roof tank with the following 
equation: 
𝑃𝐸𝐶tank = 10

(

4.8509−0.3973⋅log10(𝐴)+0.1445⋅(log10(𝐴))2
)

$ (20)

where 𝐴 is the capacity parameter, which is used in the unit m3 and is 
calculated as follows: 
𝐴 = 𝜋 ⋅ 𝑟2 ⋅ 𝑙 ⋅ 𝑛 (21)
PCM tube tubes
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A temporal adjustment is necessary, for which the CEPCI is applied. 
A value of 397 taken from [82] is used here for the time of the 
correlation.

2.6. PCM selection

The PEC of the LTES unit depends on the choice of PCM. In addition, 
only a subset of the PCMs considered can be deployed for each storage 
temperature. When selecting the PCM, only those are considered whose 
phase change temperature deviates by up to 5K from the temperature 
level associated with the COP and round-trip efficiency or, if the 
corresponding value is higher, would be equivalent to a deviation in the 
COP of up to 3% to allow for a larger temperature interval, especially 
at higher temperatures. Specifying a temperature range is necessary to 
ensure that a selection of a PCM remains possible within the scope of 
this study. The PEC of the LTES unit is determined for each of the 
remaining PCMs and the PCM that results in the lowest PEC of the 
LTES unit is selected. Since the prices of the PCMs are mass-specific, 
but the number of pipes required depends on the volume occupied by 
the PCM, the most cost-effective PCM does not necessarily provide the 
lowest PEC of an LTES unit. In addition, the volume of the storage tank 
depends on the total volume, whose PEC follows a degressive curve and 
thus takes economies of scale into account. It should be noted at this 
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Table 5
PCM prices and literature comparison. ‘‘+’’ for PCMs selected by the algorithm, ‘‘-’’ for PCMs not selected by the algorithm, ‘‘◦’’ for PCMs not 
considered by the algorithm due to their phase change temperature.
 PCM min mass 

spec. price 
$∕t

Sources 
of the 
prices

min energy 
spec. price 
$∕kWh

Literature 
price 
comparison

Selected 
by the 
algorithm

 

 Beeswax - Graphene (0.05%) 600 [55] 13.76 – –  
 Beeswax - Graphene (0.3%) 600 [55] 11.44 – +  
 Stearic acid - Acetamide 1134.5 [55,56] 19.17 Fig.  3 –  
 MNHLN 863.4 [55,56] 17.27 Fig.  3 +  
 Urea - Lithium nitrate 1064 [55,56] 17.57 Fig.  3 –  
 BHO 750 [55] 9.64 Fig.  3 +  
 Xylitol (eutectic mixture) - ERY 2155 [55] 28.73 – –  
 Acetamide 3500 [55] 49.16 Fig.  3 –  
 Urea - Sodium nitrate 374 [55,57] 7.20 Fig.  3 +  
 MNH 190 [55] 4.51 Fig.  3 +  
 ADO 15 000 [55] 220.86 – +  
 OAD 300 [55] 4.09 Fig.  3 +  
 Urea - Ammonium chloride 185.45 [55,57] 3.12 Fig.  3 +  
 Potassium carbonate - Urea 667.5 [55] 11.67 – –  
 Urea - Potassium nitrate 338 [55] 6.24 Fig.  3 –  
 Urea - Sodium chloride 360.71 [55] 5.65 Fig.  3 +  
 Urea - Potassium chloride 223.1 [55,57] 3.54 Fig.  3 –  
 MCH 110 [55] 2.60 Fig.  3 +  
 ERY 1350 14.29 [55] Fig.  3 +  
 Acetanilide 1100 [55] 21.90 – –  
 HDPE 200 [56] 3.02 Fig.  3 –  
 SA 500 [55] 6.33 – +  
 Potassium nitrate - Lithium nitrate 2228 [55,56] 53.47 Fig.  3 –  
 PNSN 602 [55] 22.34 Fig.  3 +  
 SNPN 992 [55,57] 28.80 – +  
 AA 900 [56] 12.67 Fig.  3 +  
 Lithium nitrate - Sodium nitrite 3233 [55,56] 49.95 Fig.  3 –  
 Lithium nitrate - Potassium chloride 3072.2 [56,57] 40.66 Fig.  3 –  
 MAN 2000 [55] 22.65 Fig.  3 +  
 PFSF 599.5 [55,56] 12.33 Fig.  3 +  
 Sodium nitrate - Lithium nitrate 2858 [55,56] 39.27 Fig.  3 ◦  
point that the storage tank is the only component in this study whose 
specific PEC is dependent on size. Since all other assumed costs and also 
the CM that can be generated on the market increase proportionally 
with the power of the PTES, the results presented in this study can 
also be approximately transferred to different sizes of PTESs as long as 
the price-taker assumption applies. Table  5 shows whether a PCM was 
selected by the algorithm. This is discussed again in the results section.

