
Contents lists available at ScienceDirect

Sustainable Energy, Grids and Networks

journal homepage: www.elsevier.com/locate/segan

Modeling and optimal operation of sustainable thermoelectric microgrids 

with phase-change material thermal system

Pablo Verdugo 

a 

iD , Claudio Cañizares 

a ∗ ,
iD , Mehrdad Pirnia 

a , Thomas Leibfried 

b

a Dept. of Electrical Computer Engineering, University of Waterloo, Waterloo, Canada 

b Inst. of Electric Energy Systems High-Voltage Technology, Karlsruhe Institute of Technology, Karlsruhe, Germany

A R T I C L E I N F O

keywords: 

Building thermal modeling 

Energy management system 

Energy smart home lab 

Thermoelectric microgrid 

Phase-change material

A B S T R A C T

This paper proposes an Energy Management System for a thermoelectric microgrid that incorporates the mod-

eling of a unique Phase-Change Material-based thermal system, capable of operating in both active and passive 

modes to minimize operating costs while guaranteeing thermal comfort, while properly considering the micro-

grid’s thermal power requirements and indoor temperature control. The proposed model also includes a detailed 

thermal representation of buildings to consider relevant thermal sources and room heat exchange, as well as heat 

pumps, water tanks for thermal storage, and battery degradation. A Model Predictive Control approach is used to 

address uncertainties in demand and environmental conditions. The proposed Energy Management System model 

is applied to the Energy Smart Home Lab microgrid located at the Karlsruhe Institute of Technology, in Germany, 

taking into account the specific characteristics of the microgrid’s components, expected energy consumption, 

and indoor temperature control requirements. Simulation results demonstrate the feasible application of the de-

veloped Energy Management System for the optimal operation of the actual microgrid considered, illustrating 

the thermoelectric microgrid’s power balance and temperature fluctuations of the associated components, with 

particular emphasis on the operation of the Phase-Change Material system, to showcase its active and passive 

thermal contribution under extreme weather conditions.

1. Introduction

Achieving net zero in the building sector demands a substantial in-

crease in the provision of electricity through sustainable resources that 

also consider space heating and cooling. However, balancing the afford-

ability and reliability of such resources while managing peak demand 

presents a considerable challenge for electric utilities and customers. In 

recent years, many initiatives addressing climate change and support-

ing the transition to a low-carbon economy have proposed the use of 

Microgrids (MGs) to facilitate the integration of clean energy genera-

tion sources and the electrification of thermal energy systems to achieve 

CO2 Net Zero goals.

MGs are clusters of controllable and uncontrollable loads 

and Distributed Energy Resources (DERs), comprising Distributed 

Generation (DG), Energy Storage Systems (ESSs), Renewable Energy 

Sources (RESs), and Demand Response (DR) operated in coordination 

to reliably supply electricity [1], while also considering thermal 

power requirements [2–4]. The Energy Management System (EMS) of

thermoelectric (TE) MGs must be capable of controlling both electric 

and thermal resources to ensure a reliable and cost-effective operation 

while satisfying customers’ needs [2]. Thus, securing the optimal 

operation of such MGs is a challenging task, requiring the modeling 

of the energy resources such as RESs and Battery Energy Storage 

Systems (BESSs), while accounting for the variability of energy demand 

and environmental conditions, as well as other components such as 

heating/cooling systems and users’ thermal comfort through proper 

temperature settings, which add to the complexity of the model.

Much research has been dedicated to the study of these TE-MGs, 

with some researchers considering the thermal demand as an input pa-

rameter to the EMS [5–11], and others incorporating building thermal 

modeling to account for indoor temperature control, considering the 

building as a single space [2–4,12–16]. Few authors have addressed 

the incorporation of models that allow detailed representation of dif-

ferent rooms in a building, particularly in the context of MGs and 

multiple TE resources. For example, in [17], a Price Storage Control
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Nomenclature

Acronyms

AC Air Conditioner

BESS Battery Energy Storage System 

CHP Combined Heat and Power 

COP Coefficient of Performance 

DER Distributed Energy Resource 

DG Distributed Generation 

DOD Depth of Discharge 

DR Demand Response

EMS Energy Management System

ESHL Energy Smart Home Lab

ESS Energy Storage System 

EV Electric Vehicle

GHG Green-House Gas

HP Heat Pump

HVAC Heating Ventilation and Air Conditioning

KIT Karlsruhe Institute of Technology 

MG Microgrid 

MPC Model Predictive Control

PCM Phase-Change Material

PV Photo-Voltaic

RES Renewable Energy Source

SOC State of Charge

TE Thermoelectric

TEC Thermal Equivalent Circuit 

TES Thermal Energy Storage 

TOU Time-of-Use

Sets and Indices

⋅, ⋅̄ Minimum and maximum limits

{𝐿𝐴} Living area 

{𝑇 𝑅} Technical room 

𝑓 ∈ 𝐹 Floors of building 

𝑖, 𝑗 ∈  Rooms 

𝑘 ∈ 𝑇 Time steps

𝑙 ∈  Partitions for battery degradation model

𝑛 ∈ 𝑁 Batteries

𝑝 ∈  Partition walls of building

𝑠 ∈ 𝑆 Surfaces of building envelope

Parameters

Δ𝑡𝑘 Time interval between step 𝑘 and step 𝑘 + 1 [h]

𝜂 

𝑌 Efficiency of hot-water-based heating system

𝜂 

𝑐ℎ
𝑛 , 𝜂 

𝑑𝑐ℎ
𝑛 Battery charging/discharging efficiency

𝜂 

𝑅 , 𝜂 

𝑇 Heat recovery system efficiency/Rated thermal efficiency

of CHP unit

𝜙 𝑛,𝑙 Piece-wise linear degradation coefficient

𝜓 

𝐻𝑃 𝑐 HP cooling efficiency reduction coefficient 

𝜓 

𝐻𝑃 ℎ HP heating efficiency reduction coefficient

𝜎 

𝑠
𝑖 Shadowing coefficient of building surface 𝑠
𝜏 

𝑠
𝑖 Transmission coefficient of windows 

Vol 𝑖 Volume for room 𝑖 [m 

3 ]

𝜃 

𝐻𝑃 𝑐 

𝑜𝑢𝑡 Cooling HP outlet temperature [K]

𝜃 

𝐻𝑃 ℎ 

𝑜𝑢𝑡 Heating HP outlet temperature [K]

𝜃 

𝑔𝑟 Ground temperature [K]

𝜃 

𝑒𝑥𝑡
𝑘 Ambient temperature [K]

𝜉𝑠𝑖 Amount of windows on building surface 𝑠
𝑎 Linear term of CHP cost function [$/kWh]

𝐴 

𝐶𝑊 𝑇 External surface of cold-water tank [m 

2 ] 

𝐴 

𝐻𝑊 𝑇 External surface of hot-water tank [m 

2 ] 

𝐴𝑓 

 𝑖 , 𝐴
𝑠
𝑖 Area of building floor/surface [m 

2 ]

𝐴𝑝 

 𝑖𝑗 

Area of partition wall between room 𝑖 and 𝑗 [m 

2 ]

𝑏 Constant term of CHP cost function [$/h]

𝑐𝑔𝑝 𝑘 Cost of electricity from the grid [$/kWh]

𝐶 

𝑠𝑢𝑝 , 𝐶 

𝑠𝑑𝑛 Start-up/shut-down cost of CHP unit [$]

𝑐 

𝑃𝐶𝑀 , 𝑐 

𝑤 

𝜃 PCM/water specific heat [kJ/(kg K)]

𝐶 

𝑖𝑛
𝑖 Thermal capacity of room 𝑖 [kJ/K]