2.7. LCOS calculation

The levelized cost of storage (LCOS) are calculated based on [84], 
neglecting reinvestment costs, and profits or costs for decommissioning 
and recovery: 

𝐿𝐶𝑂𝑆 =
𝐶𝐴𝑃𝐸𝑋 +

∑𝑛E
𝑛=1

(

𝑂𝑃𝐸𝑋𝑛+𝑝char ⋅𝑃char ⋅𝑡char
(1+𝑖)𝑛

)

∑𝑛E
𝑛=1

(

𝑃char ⋅𝑓𝑃 ⋅𝑡dis⋅𝜂rt
(1+𝑖)𝑛

) (22)

where 𝑛 is the operating year of the plant, operational expenditure 
(OPEX) is the annual cost of operating the plant, 𝑝char is the average 
price during the charge process, 𝑡char and 𝑡dis are the number of hours 
per year in which the electrical energy storage is charged and dis-
charged, respectively, and 𝑖 is the interest rate. For the OPEX a value of 
3% of the capital expenditure (CAPEX) is used [85], which only takes 
maintenance into account. A value of 25 years is assumed as the system 
lifetime 𝑛E [86]. The interest rate 𝑖, which corresponds to weighted 
average cost of capital (WACC), is set to a value of 8% [84,87]. The 
remaining values originate from the simulation.

The calculation of the capital cost, which is assumed to be iden-
tical to CAPEX in this study, is carried out according to Towler and 
Sinnott [59]. The 𝑃𝐸𝐶tot and a Lang factor 𝑓Lang of 4.74 from the 
1940s, which is to be employed for fluid processing plants, are used. 
Applying the Lang factor allows for a simple estimation of the capital 
cost based on the PEC of the major equipment, whereby uncertainties 
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of ± 30% can typically be assumed [59]. The Lang factor for fluid 
processing plants for 2007 shows only a slight deviation with a value 
of 4.5 [88], which is why the selected Lang factor can be classified 
as conservative and still applicable. Furthermore, a location factor for 
Germany 𝑓Germany, which takes the value 1.11 for the year 2003 [59], as 
well as the corresponding average exchange rate 𝐸𝑋𝑅€,USD from 2003, 
which is approximately 0.884e$−1 [89], are used: 
𝐶𝐴𝑃𝐸𝑋 = 𝑃𝐸𝐶tot ⋅ 𝑓Lang ⋅ 𝑓Germany ⋅ 𝐸𝑋𝑅€,USD (23)

The total PEC can be further subdivided into power-related
𝑃𝐸𝐶HP,HE and capacity-related 𝑃𝐸𝐶LTES: 

𝑃𝐸𝐶tot = 𝑃𝐸𝐶HP,HE + 𝑃𝐸𝐶LTES (24)

Values between 1M$ and 6M$ with an increment of 1M$ are 
assumed for the power-related PEC for the system under consideration, 
which has an electrical input power of 5MW. They correspond to 
a specific power-related PEC from 200e kW−1 to 1200e kW−1. Based 
on the study of Koksharov et al. [90], a PTES with an input power 
of 18MW results in a specific power-related PEC of 675e kW−1 to 
1340e kW−1 for the entire PTES, including the costs of the storage unit. 
Since the power of this PTES is of a similar order of magnitude to that 
of the system under investigation, the comparable specific PEC is an 
indicator of their suitable choice. In view of the fact that, according 
to the formula of Turton et al. [82], two compressors with a capacity 
of 2.5MW each, i.e. a total of 5MW, result in a PEC of slightly more 
than 1M$, the lower limit appears optimistic. Nevertheless, such a low 
specific power-related PEC is considered in the present study, as future, 
possibly lower-cost PTESs can thus also be taken into account in the 
context of this investigation.

2.8. Price gap calculation

In order to be able to make a statement about whether a PTES 
can meet the required WACC or not, the LCOS must be compared 
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Fig. 3. Relative price deviations. The calculation is done by dividing the difference between the price of the present study in $ kWh−1 and the literature price 
(of Da Pereira Cunha and Eames [62] as well as Kenisarin and Mahkamov [83]) by the former. Green dotted lines: 50% relative deviation; yellow dotted lines: 
100% relative deviation.
with the actual price at which the PTES is discharged. For this reason, 
the difference between the LCOS and the average discharge price is 
calculated for the evaluation and is referred to as 𝑝gap: 

𝑝gap = 𝐿𝐶𝑂𝑆 − 𝑝dis (25)

The average discharge price required for this originates from the 
optimization. Negative price gaps indicate that a configuration enables 
an economically attractive operation.

3. Results and discussion

In order to present the results, the PEC of the LTES unit is discussed 
first. This can be considered independently of the CM achievable on the 
market.

Since the power-related PEC is varied according to Table  1, only 
the parameters round-trip efficiency, E/P-ratio and COP, as listed in 
Section 2.1, remain as influencing variables for the total PEC, in that 
they affect the PEC of the LTES unit. Their influence is dealt with in 
Section 3.1.

The variables influencing the CM are then looked at, where the 
choice of 𝑅char,dis is explained (Section 3.2) and then the handling of 
the initial state of charge is described (Section 3.3). Next, the influence 
of the round-trip efficiency and the E/P-ratio on the CM and price 
gaps is discussed (Section 3.4), whereupon the costs and the CM are 
summarized by looking at the price gaps for different time series and 
the influence of all parameters investigated (Sections 3.5 and 3.6). 
Finally, a parameter study is presented (Section 3.7).

3.1. Capacity-dependent PEC

The PEC of the LTES unit and thus the capacity-dependent share of 
the PEC depends on the E/P-ratio, the COP and, due to the influence 
on the selection of the PCM, also on the round-trip efficiency. This 
allows the PEC to be calculated independently of the CM and therefore 
does not depend on the year under investigation. The PCMs used as a 
function of the parameters mentioned are shown in Table  6. These are 
also marked in Table  5. Since both the required mass of PCM and the 
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number of tubes scale linearly with an increase in E/P-ratio and only 
the tank of the LTES unit has a non-linear effect, the latter could cause 
an influence of the E/P-ratio on the choice of the PCM. This is not the 
case with the present results.

The applicability range of the cost correlation for the tank is slightly 
undercut for the two PCMs lithium nitrate with sodium nitrite and 
lithium nitrate with potassium chloride at an E/P-ratio of 1 h. Since 
the optimal E/P-ratios for the combination of 𝜂rt of 60% and a COP of 
2.25, for which the aforementioned PCMs come into question, deviate 
significantly from an E/P-ratio of 1 h, the applicability of the cost 
correlation of the tank is guaranteed in the context of this study.

The only two PCMs selected by the algorithm for which the reli-
ability of the price estimate cannot be ensured either by comparison 
with Fig.  3 or by the existence of a similarly low price are sodium 
nitrate with potassium nitrite (SNPN) and beeswax with 0.3% graphene 
(BW03). Consequently, the assumed prices could be too optimistic. Both 
occur only once each (see Table  6).

In order to investigate the influence of the price of the finned tubes 
on the choice of the PCMs, prices of 0$m−1, 5$m−1 and 15$m−1 were 
used. 0$m−1 represents the economic limit case, in which the impact 
of the PCM prices is most pronounced. The resulting selected PCMs are 
shown in Table  A.2, A.3 and A.4, with the PCMs in bold highlighting a 
deviation from the case with 10$m−1.

3.2. Contribution margin – halved discharging duration

By reducing the discharging duration, PTESs can make better use 
of price peaks. A halving of the discharging duration is therefore 
compared with the case of the same charging and discharging duration. 
Fig.  4 shows the relative increase in the achievable CM for the year 2023
with a SoC0 of 0 h.

With an E/P-ratio of 1 h, the CM does not change, as the halved 
discharging duration has no impact on the discharge hour used, but 
only leads to faster discharge in the same hour. Starting at an E/P-ratio 
of 2 h, a higher CM can be achieved with halved discharging duration, 
since the PTES can again use the same discharge hour instead of having 
to fall back on the second-best discharge hour. The difference becomes 
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Table 6
PCMs selected by the algorithm for 𝑝tube = 10$m−1.
 Round-trip efficiency COP = 2.25 COP = 2.50 COP = 2.75 COP = 3.00 COP = 3.25 COP = 3.50 
 0.30 OAD MNH BHO BHO MNHLN BW03  
 0.35 Urea & SC OAD MNH BHO BHO MNHLN  
 0.40 ERY Urea & AC OAD MNH BHO BHO  
 0.45 SA Urea & SC OAD MNH MNH BHO  
 0.50 PNSN ERY Urea & SC OAD MNH BHO  
 0.55 AA SA Urea & SC OAD ADO MNH  
 0.60 MAN PNSN ERY Urea & SC OAD MNH  
 0.65 PFSF SNPN SA Urea & SC OAD OAD  
 0.70 PFSF AA SA ERY Urea & SC OAD  
Fig. 4. Relative increase in contribution margin by halving the discharging 
duration for the year 2023 with a SoC0 of 0 h.

more apparent as the E/P-ratio increases. In addition, a magnifying 
influence of increasing round-trip efficiency is discernible. In the results 
from Section 3.4 onwards, only the results with halved discharging 
duration are taken into account, as these lead to a higher CM and thus 
to lower LCOS, so that the limit of an economically attractive operation 
of PTESs can be more closely approximated.