𝑑 Linear term of heat transfer function [kW/K]

𝑒 Constant term of heat transfer function [kW]

ℎ 

𝐹 ,𝑓 𝑢𝑒𝑙 Heating value of fuel of CHP unit [kWh/fuel unit]

𝐼 𝑖,𝑘 Solar irradiation [kW/m 

2 ]

𝑘 

𝑃𝐶𝑀 Specific heat - PCM to cold-water tank [kJ/(kg K)]

𝑚 

𝑃𝐶𝑀 Mass of PCM [kg]

𝑚 

𝐶𝑊 𝑇 Mass of water in cold-water tank [kg]

𝑚 

𝐻𝑊 𝑇 Mass of water in hot-water tank [kg]

𝑃 

𝑑
𝑘 , 𝑃

𝐸𝑉
𝑘 Active power building/EV demand [kW]

𝑃 

𝑃𝑉
𝑘 PV plant output [kW]

𝑅 

𝑢𝑝 , 𝑅 

𝑑𝑛 Ramp-up/ramp-down rate of CHP unit [kW/h]

𝑇 

𝑢𝑝 , 𝑇 

𝑑𝑛 Min-up/min-down time of CHP unit [h]

𝑈 Thermal transmittance [kW/(m 

2 K)]

Variables

𝑚̇ 𝑘 

Cold-water mass flow rate [kg/s]

Φ𝑛,𝑙 ,𝑘 Piece-wise linear degradation function

𝜃 

𝑖𝑛 

𝑖,𝑘 Indoor temperature in room 𝑖 [K]

𝜃 

𝐶𝑊 𝑇
𝑘 , 𝜃𝐻𝑊 𝑇

𝑘 

Temperature in cold/hot-water tank [K]
𝑃

 

𝜃 

𝐶𝑀 

𝑘 Temperature in PCM [K]

𝐺 

𝑜𝑛
𝑘 , 𝐺

𝑜𝑓 𝑓 

𝑘 ON/OFF time of CHP unit [h]
𝑔  

𝑃 𝑝
𝑘 Active power from electric grid [kW]

𝑃 

𝐶𝐻𝑃 

𝑘 Active power from CHP unit [kW]
𝐻𝑃𝑃  

 

𝑐 

𝐻𝑃
𝑘 , 𝑃  

 

ℎ
𝑘 Cooling/heating HP thermal power [kW]

𝑐
 

𝑃 

ℎ
𝑛,𝑙,𝑘, 𝑃

𝑑𝑐ℎ 

𝑛,𝑙,𝑘 Battery charging/discharging power [kW]

𝑄𝑃𝐶𝑀𝑖,𝑘 Heat transfer between the living area and the PCM [kW]

𝑄𝑒𝑛𝑣𝑖,𝑘 Heat transfer through building envelope [kW]

𝑄𝑔𝑟𝑖,𝑘 Heat transfer with the ground [kW]

𝑄𝑖𝑔𝑖,𝑘
Thermal solar power through windows [kW]

Internal heat gains [kW]

𝑄𝑠𝑢𝑛𝑖,𝑘
𝑄𝑣𝑒𝑛𝑡𝑖,𝑘 Heat transfer due to ventilation [kW]

𝑄𝐶𝐻𝑃𝑘 Useful thermal power from CHP unit [kW]

𝑄𝐶𝑊 𝑇𝐿
𝑘 Losses of cold-water tank [kW]

𝑄𝐶𝑊 𝑇
𝑘 Heat transfer between the PCM and the cold-water tank [kW]
𝐻𝑃𝑄  𝑐 𝐻𝑃
𝑘 , 𝑄  ℎ

𝑘 Cooling/heating HP thermal power [kW]

𝑄𝐻𝑊 𝑇𝐿
𝑘 Losses of hot-water tank [kW]

𝑄𝐻𝑊 𝑇 𝑜𝑢𝑡
𝑘 

Thermal power output of hot-water tank [kW]

𝑄𝑡𝑟𝑓 

𝑘 

Thermal power transferred between rooms [kW] 

𝑄𝑌 

𝑘 

Thermal power of the water-based heating system [kW]

𝑆𝑂𝐶 𝑛,𝑙,𝑘 Battery State of Charge (SOC) [kWh]

𝑢 𝑘 

, 𝑣 𝑘 

Start-up/shut-sown decision of CHP unit

𝑤 𝑘 ON/OFF state of CHP unit (1=ON)

𝑦 𝑛,𝑙,𝑘 Battery charge/discharge decision (1=charge, 0=discharge)

𝑧 EMS objective function [$]

(PSC) strategy is proposed that considers thermal satisfaction, avail-

able thermal storage, and energy prices to determine the dispatch of 

a single Heat Pump (HP) in a building MG using a multi-room building 

model.

In addition to the integration of clean-energy MGs, and given that 

the building sector is a major energy consumer and a significant con-

tributor to Green-House Gas (GHG) emissions in today’s economy, the 

implementation of more energy-efficient buildings is paramount. Thus,
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the integration of Phase-Change Materials (PCMs) in the thermal man-

agement of buildings has received considerable attention. Numerous 

studies have demonstrated the benefits of incorporating PCMs into build-

ing envelopes to enhance the thermal storage capacities and insulation 

of walls, and thus reduce energy demand [18–24]. The authors in 

[25] discuss the combined operation of a radiator heating device and 

a PCM wallboard system to maintain indoor comfort using a Model 

Predictive Control (MPC) approach. Also, in [26], the thermal perfor-

mance of a PCM-based Thermal Energy Storage (TES) system using an 

Air Conditioner (AC) to supply cooling is studied, and [27] explores the 

use of a PCM-embedded wall supplied by a solar collector integrated 

with a TES tank. However, these studies do not consider the PCM as 

the primary mechanism for indoor temperature control. This aspect is 

addressed in [28], which proposes a novel TES system using a PCM sys-

tem supplied by an HP to provide cooling to a building in a two-stage 

thermoelectric energy management strategy. However, the study mod-

els the building as a single structure limiting the ability to account for 

heat exchange between rooms. Moreover, relevant thermal contribution 

sources such as internal heat gains, or solar radiation are not considered. 

In most of the existing literature, there is a predominant focus on con-

ventional Heating, Ventilation, and Air Conditioning (HVAC) systems 

for temperature control within TE-MG EMS. Furthermore, although ex-

tensive research has been dedicated to PCM applications in buildings, 

studies that focus on PCM as the primary means for the provision of 

thermal power and indoor temperature control, as part of an MG, are 

limited.

This paper proposes a comprehensive EMS for a TE-MG capable of 

determining the optimal dispatch of its resources while ensuring occu-

pants’ comfort through predefined temperature settings, including the 

modeling of a PCM-based thermal system. The proposed model allows 

for properly representing the PCM energy storage capacity, consider-

ing its active cooling operation through the control of the cold-water 

mass flow rate, as well as its passive mode of operation when heating 

is provided by a water-based radiator system. Furthermore, a detailed 

thermal model for buildings to account for heat exchange between rooms 

and all relevant thermal contribution sources is included along with the 

representation of BESS degradation considering the Depth of Discharge 

(DOD) of the battery. Hence, the main contributions of the paper are as 

follows:

• Proposing a comprehensive EMS for a model of a PCM-based TE-

MG including DERs, such as Solar Photo-Voltaic (PV) generation and 

BESS, and Electric Vehicle (EV) charging,

• Developing a PCM-based thermal system model that can operate

in both active and passive modes to optimize thermal comfort 

considering the microgrid thermal power requirements and indoor 

temperature control,

• Demonstrating the application of the proposed EMS model to the

MG of the Energy Smart Home Lab (ESHL), situated at the Karlsruhe 

Institute of Technology (KIT), Germany, to illustrate the components 

response to different price signals, with a focus on the operation of 

the PCM thermal system.