At this point, it should be emphasized that implementing such a half 
discharge duration involves technical challenges. In order to double the 
heat flow from the LTES unit during HE operation compared to the heat 
flow fed into it during HP operation, larger temperature differences, 
higher mass flows, or a combination of both are required. The low 
thermal conductivities of PCMs [68,83,91] can be a limiting factor in 
heat transfer. The option that is less dependent on sufficiently effective 
heat transfer is to increase the temperature difference. However, this 
leads to exergy losses, which makes it difficult to achieve the upper 
range of round-trip efficiencies examined in this study.

3.3. Contribution margin – initial state of charge

The initial state of charge has an influence on the achievable CM 
within the optimization, as price peaks in the first hours of the day 
remain unused if the LTES unit is fully discharged at the beginning 
of the day or low prices cannot be exploited if the LTES unit is fully 
charged at this time. The optimal SoC0 for the year 2023 with equal 
charging and discharging duration is shown in Fig.  5(a). It becomes 
clear that the optimal SoC0 depends on the E/P-ratio. The maximum 
optimal value of the SoC0 is 2 h. The percentage storage level to which 
this corresponds depends on the E/P-ratio under consideration. The 
relative increase in the CM compared to the case where the SoC0 is set 
to 0 h for each optimization can be seen in Fig.  5(b). In the case of the 
same charging and discharging duration, an identical CM is achieved 
for E/P-ratios up to 5 h, as the SoC0 of 0 h corresponds to the optimal 
solution. With increasing E/P-ratio, the achievable CM increases by up 
to almost 9% if the optimal SoC0 is used instead of the SoC0 of 0 h. 
Unless otherwise stated, the results in the following are used with the 
optimal SoC  in each case.
0
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3.4. Contribution margin and 𝑝gap – round-trip efficiency and E/P-ratio

The influence of the round-trip efficiency and the E/P-ratio is dis-
cussed qualitatively using the example shown in Figs.  6 and 7 for the 
year 2023. Both Figures show a 3D and 2D representation of the results. 
The SoC0 is 0 h. While Fig.  6 shows the achievable CM, Fig.  7 illustrates 
the price gaps for a power-related PEC of $1M and a COP of 2.5.

It can be observed that in this case the achievable CM increases 
progressively with increasing round-trip efficiency. Two effects come 
into play when the round-trip efficiency increases. On the one hand, 
the CM increases in the hours that could already be used profitably at 
lower round-trip efficiencies. On the other hand, additional hours can 
be used profitably. The dependence of the CM shows the same trend 
in the results based on the future time series but no such pronounced 
progressive behavior.

With regard to the E/P-ratio, a degressive increase can be seen. 
The achievable CM asymptotically approaches a round-trip efficiency-
dependent threshold. It becomes clear that the benefit of increasing the 
E/P-ratio decreases as the E/P-ratio increases.

The corresponding price gaps in Fig.  7 show an opposing trend. 
As the CM increases, the price gap decreases with higher round-trip 
efficiencies. The minimum price gaps for a given round-trip efficiency 
are obtained at different E/P-ratios. In this example, the minimum price 
gaps are achieved at E/P-ratios from 4 h to 6 h, which is highlighted by 
the red circles. Unlike the CM, the price gaps do not show a monotonic 
trend. Although the PEC of the LTES unit rises with increasing E/P-
ratio, it varies depending on the round-trip efficiency and the associated 
PCM used.

3.5. 𝑝gap – historical prices

Fig.  8 shows the results of the price gaps based on the electricity 
price time series from 2023. The scale extends to 100ecent kWh−1 to 
make it easier to compare the values below. In addition, above this 
value, the distance to economically attractive operation is very large, so 
it is assumed that knowing the value more precisely does not increase 
the informative value. The power-related PEC increases from top to 
bottom and the COP increases from left to right. The results for each 
combination are displayed in a 2D matrix. Due to the interaction of 
the round-trip efficiency, the COP and the PCM, no generally valid 
dependency of the E/P-ratio on one of the parameters mentioned 
can be determined. As the power-related PEC rises, the price gaps 
also widens and the PTES becomes increasingly uneconomical. The 
optimal E/P-ratio for the least uneconomical configuration increases. 
This is due to the fact that a higher power-related PEC makes a 
higher capacity-related PEC advantageous, as the higher LTES unit 
capacity can generate a higher CM, which can reduce the overall 
electricity-specific costs that correspond to the LCOS.