The rest of the paper is organized as follows: Section 2 provides a 

background overview of the concepts related to microgrid EMS based 

on an MPC approach to address uncertainties, the modeling of thermal 

systems including PCM, and battery degradation. Section 3 describes an 

optimization model for a TE-MG EMS, incorporating a comprehensive 

thermal model for buildings to account for various thermal contribution 

sources and heat exchanges, as well as the modeling of thermal systems 

that incorporate PCM for the provision of heating and cooling. Section 4 

demonstrates the practical application of the EMS to the ESHL MG, con-

sidering the thermal needs of the MG for the hottest and coldest days 

of 2023. Finally, a summary and main conclusions of these studies are 

presented in Section 5.

2. Background 

2.1. Microgrid energy management systems with uncertainties

The core of secondary control in MGs for both grid-connected and 

stand-alone operating modes is the EMS, which can be either central-

ized or decentralized [1]. In a centralized EMS, which is the focus of 

this paper, a central controller determines the dispatch of the resources 

to achieve the predefined objectives based on the information obtained 

from forecasting systems. Given the unpredictable nature of RES and de-

mand, the EMS should consider these uncertainties to control the power 

exchange among MG’s components, ensuring reliable and economical 

operation by the optimal commitment and dispatch of DERs. In this con-

text, the MPC approach has been broadly used in practice to address 

uncertainties in EMS [1,2,29]. One of the principles within the MPC 

framework is a rolling horizon control, where at each time step 𝑘, the 

horizon moves forward while continuously solving a constrained opti-

mization control problem. In this approach, the optimization problem 

is solved at each time step over a chosen time horizon 𝑇 with forecasts 

of uncertain inputs, in order to calculate the set points for dispatch-

able DERs accounting for the expected values. The time intervals can 

have either uniform or non-uniform durations, providing flexibility in 

the computational complexity of the model [2].

2.2. Building thermal modeling

The thermodynamic aspects of loads in buildings can be accurately 

represented in an EMS model using the Thermal Equivalent Circuit (TEC) 

method, which is based on an analogy between thermal and electrical 

variables to represent heat transfer processes using an electrical circuit 

with lumped parameters [3]. The equivalent circuit can thus be solved 

by using electric circuit techniques to derive the differential equations 

that describe the thermodynamic processes. In this context, the thermal 

capacitance 𝐶 of a material can be formulated as follows:

𝐶 = 𝑐𝜌Vol (1)

where, for a particular material, 𝑐 represents the specific heat, 𝜌 defines 

the density, and Vol represents the volume. The building thermal model 

shown in Fig. 1 is used to derive the thermal dynamic constraints of the 

EMS model. Hence, as per [2,30], a simpler first-order model can effec-

tively capture the dynamics of the indoor air temperature and account 

for the main heat gains in each room 𝑖, as follows:

𝐶 

𝑖𝑛
𝑖
𝑑𝜃 

𝑖𝑛
𝑖
𝑑𝑡 

= 𝑄𝑌𝑖 − 𝑄𝑃𝐶𝑀𝑖 − 𝑄𝑡𝑟𝑓𝑖𝑗 − 𝑄𝑒𝑛𝑣𝑖 − 𝑄𝑔𝑟𝑖 + 𝑄𝑠𝑢𝑛𝑖 + 𝑄𝑖𝑔𝑖 (2)

𝐶 

𝑖𝑛
𝑖
𝑑𝜃 

𝑖𝑛
𝑖
𝑑𝑡

= 𝑄𝑌𝑖 − 𝑄 

𝑃𝐶𝑀
𝑖 − 

∑

𝑗∈

𝜃 

𝑖𝑛
𝑖 − 𝜃 

𝑖𝑛
𝑗

𝑅 

𝑝
𝑖𝑗

−
𝜃 

𝑖𝑛
𝑖 − 𝜃 

𝑒𝑥𝑡

𝑅 

𝑠
𝑖

−
𝜃 

𝑖𝑛
𝑖 − 𝜃 

𝑔𝑟

𝑅 

𝑓
𝑖

+ 𝑄𝑠𝑢𝑛𝑖 + 𝑄𝑖𝑔𝑖

(3)

where 𝐶 

𝑖𝑛 , which is the thermal capacitance that𝑖   defines the indoor 

temperature dynamics in each room, depends on the thermal power con

tribution from the water-based heating system 𝑄𝑌 ;𝑖  the thermal power

-

Fig. 1. Thermal circuit of a building room 𝑖.
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Fig. 2. Enthalpy of the PCM [31].

contribution from the PCM-based thermal system 𝑄 

𝑃𝐶𝑀 ; the heat trans𝑖
fer between room 𝑖 𝑡𝑟𝑓

 and room 𝑗 𝑄 ;𝑖𝑗  the heat transfer through the 

building envelope 𝑄 

𝑒𝑛𝑣; the heat transfer between each room𝑖   and the

ground 𝑄𝑔𝑟;𝑖  the thermal power due to solar irradiation entering through 

the windows 𝑄 

𝑠𝑢𝑛;𝑖  and the internal heat gains defined for each room 

𝑄𝑖𝑔 .𝑖  𝑅 

𝑠,𝑖  𝑅𝑝 ,𝑖𝑗  and 𝑅𝑓 denote𝑖  the thermal resistance of the material be

tween two adjacent areas, i.e., the outside walls, the internal walls 

-

-

between rooms, and the floors, respectively. Note that (2) is discretized 

in the EMS model using a time step on the order of minutes. All vari-

ables and parameters in these and other equations are defined in the 

Nomenclature section, together with their units, except for those that 

are dimensionless.

2.3. Phase-change material thermal systems

PCMs are a thermal storage medium based on the principle of latent 

heat storage. An ideal latent heat storage system does not change its 

temperature when thermal energy is supplied, but changes its physical 

state from solid to liquid to gas or vice versa [31]. Thus, given its consid-

erably high energy density compared to sensible heat storage systems, 

latent heat storage systems capitalize on the enthalpy of phase change as 

the storage mechanism to absorb/release large amounts of heat at an al-

most constant temperature, as illustrated in Fig. 2. The thermodynamic 

equation that describes the enthalpy of PCMs is as follows [28,32]:

𝐻 

𝑃𝐶𝑀
𝑘 = ∫ 

𝜃 

PCM
𝑘

𝜃𝑃𝐶𝑀0

𝑚 

𝑃𝐶𝑀 𝑐 

𝑃𝐶𝑀 𝑑𝜃 (4)

where 𝐻 

𝑃𝐶𝑀 is the enthalpy of𝑘  the PCM at time 𝑘, 𝑚𝑃  

 

𝐶𝑀 corresponds 

to the mass of the PCM, 𝑐 

𝑃𝐶𝑀 is the specific heat of the PCM, during 

the phase-change process, and 𝜃PCM represents the PCM temperature,𝑘     

with 𝜃 

𝑃𝐶𝑀 corresponding0  to the starting temperature point of the phase-

change process. Note that (4) must be discretized to be incorporated in 

the EMS formulation.

2.4. Battery degradation model

Microgrid EMS applications should consider battery degradation is-

sues, given the impact of BESS rapid charging/discharging on battery 

life in the long term [29]. BESS degradation can be attributed to two 

factors, namely, calendar aging and cycle aging. Cycle aging is a func-

tion of the number of performed cycles and the DOD in each cycle. In this 

context, the Rainflow cycle-counting algorithm has proven to be an ef-

fective approach to identify the number of cycles [33]. However, given 

that the algorithm does not have an analytical mathematical expres-

sion, it cannot be incorporated directly within an optimization problem. 

Hence, [29] proposes a piece-wise linear representation for which the 

battery’s cycle depth range is split into even partitions 𝑙 ∈ , consider-
ing the range of the State of Charge (SOC) in the BESS. Assuming that

only half-cycles are identified, the degradation of battery 𝑛 ∈ 𝑁 can be 

described as follows:

Φ 𝑛,𝑙,𝑘 = 

𝜙 𝑛,𝑙

2
Δ𝑡 𝑘
𝐸 𝑛

(

𝑃 

𝑐ℎ
𝑛,𝑙,𝑘𝜂 

𝑐ℎ
𝑛 +

𝑃 

𝑑𝑐ℎ
𝑛,𝑙,𝑘

𝜂 

𝑑𝑐ℎ
𝑛

)

(5)

𝑆𝑂𝐶 𝑛,𝑙,𝑘+1 

− 𝑆𝑂𝐶 𝑛,𝑙,𝑘 = 

(

𝑃 

𝑐ℎ
𝑛,𝑙,𝑘𝜂 

𝑐ℎ
𝑛 −

𝑃 

𝑑𝑐ℎ
𝑛,𝑙,𝑘

𝜂 

𝑑𝑐ℎ
𝑛

) 

Δ𝑡 𝑘 

(6)

𝑆𝑂𝐶 𝑛,𝑙 

≤ 𝑆𝑂𝐶 𝑛,𝑙,𝑘 ≤ 𝑆𝑂𝐶 𝑛,𝑙 

(7)

0 ≤ 𝑃 

𝑐ℎ
𝑛,𝑙,𝑘 ≤ 𝑦 𝑛,𝑙,𝑘𝑃 

𝑐ℎ
𝑛 (8) 

0 ≤ 𝑃 

𝑑𝑐ℎ
𝑛,𝑙,𝑘 ≤ 

( 

1 − 𝑦 𝑛,𝑙,𝑘
)

𝑃 

𝑑𝑐ℎ
𝑛 ∀𝑛 ∈ 𝑁, ∀𝑙 ∈ , ∀𝑘 ∈ 𝑇 (9)

where (5) represents the cycle aging function, (6) corresponds to the 

energy balance in the BESS, (7) denotes the SOC limits, and (8) and 

(9) model the charging and discharging power limits, respectively. The 

binary variable 𝑦 𝑛,𝑙,𝑘 

in (8) and (9) prevents the simultaneous charg-

ing/discharging of the battery. Note that each battery partition 𝑙 has its 

own SOC, which is bounded by the partition’s depth range, as per (7). 

The piece-wise linear degradation coefficient 𝜙 𝑛,𝑙 

in (5) is obtained for 

each partition from the following cycle depth stress function, derived 

for lithium-ion batteries [29,33], which is the most widely used BESS 

technology in microgrid energy storage applications:

Φ 𝛿(𝛿) = 5.23x10 

−4 𝛿 

2.03 (10)

This degradation model considers the DOD 𝛿 as the main factor for BESS 

degradation, neglecting temperature and average SOC due to their small 

impact. Furthermore, since grid-scale BESS have capacities greater than 

fifteen minutes, the effect of current rate on degradation is also omitted 

[33].

3. Energy management system for thermoelectric microgrids

The EMS model proposed here aims to optimize the operation of a 

TE-MG comprising a PCM-based thermal system that can operate both 

actively and passively, considering a detailed representation of the MG’s 

components. For building MGs, which are grid-connected systems, the 

model considers power exchanges with the main grid, PV generation 

and BESS, and the operation of a Combined Heat and Power (CHP) unit. 

The heating power is assumed to be supplied by radiators through a 

water-based heating system powered by an HP. On the other hand, a 

PCM-based system supplies cooling with the support of a water tank 

whose temperature is maintained by another HP. The occupants’ ther-

mal comfort is addressed through the control of the indoor temperature 

within predefined customer-set limits.

The objective function of the EMS model proposed here aims to 

minimize the operating cost of the building as follows:

min 𝑧 = 

∑

𝑘∈𝑇

( 

𝑐 

𝑔𝑝
𝑘 𝑃 

𝑔𝑝
𝑘 

Δ𝑡 𝑘 

) 

+ 

∑

𝑘∈𝑇

∑

𝑛∈𝑁

∑ 

𝑙∈
𝐸 𝑛 

𝑅𝐶 𝑛 

Φ 𝑛,𝑙,𝑘

+ 

∑

𝑘∈𝑇

[(

𝑎𝑃 

𝐶𝐻𝑃
𝑘 + 𝑏𝑤 𝑘 

) 

Δ𝑡 𝑘 + 𝐶 

𝑠𝑢𝑝 𝑢 𝑘 

+ 𝐶 

𝑠𝑑𝑛 𝑣 𝑘 

] 

(11) 

where the first term pertains to the grid energy exchange prices 𝑐 

𝑔𝑝
𝑘 

, 

which are assumed to be time-dependent, as in the case of Time-of-Use

(TOU) Tariffs. The second term is related to BESS degradation, where 

𝐸 𝑛 represents the BESS rated energy, 𝑅𝐶 𝑛 is the BESS replacement cost, 

and Φ 𝑛,𝑙,𝑘 is the piece-wise linear degradation function [29]. The third

term represents the operational costs of the CHP unit, where 𝑎 and 𝑏 are 

the cost function coefficients, 𝑤 𝑘 

represents ON/OFF state of the CHP 

unit, and 𝑢 𝑘 

and 𝑣 𝑘 are the start-up/shut-down decisions, respectively, 

with their corresponding costs 𝐶 

𝑠𝑢𝑝 and 𝐶 

𝑠𝑑𝑛 .
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The active power balance in the MG can be represented as follows:

𝑃 

𝑔𝑝
𝑘 + 𝑃 

𝑃𝑉
𝑘 + 𝑃 

𝐶𝐻𝑃
𝑘 + 

∑

𝑛∈𝑁

∑ 

𝑙∈

(

𝑃 

𝑑𝑐ℎ
𝑛,𝑙,𝑘 − 𝑃 

𝑐ℎ 

𝑛,𝑙,𝑘

)

= 𝑃 

𝑑 

𝑘 + 𝑃 

𝐸𝑉 

𝑘

+ 𝑃 

𝐻𝑃 ℎ
𝑘 + 𝑃 

𝐻𝑃 𝑐
𝑘 ∀𝑘 ∈ 𝑇

(12)

where the power from the main grid, and generation from the PV plant 

and the CHP unit are considered along with the charging and discharging 

powers of the BESS. Note that the active power consumed by both HPs, 
𝐻𝑃 𝐻𝑃

namely 𝑃  

 

ℎ and
 

 𝑃 

𝑐 , is included here𝑘 𝑘   together with the demand of

the household and an EV charger.