The lowest optimal E/P-ratio of 2 h was found for a COP of 3.25, 
the lowest power-related PEC of $1M and adonitol as PCM. As can be 
seen from the figure, the price gap is strikingly large in this case, which 
is related to the fact that only the expensive adonitol is available for 
the selected temperature level. Therefore, an increase in E/P-ratio is 
more associated with rising PEC of the LTES unit than with other PCMs, 
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Fig. 5. Influence of SoC0 for the year 2023 with equal charging and discharging duration. Optimal SoC0 (a) and increase in the contribution margin when using 
the optimal SoC0 compared to the SoC0 of 0 h (b)
Fig. 6. 3D (a) and 2D (b) illustration of the annual contribution margin with 
a SoC0 of 0 h for the year 2023.

which is why a particularly low value can be observed here. This makes 
apparent that the presence of a low-cost PCM is a necessary prerequisite 
for the economic operation of a PTES based on an LTES unit. Although 
no configuration allows for economically attractive operation, the price 
difference resulting from the use of adonitol as opposed to other PCMs 
allows this conclusion to be drawn. Leaving this special case aside, an 
optimal E/P-ratio of 4 h is the lowest value. The highest optimal E/P-
ratio of 9 h can only be observed for a high power-related PEC and low 
COPs.
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Fig. 7. 3D (a) and 2D (b) illustration of the price gaps with a SoC0 of 0 h, 
power-related PEC of $1M, and a COP of 2.5 for the year 2023. The E/P-ratios 
with the minimum price gaps are highlighted by the red circles.

From Fig.  8 it is clear that none of the cases enables a PTES to be 
operated on the condition that the required WACC is met. This can 
be seen from the fact that no price gap is negative. The minimum 
value of the price gap of 23.2ecent kWh−1 is achieved with a COP of 
3.5, a power-related PEC of $1M, an E/P-ratio of 5 h and a round-trip 
efficiency of 70%. For all COPs, the price gaps for the optimal E/P-ratios 
and for a round-trip efficiency of 70% are less than 29ecent kWh−1, 
keeping the power-related PEC at $1M.
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Fig. 8. Price gaps for the year 2023. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles.
Fig. 9. Price gaps for the year 2030. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles.
For all power-related PEC considered, the configurations with a 
round-trip efficiency of 70%, a COP of 3.5 and oxalic acid dihydrate 
(OAD) as PCM show the smallest price gaps. The configurations with 
the same round-trip efficiency and a COP of 2.75, in which sebacic acid 
is used as PCM, perform second best in terms of achievable price gaps. 
In both cases, the optimal E/P-ratio varies between 5 h and 8 h. For each 
round-trip efficiency, the configuration that uses OAD as PCM shows 
the smallest price gaps.

Since the cost structure is independent of the CM generated, all 
the observations described above regarding the most favorable PCMs 
remain valid for all other electricity price time series. OAD can there-
fore be classified as a potentially promising PCM. In this context, it 
must be kept in mind that the price for OAD used for this study is 
significantly lower than the price found in the literature. However, 
several offers for OAD were found in a similar price range, which 
increases the significance of the results. Even if the literature price for 
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OAD, which is nearly twice as high as the price used in this study, 
is assumed, this would have only a limited impact on the choice of 
the PCMs. In the cases where the price of the finned tubes is 0$m−1, 
10$m−1, and 15$m−1, the results remain unchanged. In the case of 
5$m−1, OAD is replaced by urea & AC in the eight cases where it is also 
replaced at 0$m−1 for the prices used in this study. The use of urea & 
AC instead of OAD thus shifts toward higher prices of the finned tubes. 
Furthermore, configurations using OAD no longer have the smallest 
price gaps for every round-trip efficiency. In most cases, configurations 
using sebacic acid or urea & SC show the smallest price gaps instead 
of those with OAD. It should be kept in mind that the assumed prices 
for both sebacic acid and urea are also significantly lower than those 
taken from the literature. Therefore, despite this finding, OAD is still 
considered promising from an economic point of view.

Lower achievable price gaps are present for the year 2024 (see Fig. 
A.2). The minimum is 18.8ecent kWh−1 for a round-trip efficiency of 
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Fig. 10. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles.
70% and a COP of 3.5 for a minimum power-related PEC, with OAD 
again selected as PCM. This is in line with the expectations from the 
analyses from Section 2.3, according to which higher relative standard 
deviations lead to a higher CM, resulting in lower price gaps.

3.6. 𝑝gap – future prices

As far as future price gaps are concerned, the price gaps drop to min-
imum values of 17.1ecent kWh−1 in 2030 (Fig.  9) and 16.5ecent kWh−1

in 2035 (Fig.  10) for an optimal E/P-ratio of 7 h. It is noticeable that 
the price gaps also fall below 100ecent kWh−1 for higher power-related 
PEC. In addition, the assumed electricity price structure appears to lead 
to a partial reduction in the discrepancy between high and low round-
trip efficiencies. Furthermore, it can be seen that higher E/P-ratios are 
more advantageous. There is no optimal E/P-ratio for 2030 that is less 
than 5 h and none for 2035 that is less than 4 h. The optimal E/P-ratios 
even reach the limit of the parameter range investigated, which makes 
it seem likely that in some cases even higher E/P-ratios than 10 h would 
represent the most economical configuration. It should be kept in mind 
that the PTES does not have to be operated for 20 h to utilize this E/P-
ratio, as the discharging duration is only half the charging duration. 
Furthermore, with an E/P-ratio of 10 h, it is possible for the PTES to 
be operated for more than 15 h if storage capacity is used several times 
during the day.