The equations describing the operation of the CHP unit are the 

following:

0 ≤ 𝑃 

𝐶𝐻𝑃
𝑘 

≤ 𝑃 

𝐶𝐻𝑃 𝑤 𝑘 ∀𝑘 ∈ 𝑇 (13)

𝑃 

𝐶𝐻𝑃
𝑘 

− 𝑃 

𝐶𝐻𝑃
𝑘−1 ≤ 𝑅 

𝑢𝑝 Δ𝑡 𝑘 ∀𝑘 ∈ 𝑇 (14)

𝑃 

𝐶𝐻𝑃
𝑘−1 − 𝑃 

𝐶𝐻𝑃
𝑘 ≤ 𝑅 

𝑑𝑛 Δ𝑡 𝑘 ∀𝑘 ∈ 𝑇 (15)

(

𝐺𝑜𝑛𝑘−1 − 𝑇 

𝑢𝑝 

) ( 

𝑤 𝑘−1 

− 𝑤 𝑘 

) 

≥ 0 ∀𝑘 ∈ 𝑇 (16)

(

𝐺 

𝑜𝑓 𝑓
𝑘−1 − 𝑇 

𝑑𝑛 

) 

( 

𝑤 𝑘 

− 𝑤 𝑘−1 

) 

≥ 0 ∀𝑘 ∈ 𝑇 (17)

𝑢 𝑘 − 𝑣 𝑘 = 𝑤 𝑘 − 𝑤 𝑘−1 

∀𝑘 ∈ 𝑇 (18)

𝑢 𝑘 + 𝑣 𝑘 ≤ 1 ∀𝑘 ∈ 𝑇 (19)

where the CHP unit constraints are represented by generation limits in 

(13); ramp-up (14) and ramp-down (15) constraints, which denote how 

fast a generator can increase or decrease the supply of active power; 

minimum-up (16) and minimum-down (17) constraints to account for 

the minimum times a generator must remain on or off; and the coordi-

nation constraints (18) and (19) that ensure the CHP generator does not 

start up and shut down simultaneously.

The equations that define the thermal dynamics in the MG are the 

following:

𝐶 

𝑖𝑛
𝑖

(

𝜃 

𝑖𝑛
𝑖,𝑘 − 𝜃 

𝑖𝑛
𝑖,𝑘−1

)

3600Δ𝑡 𝑘
= 𝑄𝑌𝑖,𝑘 + 𝑄𝑠𝑢𝑛𝑖,𝑘 + 𝑄𝑒𝑛𝑣𝑖,𝑘 − 𝑄𝑃𝐶𝑀𝑖,𝑘 − 𝑄 

𝑡𝑟𝑓
𝑘

+ 𝑄𝑖𝑔𝑖,𝑘 − 𝑄𝑔𝑟𝑖,𝑘 ∀𝑖 ∈ {𝐿𝐴}, ∀𝑘 ∈ 𝑇

(20)

𝐶 

𝑖𝑛
𝑖

(

𝜃 

𝑖𝑛
𝑖,𝑘 − 𝜃 

𝑖𝑛
𝑖,𝑘−1

)

3600Δ𝑡 𝑘
= 𝑄𝑒𝑛𝑣𝑖,𝑘 + 𝑄𝑡𝑟𝑓𝑘 + 𝑄 

𝑖𝑔
𝑖,𝑘 − 𝑄𝑔𝑟𝑖,𝑘∀𝑖 ∈ {𝑇𝑅}, ∀𝑘 ∈ 𝑇 

(21)

𝑄𝐶𝐻𝑃𝑘 = ℎ 

𝑓 𝑢𝑒𝑙

𝑐 

𝑓 𝑢𝑒𝑙

(

𝑎𝑃𝐶𝐻𝑃𝑘 + 𝑏𝑤 𝑘 

) 

𝜂 

𝑇 𝜂 

𝑅 ∀𝑘 ∈ 𝑇 (22)

𝑄𝑌𝑘 = 𝜂 

𝑌 ( 

𝑄𝐻𝑊 𝑇 𝑜𝑢𝑡
𝑘 + 𝑄𝐶𝐻𝑃𝑘

) 

∀𝑘 ∈ 𝑇 (23)

∑

𝑄𝑠𝑢𝑛 = 𝜎 

𝑠𝐼 𝜉𝑠𝜏 

𝑠
𝑖,𝑘𝐴

𝑠
 ∀ ∈𝑖,𝑘 𝑖 𝑖 𝑖 𝑖 𝑖  {𝐿𝐴}, ∀𝑘 ∈ 𝑇 (24)

𝑠∈𝑆

𝑄𝑒𝑛𝑣𝑖,𝑘 = 𝑑 

( 

𝜃𝑒𝑥𝑡𝑘 − 𝜃 

𝑖𝑛 

𝑖,𝑘

) 

+ 𝑒 ∀𝑖 ∈ {𝐿𝐴}, ∀𝑘 ∈ 𝑇 (25)

𝑄𝑒𝑛𝑣𝑖,𝑘 = 

∑

𝑠∈𝑆
𝑈 

𝑠
𝑖 𝐴 

𝑠
𝑖

( 

𝜃𝑒𝑥𝑡𝑘 − 𝜃 

𝑖𝑛
𝑖,𝑘 

) 

∀𝑖 ∈ {𝑇 𝑅}, ∀𝑘 ∈ 𝑇 (26)

𝑄𝑃𝐶𝑀𝑖,𝑘 = 𝑈 

𝑟𝑜𝑜𝑓 𝐴 

𝑃𝐶𝑀 

(

𝜃 

𝑖𝑛
𝑖,𝑘 − 𝜃 

𝑃𝐶𝑀
𝑘

) 

∀𝑖 ∈ {𝐿𝐴}, ∀𝑘 ∈ 𝑇 (27)

𝑄𝑡𝑟𝑓𝑘 = 𝑈 

𝑝 𝐴 

𝑝
( 

𝜃𝑖𝑛{𝐿𝐴},𝑘 − 𝜃 

𝑖𝑛
{𝑇𝑅},𝑘 

) 

∀𝑘 ∈ 𝑇 (28)

𝑄𝑔𝑟𝑖,𝑘 = 𝑈 

𝑓
𝑖 𝐴 

𝑓
𝑖

(

𝜃 

𝑖𝑛
𝑖,𝑘 − 𝜃 

𝑔𝑟 

)

∀𝑖 ∈ {𝐿𝐴}, {𝑇 𝑅}, ∀𝑘 ∈ 𝑇 (29)

𝑄𝑖𝑔𝑖,𝑘 = Np 𝑖,𝑘𝑄
𝑝
𝑖 CLF 𝑘 + 𝑄𝑙𝑖,𝑘 + 𝑄 

𝑒
𝑖,𝑘 ∀𝑖 ∈ {𝐿𝐴}, {𝑇 𝑅},

∀𝑘 ∈ 𝑇
(30)

𝑚 

𝐻𝑊 𝑇 𝑐 

𝑤 

( 

𝜃𝐻𝑊 𝑇
𝑘 − 𝜃 

𝐻𝑊 𝑇
𝑘−1

)

3600Δ𝑡 𝑘
= 𝑄𝐻𝑃 ℎ𝑘 − 𝑄𝐻𝑊 𝑇𝑜𝑢𝑡

𝑘 + 𝑄𝐻𝑊 𝑇𝐿
𝑘 ∀𝑘 ∈ 𝑇 

(31)

𝑚 

𝐶𝑊 𝑇 𝑐 

𝑤 

( 

𝜃𝐶𝑊 𝑇
𝑘 − 𝜃 

𝐶𝑊 𝑇
𝑘−1

)

3600Δ𝑡 𝑘
= 𝑄𝐶𝑊 𝑇

𝑘 + 𝑄𝐻𝑃 𝑐 

𝑘 + 𝑄𝐶𝑊 𝑇𝐿 

𝑘 ∀𝑘 ∈ 𝑇 

(32)

𝑚 

𝑃𝐶𝑀 𝑐 

𝑃𝐶𝑀
𝜃

(

𝜃𝑃𝐶𝑀𝑘 − 𝜃 

𝑃𝐶𝑀
𝑘−1

)

3600Δ𝑡 𝑘
= 𝑄𝑃𝐶𝑀𝑘 − 𝑄𝐶𝑊 𝑇

𝑘 ∀𝑘 ∈ 𝑇 (33)

𝑄𝐻𝑃 ℎ 

𝑘 = 𝜓 

𝐻𝑃 ℎ 𝜃 

𝐻𝑃 ℎ 

𝑜𝑢𝑡

𝜃 

𝐻𝑃 ℎ 

𝑜𝑢𝑡 − 𝜃 

𝑒𝑥𝑡
𝑘
𝑃 

𝐻𝑃 ℎ
𝑘 ∀𝑘 ∈ 𝑇 (34)

𝑄𝐻𝑃 𝑐 

𝑘 = 𝜓 

𝐻𝑃 𝑐 𝜃 

𝐻𝑃 𝑐 

𝑜𝑢𝑡

𝜃 

𝐻𝑃 𝑐 

𝑜𝑢𝑡 − 𝜃 

𝑒𝑥𝑡
𝑘
𝑃 

𝐻𝑃 𝑐
𝑘 ∀𝑘 ∈ 𝑇 (35)

𝑄𝐶𝑊 𝑇
𝑘 = 𝑘 

𝑃𝐶𝑀 𝑚̇ 𝑘
(

𝜃𝑃𝐶𝑀𝑘 − 𝜃 

𝐶𝑊 𝑇
𝑘

)

∀𝑘 ∈ 𝑇 (36)

𝑄𝐻𝑊 𝑇𝐿
𝑘 = 𝑈 

𝐻𝑊 𝑇 𝐴 

𝐻𝑊 𝑇 

( 

𝜃𝑖𝑛𝑖,𝑘 − 𝜃 

𝐻𝑊 𝑇
𝑘

) 

∀𝑖 ∈ {𝑇 𝑅}, ∀𝑘 ∈ 𝑇 (37)

𝑄𝐶𝑊 𝑇𝐿
𝑘 = 𝑈 

𝐶𝑊 𝑇 𝐴 

𝐶𝑊 𝑇 

( 

𝜃𝑖𝑛𝑖,𝑘 − 𝜃 

𝐶𝑊 𝑇
𝑘

) 

∀𝑖 ∈ {𝑇 𝑅}, ∀𝑘 ∈ 𝑇 (38)

where the thermal dynamics of indoor air inside a typical household 

building, which comprises a “living” area where the thermostat is lo-

cated (e.g., a living room), and the “technical” room where most TE 

systems are located, are modeled by (20) and (21), respectively. 𝑄 

𝐶𝐻𝑃
𝑘

accounts for the thermal power from the CHP unit in (22), and 𝑄 

𝑌
𝑖,𝑘 in

(23) represents the thermal power coming from the water-based heating 

system, which depends on the thermal power output from the hot-water 

tank and the CHP unit and the efficiency of the water-based system. 

Eq. (24) defines the thermal power from solar irradiation, considering 

the shadowing coefficient, solar irradiation, number of windows, and 

transmission coefficient of surface 𝑠. In (25) and (26), 𝑄𝑒𝑛𝑣𝑖,𝑘 represents 

the heat transfer through the building envelope in the living area and 

the technical room, respectively. The heat transfer between the living 

area and the PCM system through the ceiling is represented in (27) by 

𝑄 

𝑃𝐶𝑀
𝑖,𝑘 . The heat transfer between the living area and the technical room

and between each room and the ground is modeled in (28) and (29), 

respectively, assuming that the ground temperature remains constant 

throughout the day.

In (30), 𝑄𝑖𝑔𝑖,𝑘 represents the internal heat gains from house occupants, 

considering a time-varying cooling factor CLF 𝑘, as well as the heat from 

lighting and electric equipment. Eqs. (31) to (33) describe the thermal 

dynamics inside the storage systems, namely, hot-water tank, cold-water 

tank, and PCM, respectively. Note that to represent the variation in the 

PCM heat capacity as the temperature changes, the parameter 𝑐 

𝑃𝐶𝑀
𝜃

in (33) is assumed to discretely change depending on the operating 

temperature range of the PCM system, based on a piecewise linear ap-

proximation of its non-linearly varying storage capacity. Furthermore, 

observe that the PCM SOC is implicitly captured through the amount of 

thermal energy stored, which is limited by the system mass, as sensi-

ble and latent heat relative to the PCM capacity and its temperatures. 

The thermal power supplied by both HPs for heating and cooling, i.e., 
𝐻𝑃𝑄  ℎ 

𝐻𝑃
and𝑘  𝑄  𝑐 ,𝑘  is modeled in (34) and (35), respectively, with their 

corresponding Coefficients of Performance (COP), which depend on the 

temperature of the HP outlet, the outside temperature, and the coef-

ficient reduction 𝜓 that represents the deviation from ideal efficiency 

and can range between 10 % and 70 % [34]. In (36), 𝑄 

𝐶𝑊 𝑇 

𝑘 represents

the heat exchange between the PCM system and the cold-water tank 

through a piping system, where 𝑚̇ 𝑘 

represents the controlled water mass 

flow rate, making the optimization model a Mixed Integer Nonlinear 

Programming (MINLP) problem. Finally, the thermal losses for the hot 

and cold-water tanks, i.e., 𝑄𝐻𝑊 𝑇𝐿 and𝑘  𝑄𝐶𝑊 𝑇𝐿 ,𝑘  are represented in (37)
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and (38), respectively, with 𝜃 representing the temperatures in the 

various MG components.

The operational limits can be represented as follows:

𝜃 

𝐻𝑊 𝑇 ≤ 𝜃 

𝐻𝑊 𝑇
𝑘 

≤ ̄ 𝜃 

𝐻𝑊 𝑇 ∀𝑘 ∈ 𝑇 (39)

𝜃 

𝐶𝑊 𝑇 ≤ 𝜃 

𝐶𝑊 𝑇
𝑘 ≤ ̄ 𝜃 

𝐶𝑊 𝑇 ∀𝑘 ∈ 𝑇 (40)

𝜃 

𝑖𝑛
𝑖 ≤ 𝜃 

𝑖𝑛
𝑖,𝑘 ≤ 𝜃̄ 

𝑖𝑛
𝑖 ∀𝑖 ∈ {𝐿𝐴}, ∀𝑘 ∈ 𝑇 (41)

0 ≤ 𝑃 

𝐻𝑃 ℎ
𝑘 ≤ ̄ 𝑃 

𝐻𝑃 ℎ ∀𝑘 ∈ 𝑇 (42)

0 ≤ 𝑃 

𝐻𝑃 𝑐
𝑘 ≤ ̄ 𝑃 

𝐻𝑃 𝑐 ∀𝑘 ∈ 𝑇 (43)

where the temperature limits for the hot and cold-water tanks are im-

posed by (39) and (40), respectively; (41) models the temperature limits 

inside the house; and (42) and (43) limit the power consumption of both 

HPs.

4. Results and discussion 

4.1. Description of the ESHL microgrid components

The model presented in Eqs. (5)–(9) and (11)–(38) is applied to the 

ESHL MG, which is a laboratory located at KIT in Germany and, as de-

picted in Fig. 3, is comprised of a shipping container with a 4-room 

60 m 

2 living area and a 20 m 

2 technical room; a 4.68 kW PV system 

installed on the roof of the ESHL of about 36 m 

2 , whose power output 

was calculated based on solar irradiation profiles for the lab location 

and a typical 15 % panel efficiency; an 8 kWh BESS; a 5.5 kW CHP 

unit; two air-to-water HPs; two cylindrical water tanks for the storage 

of cold and hot water; a roof-mounted salt hydrate Delta 

® -Cool 24 PCM-

based cooling system [35], for temperature control inside the living area 

of approximately 37.31 m 

2 , a mass of 248.16 kg, and the specific heat 

values for the sensible and latent regions provided in Table 1; and an 

11 kW EV charging station. Furthermore, the coefficient 𝑘 

𝑃𝐶𝑀 in (36) 

is 3.851 kJ/(kg K), as per [31].