However, even with future electricity prices, no configuration of a 
PTES results in an operation that ensures the demanded WACC.

3.7. Parameter study of future electricity prices

In order to evaluate the influence of future electricity prices, a 
parameter study was carried out. Four variants of the scenario for the 
year 2035 were considered. In addition, the impact of changes in the 
Lang factor and in the WACC were examined.

The renewable energy capacity was varied to 80% and 120% of the 
base-case scenario (Figs.  A.3 and A.4) and the fuel prices were changed 
to 80% and 120% of the base-case scenario in PowerACE (Figs.  A.5
and A.6). Both the base-case and the 120% renewable energy capacity 
case have consistently optimal E/P-ratios that are greater than or equal 
to that of the 80% renewable energy capacity case. However, it is 
observed that the price gaps decrease for most configurations in the 
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80% renewable energy capacity case, while they increase in the 120%
case. For the fuel prices, the majority of the optimal E/P-ratios are 
identical, but this is partly due to the fact that more than half of the 
optimal E/P-ratios have the value 10 h. None of the scenarios shows the 
possibility of economically attractive operation with any configuration.

To assess whether the results obtained would be fundamentally 
altered by less conservative assumptions in the cost calculation, two 
more optimistic cost estimates are additionally presented for the base-
case scenario of the year 2035. First, a Lang factor for solid-fluid 
processing plants for the year 2007 of 3.5 [88] will be considered, 
which is slightly below the value of 3.63 given in [82] from the 1940s. 
Second, a required WACC of 6% is examined.

The results are shown in Fig.  A.7 for the reduced Lang factor and 
in Fig.  A.8 for the reduced WACC. It becomes clear that, despite the 
reduction in price gaps down to 9.5ecent kWh−1 and 13.1ecent kWh−1, 
respectively, economically viable operation is not possible. Even a 
combination of both measures would not result in negative price gaps 
for the base-case scenario of the year 2035.

4. Uncertainties and restrictions

Various aspects should be taken into account when interpreting the 
results and are therefore discussed in the following.

When calculating the LCOS, estimates are made for the OPEX, the 
interest rate, and the service life of the PTES, which could deviate 
in a real plant. The calculation of CAPEX based on the Lang factor, 
which also affects the LCOS, is another source of uncertainty. CAPEX, 
for its part, is based on the prices of PCMs, which, as can be seen by 
comparing them with literature prices, may show significant deviations 
in some cases.

On the market side, the amount of the grid fee is subject to un-
certainty. The modeling approach, which assumes perfect foresight 
but also limits energy storage to one day, represents a considerable 
simplification. E/P-ratios of more than 16 h, which corresponds to the 
theoretical limit of the E/P-ratio for one day, although only those 
up to 10 h were investigated, could thus generate an additional CM. 
According to the results of Connolly et al. [20], a daily perfect forecast 
with an E/P-ratio comparable to those in the present study can achieve 
about 97% of the optimal profits that could be obtained with the 
optimization on an annual basis. The results of Lund et al. [23] show 
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that 80%–90% of the optimal CM can be expected in real operation. 
Although these two studies do not deal with the German electricity 
market, they help to assess the reliability of the results of the present 
study for the E/P-ratios investigated. With respect to PowerACE, the 
scenario simulated represents only one possible development pathway. 
Given the large number of parameters influencing future electricity 
price trajectories, a broader range of scenarios should be examined to 
derive robust conclusions, particularly as the parameter study revealed 
that a scenario with lower renewable energy capacity represents a more 
favorable starting point for most configurations.

PTESs do not appear to meet the required WACC without subsidies, 
even for the highest round-trip efficiency of 70% examined and a very 
low power-related PEC, provided that only the exploitation of price 
spreads is considered to generate a CM. Changes in the assumptions 
listed above make an economically attractive operation conceivable. 
The fact that electrical energy storage cannot be operated economically 
in Germany through the exclusive use of price spreads is in line with 
the results of Zakeri et al. [27], although this study is based on time 
series from around 10 years ago, which limits comparability.

The results allow to derive an initial tendency regarding the eco-
nomic viability of PTES in other markets on the basis of the average 
value and standard deviation of electricity prices. However, a reliable 
transferability to other markets does not exist, as is also evident from 
cross-national studies [18,20]. One reason for this is that a country-
specific cost factor 𝑓Germany was used. However, what is much more 
decisive is that the electricity price time series originate from the 
German electricity market or, in the case of future electricity market 
prices, were created explicitly for this market.