The parameters and temperature limits for the MG’s TES are pre-

sented in Table 2, as per the settings defined at the ESHL. Table 3 shows 

the parameters used in (24) to determine the contribution from solar 

thermal power. Note that 𝜉 

𝑠 approximately corresponds to the percent-

age of wall surface occupied by windows, while 𝜏 

𝑠 was assumed based 

on typical values for standard windows. The shadowing coefficient de-

termines the amount of sunlight that is blocked or shaded, which has

Fig. 3. ESHL MG components.

Table 1 

PCM specific heat [31].

Specific heat [kJ/(kg K)] Region Temperature range

2.7 Solid state 𝜃 

𝑃𝐶𝑀 < 22 

◦ C

26.33 Latent 22 

◦ C ≤ 𝜃 

𝑃𝐶𝑀 ≤ 28 

◦ C

2.2 Liquid state 𝜃 

𝑃𝐶𝑀 > 28 

◦ C

Table 2 

Thermal storage systems.

Component Capacity [kg] Min. Temp. [ 

◦ C] Max. Temp. [ 

◦ C]

Cold-water tank 200 12 13

Hot-water tank 750 55 63

Table 3 

Parameters for solar contribution.

Parameter Description Value

𝜏 

𝑠 Windows transmission coefficient 0.5

𝜎 

𝑠 Shadowing coefficient [0.1, 0, 0]

𝜉 

𝑠 Window surface [0.2, 0, 0.2]

Table 4 

Dimensions of the MG components.

Component Dimension

Living area 10 m x 6 m x 2.8 m 

Technical room 6 m x 3.33 m x 2.8 m 

Cold-water tank [31] 4.3 m 

2 

Hot-water tank 16.25 m 

2

Table 5 

Thermal parameters of the ESHL.

Component Parameter Value

Cold-water tank wall [31] 𝑈 

CWT 0.51 W/(m 

2 K)

Hot-water tank wall 𝑈 

HWT 0.76 W/(m 

2 K)

Roof [31] 𝑈 

Roof 12 W/(m 

2 K)

Technical room envelope 𝑈 

𝑠 0.2 W/(m 

2 K)

Air specific heat 𝑐 1.005 kJ/(kg K)

Air density 𝜌 1.225 kg/m 

3

been estimated based on the physical features surrounding the ESHL 

MG building, such as obstructions and orientation. Table 4 presents the 

dimensions of the ESHL MG components, while Table 5 shows the ther-

mal transmittance that determines the heat transfer of various elements 

with the corresponding surrounding environment, based on [31] which

defines 𝑑 = 0.10643 and 𝑒 = 1.0805 for (25), whereas the thermal trans-

mittance of the technical room envelope and the hot-water tank in (26) 

and (37), respectively, were assumed based on typical values for similar 

facilities. The latter table also presents the values for the air density and 

air specific heat at the facility location.

The parameters for the operation of the CHP unit are presented in 

Table 6, based on [2], given the similarities in technology and regional 

characteristics, and considering the unavailability of specific data for 

the CHP generator at the ESHL. Furthermore, the parameters for the 

HPs supplying the thermal power for the heating and cooling systems 

are displayed in Table 7, based on [36,37]. Note that the COP is just a 

referential value, since the proposed formulation allows for a realistic 

representation of a COP that depends on the outside temperature.

4.2. Simulation results

The simulation results for the operation of the ESHL MG EMS con-

sider the TOU Tariff proposed in [38] to analyze the behaviour of the 

MG’s components in response to different price signals. The household
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Table 6 

CHP unit parameters [2].

Component 𝑎 𝑏 𝐶 

𝑠𝑢𝑝 𝐶 

𝑠𝑑𝑛 𝑅 

𝑢𝑝 , 𝑅 

𝑑𝑛 𝑇 

𝑢𝑝 , 𝑇 

𝑑𝑛 𝜂 

𝑇 𝜂 

𝑅

[$/kWh] [$/h] [$] [$] [kW/h] [min]

CHP Unit 0.1572 2.244 0.8438 0.2813 120 30 0.5 0.75

Table 7 

HP parameters.

Component Input power [kW] COP Thermal power [kW]

HP ℎ 1.63 4.6 7.5

HP 𝑐 1.65 3.03 5

Fig. 4. Electric demand for the ESHL.

Fig. 5. Environmental conditions for the ESHL for the (a) hottest day in the 

summer and (b) coldest day in the winter of 2023.

electric demand was defined based on real measurements provided in 

[39] which are translated into internal heat gains in (30). Note that 

only sensible heat has been considered and that the thermal contribution 

from an assumed 2 occupants, presupposing typical household activi-

ties, is based on the CLF 𝑘 

∀𝑘 given in [40]. Observe in Fig. 4 that a full 

EV charge was considered to evaluate the worst conditions in terms of 

power supply.

The environmental conditions considered as EMS inputs are pre-

sented in Fig. 5. Real data for the weather and solar irradiation profiles 

employed in the simulations were extracted from Ref. [41], for the 

hottest and coldest days in the region of Karlsruhe for 2023, to showcase 

the performance of the proposed models under boundary conditions. 

Note that the predefined temperature limits for the living area are as-

sumed to be [20 

◦ C, 25 

◦ C], with no limits being considered for the 

technical room, as no temperature control mechanisms are implemented 

in this area. Furthermore, the starting temperature point of the phase-

change process for the PCM is 22 

◦ C. The initial BESS SOC is assumed 

to be 50 %, as an average starting point, i.e., not too low nor too high, 

and the lower and upper limits are set to typical 20 % and 90 %, respec-

tively, with a charging/discharging efficiency of 95 %, as per [33]. It 

is important to mention that the presence of bilinear constraints associ-

ated with 𝑚̇ 𝑘 

in (36) requires setting appropriate bounds to prevent the 

system from reaching local suboptimal solutions, which were assumed 

to be [0, 0.15].

Table 8 

Daily costs of operation for the ESHL microgrid for the hottest day 

in the summer of 2023.

Scenario Grid [$] BESS [$] Total [$]

Case 1 11.46 0.73 12.19

Case 2 11.33 0.31 11.64

The MPC process is based on a rolling time horizon of 𝑇 = 24 h, 

divided into uniform-duration intervals of Δ𝑡 = 15 min each. Thus, the 

optimization process starts at 𝑘 = 0, where the forecast for the next 

24 h with 15 min intervals is obtained from a data set that contains 

the forecast for a two-day operation. This choice of control intervals 

is based on typical intervals used in practice for microgrid EMS (e.g., 

[2,5,13]), properly balancing control accuracy with computational effi-

ciency. While longer control intervals can reduce computational burden, 

these may compromise the accuracy of the solution, since future time 

steps are considered over larger intervals in the MPC approach. On the 

other hand, since the proposed EMS model could be solved in approx-

imately 4.5 minutes, the “standard” 15 min interval allows sufficient 

time to solve the EMS MINLP problem. The optimization problem is thus 

solved, with the solution for time 𝑘 defining the equipment dispatch for 

the corresponding time intervals from 0 to 95, i.e., for 96 intervals. A 

linear increase in the forecast error over time is assumed to simulate 

uncertainties in RES and demand, as per [42].

The EMS model was implemented in the Python programming 

language, using Pyomo 6.5.0. All simulations were performed using 

Gurobi’s non-convex bilinear programming solver with a Spatial Branch

& Bound algorithm and Reformulation Linearization Technique (RLT) 

cuts on an AMD Ryzen 7 5700 G processor, with a base speed of 

3.80 GHz.

4.2.1. Summer scenario

The operational costs of the ESHL TE-MG shown in Table 8 corre-

spond to the hottest day in summer for two cases, i.e., Case 1 without 

BESS degradation and Case 2 with BESS degradation, with a BESS 

replacement cost of 139 $/kWh, based on [43].

The active power balance in the ESHL MG obtained from the pro-

posed EMS model for the hottest day in the summer of 2023, along with 

the BESS SOC without and with BESS degradation, is shown in Figs. 6 

and 7, respectively. Observe that the BESS operation follows an arbitrage 

behaviour, i.e., the battery is charged when the price is the lowest and 

discharged when it is highest. Note that due to the arbitrage behaviour 

of the microgrid components, as shown in Fig. 7, power is sold to the 

main grid between 6:15 and 6:30 am, from 7:30 to 3 pm, and at 3:30 and 

4 pm due to higher solar irradiation, as well as when prices are highest 

between 12:15 pm and 1 pm, resulting in significant economic benefits. 

Observe that due to the increased operational costs, the CHP unit is not 

dispatched.

Regarding the operation of the HVAC system, Figs. 6 and 7 show that 

HP 𝑐 

is dispatched in response to price signals, with distinct pre-cooling

operations observed at 3:15 am, from 5:15 to 6 am, and at 12 pm. This 

helps maintain the temperature inside the cold-water tank within the 

imposed limits and preserves the thermal balance in the PCM, enabling 

it to continue absorbing heat from the living area. Note that, in this sce-

nario, the PCM system, along with the controlled mass flow rate, plays
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Fig. 6. (a) Power balance and (b) BESS SOC for the hottest day in the summer of 2023, without BESS degradation.

Fig. 7. (a) Power balance and (b) BESS SOC for the hottest day in the summer of 2023, with BESS degradation.

an active role in controlling the indoor temperature by regulating the 

heat exchange between the PCM and the cold-water tank.

The temperatures inside the living area and the different TES com-

ponents, i.e., PCM, cold-water tank and hot-water tank are depicted in 

Fig. 8, for both Cases 1 and 2. Observe that the temperature in the PCM 

responds to the cold-water mass flow rate 𝑚̇ 𝑘 

which allows control of the 

temperature in the 4-room living area. Furthermore, note that the tem-

perature inside the various microgrid components is maintained within 

the predefined limits due to the operation of the water-based thermal 

systems, and that the pre-cooling operations described for HP 𝑐 

are re-

flected in the temperature inside the cold-water tank. Regarding the 

hot-water tank operation, observe that the temperature decreases due 

to the thermal losses in the technical room, while the HP maintains the 

temperature above the lower limit with pre-heating operations at 4:45 

and 5 pm, before the price increases at 5:15 pm.

Finally, Fig. 9 illustrates the thermal balance in the PCM operating 

in active mode, where a significant contribution can be observed from 

12:30 am to midnight in regulating the temperature in the living area 

due to the controlled mass flow rate. Thus, pre-cooling operations from 

the PCM system are also observed from 5:30 to 6 am, and at 12 and 5 

pm, responding to the price signals as expected.

4.2.2. Winter scenario

The operational costs of the ESHL MG for the coldest day in the 

winter of 2023 for the same two cases, i.e., without and with BESS degra-

dation, are shown in Table 9. The active power balance and the BESS 

SOC for this coldest day are shown in Figs. 10, and 11 for the two cases 

considered. Compared to the summer scenario, there is a significant dif-

ference in the contribution from PV generation. Thus, note in Fig. 11 

that the MG in this scenario is only capable of selling back energy to

Fig. 8. Temperature in the (a) living area and PCM, (b) cold-water tank, and (c) 

hot-water tank for the hottest day in the summer of 2023.

the grid at 11:45 am and from 12:15 pm to 1 pm. Moreover, as in the 

summer scenario, the CHP unit is not dispatched. Note also the inten-

sive operation of HP ℎ 

to control the temperature inside the hot-water 

tank, with pre-heating operations occurring when the electricity price is 

lower, especially at 6 am. Furthermore, observe that the BESS operation 

is almost identical for both the summer and winter days due to the fact 

that the TOU Tariff is the same, which illustrates the sensitivity of the 

BESS to price signals. It is important to note that for winter the water 

flow between the PCM and the cold-water tank remains at 0 kg/s, as 

there is no need for cooling in the living area.

The temperatures in the MG components are shown in Fig. 12. 

Observe that, similar to the summer scenario, the temperature in the 

PCM varies in response to the changes in temperature in the living area
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Fig. 9. PCM thermal power balance for the hottest day in the summer of 2023.

Table 9 

Daily costs of operation for the ESHL microgrid for the coldest day in 

the winter of 2023.

Scenario Grid [$] BESS [$] Total [$]

Case 1 19.69 0.71 20.40

Case 2 19.69 0.31 20.00

Fig. 10. (a) Power balance and (b) BESS SOC for the coldest day in the winter 

of 2023, without BESS degradation.

Fig. 11. (a) Power balance and (b) BESS SOC for the coldest day in the winter 

of 2023, with BESS degradation.

due to its thermal storage capacity, even though there is no active con-

tribution from the PCM and the controlled mass flow rate. Note that 

since the temperature in the PCM is constantly below 22 

◦ C, the storage 

capacity is reduced, resulting in the temperature in the PCM varying 

more rapidly. Furthermore, note that the temperature inside the cold 

and hot-water tanks is consistently maintained between the predefined 

limits. In contrast to the operation of the hot-water tank on the summer 

day, observe that the temperature inside the cold-water tank gradually 

increases due to the thermal losses in the technical room, with the HP 

operating to maintain this temperature within limits.

Fig. 12. Temperature in the (a) living area and PCM, (b) cold-water tank, and 

(c) hot-water tank for the coldest day in the winter of 2023.

Fig. 13. PCM thermal power balance for the coldest day in the winter of 2023.

The thermal balance in the PCM is illustrated in Fig. 13 for the winter 

scenario. The passive contribution of the PCM acting as TES can be ob-

served in this case, which allows for better temperature regulation in the 

living area through the provision of stored heat. This enables reduced 

costs by decreasing the operation of the HP supplying the water-based 

heating system.

5. Conclusions

This paper presents an MPC-based EMS model for a TE-MG, with a 

focus on the modeling of a PCM-based thermal system operating in both 

active and passive modes for indoor temperature control, and consid-

ering BESS degradation. The proposed EMS model was applied to the 

actual MG of the ESHL, at KIT in Germany, demonstrating the power 

dispatch and the temperature fluctuations of the MG’s components, as 

well as the active/passive response of the PCM system, illustrating a 

cost-effective operation of the MG while meeting users’ comfort re-

quirements and power demand for the hottest and coldest days in the 

Karlsruhe region in 2023. Furthermore, it was shown that including 

BESS degradation in the model reduces the overall costs of operation, 

as expected.

The current operation of the ESHL equipment is based on tempera-

ture setpoints and a rule-based BESS EMS, under the existing fixed-tariff 

regime. The present ESHL operation was not modeled for comparison 

purposes, as the objective of the proposed model was to develop an
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optimal operation approach for the facilities for potential future im-

plementation, under a possible TOU regime, and comparison with the 

existing approach through actual measurements at the lab. Furthermore, 

the control of EV charging schedules through optimization could also 

be investigated, along with the effectiveness of the PCM-based system 

compared to other alternatives such as an HP-based system.
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