Other markets, such as the reserve markets, and cost savings, such as 
the cost reduction of industrial companies through peak load capping, 
could offer further financial benefits. Also to be considered in the con-
text of industrial companies are opportunities for waste heat utilization 
and heat sales, which are also not the subject of this study. If existing 
infrastructures or only plant components, such as HPs, HEs, LTES units 
or subsystems thereof, for example compressors or heat exchangers, 
could be used, this would be another way of reducing costs and thus 
achieving economically attractive operation of PTESs.

Technological limitations must also be taken into account. In a real-
world system, it is not possible to start up and shut down the PTES 
instantly due to thermal and mechanical inertia. This causes deviations 
from ideal behavior and thus has a negative impact on the economic 
viability of a PTES. Another challenge in the context of PCMs is their 
long-term stability during cyclic operation [92], which is also not 
considered in the present study. A limited cyclic stability could shorten 
the system lifetime of the PTES or necessitate a reinvestment in new 
PCM.

Furthermore, this study takes an exclusively economic perspective 
and does not take into account other aspects such as supply risk or 
political motivations for diversifying energy storage systems.

5. Conclusion

In this study, the optimal E/P-ratios of LTES unit based PTESs were 
determined for historical price time series and future electricity price 
time series derived from a scenario with highly ambitious renewable 
energy expansion. For this purpose, an optimization was performed 
on a daily basis with perfect foresight. The German electricity market 
is the market under investigation. In addition to the electricity price 
time series, the influence of round-trip efficiency, COP, power-related 
purchased equipment cost, ratio between charging and discharging 
duration and initial state of charge was investigated.

First, the most cost-effective LTES unit configurations and the as-
sociated PCMs were identified. Furthermore, it was found that an 
increased ratio between charging and discharging duration has a pos-
itive influence on the achievable contribution margin on the market, 
which is reinforced with increasing round-trip efficiency. In addition, 
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depending on the E/P-ratio, a partially filled storage unit at the begin-
ning of the day can lead to a higher achievable contribution margin. 
Both the increase in round-trip efficiency and the E/P-ratio lead to a 
rising contribution margin.

For the year 2023, the smallest price gap of 23.2ecent kWh−1 was 
identified with a COP of 3.5, a power-related purchased equipment cost 
of $1M and an E/P-ratio of 5 h. Looking at the year 2024, this difference 
is still 18.8ecent kWh−1 for an E/P-ratio of 6 h, all other parameters 
being equal. It should be emphasized that these configurations are 
hypothetical, so the feasibility of their implementation is not guaran-
teed. It is also important to note that the values given here regarding 
price gaps and E/P-ratios are not universally applicable, but depend 
on the assumptions made in this study. As the combination of round-
trip efficiency, COP and PCM results in individual configurations, their 
combined influence does not lead to a shift in the optimal E/P-ratio.

Oxalic acid dihydrate resulted in the most cost-effective LTES unit 
configurations for all efficiencies considered. Oxalic acid dihydrate, 
with a melting temperature of about 100 °C, is therefore seen as a 
promising PCM for LTES unit based PTESs from an economic point 
of view. However, technical parameters relevant to real-world imple-
mentation, such as the thermal conductivity and cyclic stability of 
PCMs, were not taken into account in their evaluation. The necessity 
of the existence of a low-cost PCM for the operation of such PTESs 
was demonstrated by the high-priced adonitol in this study. Apart 
from this outlier, optimal E/P-ratios of at least 4 h are obtained for 
both historical and future electricity price time series. A rising power-
related purchased equipment cost results in an increase in the optimal 
E/P-ratio.

For the electricity price time series derived from an agent-based 
model within a high renewable share scenario, price gaps are decreas-
ing, bringing the PTES closer to economically attractive operation, 
even with higher power-related purchased equipment cost and lower 
round-trip efficiencies. However, as with historical prices, economically 
attractive operation is still not achievable on the German electricity 
market within the given scenarios. Nevertheless, it can be observed that 
the optimal E/P-ratio shifts to higher values within the future scenario 
with lower electricity market prices and higher relative standard devi-
ations in the electricity price time series. This also applies under varied 
conditions with regard to the expansion of renewable energy capacity 
and fuel prices, as was shown by a parameter study. Furthermore, 
neither a reduction in the Lang factor nor in the required WACC 
resulted in an economically attractive operation. It should be noted in 
particular that only the use of price spreads to generate a contribution 
margin was considered in the present study. Other financial benefits 
such as a contribution margin from trading on reserve markets or 
reductions in expenditure for companies due to peak load capping are 
not included. In addition, neither the use of waste heat nor the sale of 
heat are taken into account, which means that potential for efficiency 
benefits and other achievable contribution margins are not considered.

It would therefore be desirable to estimate the economically optimal 
E/P-ratios based on an energy system model, taking into account 
the aforementioned influences that increase the economic viability of 
PTESs.
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Appendix

See Figs.  A.2–A.8.
See Tables  A.1–A.4.
Fig. A.1. Logarithmic histograms of the day-ahead market prices. The average electricity prices of 95.18eMWh−1 in 2023 and 78.55eMWh−1 in 2024 are shown 
by the red dashed lines.
Fig. A.2. Price gaps for the year 2024. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles.
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Fig. A.3. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles. Low renewable energy capacity scenario 
(80% renewable energy capacity of the base-case scenario)

Fig. A.4. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles. High renewable energy capacity scenario 
(120% renewable energy capacity of the base-case scenario)
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Fig. A.5. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles. Low fuel prices scenario (80% fuel prices 
of the base-case scenario)

Fig. A.6. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles. High fuel prices scenario (120% fuel prices 
of the base-case scenario)
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Fig. A.7. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles. Low Lang factor (𝑓Lang = 3.5) for the 
base-case scenario.
Fig. A.8. Price gaps for the year 2035. Outer labeling: COP increases from left to right (2.25,  2.50, 2.75, 3.00, 3.25, 3.50). Power-related purchased equipment 
cost increases from top to bottom ($1M, $2M, $3M, $4M, $5M, $6M). Inner labeling: E/P-ratio increases from bottom to top (1–10 h) and round-trip efficiency 
increases from left to right (30–70%). The E/P-ratios with the minimum price gaps are highlighted by the red circles. Low WACC (WACC = 6%) for the base-case 
scenario.
Table A.1
Annual demand and generation capacities by technology type in Germany used in the PowerACE simulation.
 Technology type 2030 2035  
 Natural gas, oil and hydrogen 29.8GW 30.9GW  
 Run-of-river, hard coal and lignite 32.1GW 23.7GW  
 Wind 145.0GW 172.0GW  
 PV 215.0GW 307.0GW  
 PHES 9.0GW 9.1GW  
 Lithium-ion battery 4.9GW 6.2GW  
 Demand side response 7.4GW 7.5GW  
 Others 17.4GW 18.6GW  
 Annual demand 596.6TWh 683.9TWh 
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Table A.2
PCMs selected by the algorithm for the cost of the finned tubes of 0em−1. Entries in bold differ from the case with 10em−1.
 Round-trip efficiency COP = 2.25 COP = 2.50 COP = 2.75 COP = 3.00 COP = 3.25 COP = 3.50 
 0.30 Urea & AC MNH Urea & SN BHO MNHLN BW03  
 0.35 Urea & SC Urea & AC MNH Urea & SN BHO MNHLN  
 0.40 MCH Urea & AC OAD MNH Urea & SN BHO  
 0.45 HDPE Urea & SC Urea & AC MNH MNH BHO  
 0.50 PNSN ERY Urea & SC Urea & AC MNH Urea & SN 
 0.55 AA HDPE Urea & SC Urea & AC ADO MNH  
 0.60 MAN PNSN MCH Urea & SC Urea & AC MNH  
 0.65 PFSF PNSN HDPE Urea & SC Urea & AC OAD  
 0.70 PFSF AA HDPE MCH Urea & SC Urea & AC 
Table A.3
PCMs selected by the algorithm for the cost of the finned tubes of 5em−1. Entries in bold differ from the case with 10em−1.
 Round-trip efficiency COP = 2.25 COP = 2.50 COP = 2.75 COP = 3.00 COP = 3.25 COP = 3.50 
 0.30 OAD MNH BHO BHO MNHLN BW03  
 0.35 Urea & SC OAD MNH BHO BHO MNHLN  
 0.40 MCH Urea & AC OAD MNH BHO BHO  
 0.45 SA Urea & SC OAD MNH MNH BHO  
 0.50 PNSN ERY Urea & SC OAD MNH BHO  
 0.55 AA SA Urea & SC OAD ADO MNH  
 0.60 MAN PNSN MCH Urea & SC OAD MNH  
 0.65 PFSF PNSN SA Urea & SC OAD OAD  
 0.70 PFSF AA SA MCH Urea & SC OAD  
Table A.4
PCMs selected by the algorithm for the cost of the finned tubes of 15em−1. Entries in bold differ from the case with 10em−1.
 Round-trip efficiency COP = 2.25 COP = 2.50 COP = 2.75 COP = 3.00 COP = 3.25 COP = 3.50 
 0.30 OAD MNH BHO BHO MNHLN BW03  
 0.35 Urea & SC OAD MNH BHO BHO MNHLN  
 0.40 ERY Urea & AC OAD Urea & SN BHO BHO  
 0.45 SA Urea & SC OAD MNH Urea & SN BHO  
 0.50 PNSN ERY Urea & SC OAD MNH BHO  
 0.55 AA SA Urea & SC OAD ADO Urea & SN 
 0.60 MAN PNSN ERY Urea & SC OAD MNH  
 0.65 PFSF SNPN SA Urea & SC OAD OAD  
 0.70 PFSF AA SA ERY Urea & SC OAD  
Data availability

Data will be made available on request.
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