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A B S T R A C T   

To encourage decarbonization and promote a widespread penetration of renewable energy sources in all energy 
sectors, the development of efficient energy storage systems is essential. Interesting grid-scale electricity storage 
technologies are the Carnot batteries, whose working principle is based on storing electricity in the form of 
thermal energy. The charging phase is performed through a heat pump cycle, and the discharging phase is 
conducted through a heat engine. Since both thermal and electric energy flows are involved, Carnot batteries can 
be adopted to provide more flexibility in heat and power energy systems. To this aim, efficient scheduling 
strategies are necessary to manage different energy flows. In this context, this work presents a detailed rule-based 
control strategy to schedule the synergetic work of a 10-kWe reversible heat pump/organic Rankine cycle Carnot 
battery integrated to a district heating substation and a photovoltaic power plant, to satisfy a local user’s thermal 
and electric demand. The coupling of a Carnot battery with a district heating substation allows for shaving the 
thermal demand peaks through the thermal energy stored in the Carnot battery storage, allowing for a down-
sizing of the district heating substation, with a considerable reduction of the investment costs. Due to the 
multiplicity of the involved energy flows and the numerous modes of operation, a scheduling logic for the Carnot 
battery has been developed, to minimize the system operating costs, depending on the boundary conditions. To 
investigate the influence of the main system design parameters, a detailed and accurate model of the Carnot 
battery is adopted. Two variants of the reference system, with different heat pump cold source arrangements, are 
investigated. In the first case, the heat pump absorbs thermal energy from free waste heat. In the second case, the 
heat pump cold source is the return branch of the district heating substation. The simulation results show that, in 
the first case, the Carnot battery allows the downsizing of the district heating substation by 47 %, resulting in an 
annual gain of more than 5000 €. About 70 % of the economic benefit is due to the possibility of reducing the 
power size of the district heating substation, which can be from 300 to more than 500 kW. The payback period is 
estimated to be lower than 9 years, while in the second case, the Carnot battery is not able to provide a gain. 
Eventually, the influence of some parameters, such as the photovoltaic power plant surface, the storage volume, 
the electricity price profile and the reversible heat pump/organic Rankine cycle specific investment cost, on the 
techno-economic performance of the system, is investigated through a wide sensitivity analysis. According to the 
results, the photovoltaic panels surface does not significantly affect the economic gain, while the storage capacity 
strongly affects the system scheduling and the operating costs. Indeed, it is possible to identify that 13 m3 is the 
size of the storage volume that minimizes the payback period to 8.22 years, for the considered application. An 
increase in the electricity price without an increase in the thermal energy price leads to a decrease in economic 
gain because the benefit brought by the downsizing of district heating is less significant on the economic balance. 
The specific investment cost of the reversible heat pump/organic Rankine cycle does not influence the operating 
cost; thus, it does not change the Carnot battery management, nor the economic gain. The specific investment 
cost affects the payback period, which increases from 8.6 years for a specific cost of 2000 €/kWe to 15.7 years for 
a specific cost of 5000 €/kWe.  
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1. Introduction 

The decarbonization of the energy sector is among the main goals the 
International Energy Agency has set to reach within 2050 [1], in line 
with the Paris Agreement objective to limit the global temperature in-
crease to 1.5 ◦C [2]. A deep penetration of renewable energy sources 
(RES) and a profound transformation of all the energy sectors are 
necessary to replace the fossil fuel-based energy supply, to reach 90 % 
carbon neutrality by 2050 [3]. Nowadays, the increasing fuel cost is 
resulting in a decrease in the ratio between the costs of electricity pro-
duced from renewables and fossil fuels [4]. However, the intrinsic 
instability and fluctuations of RES require a strong development of 
strategies to improve the match between renewable energy production 
and the users’ demand. To this purpose, energy storage technologies 
gain primary importance as a solution to decouple energy production 
and demand over time. 

1.1. Context 

Different technologies have been proposed for Electric Energy Stor-
age (EES), i.e.: electrochemical batteries [5], supercapacitors [6], fly-
wheels [7], and hydrogen storage technologies coupled with fuel cell 

systems [8]. Other EES technologies are Pumped Hydro Energy Storage 
(PHES) [9], Compressed Air Energy Storage (CAES) [10], and its 
upgraded technology, named Adiabatic Compressed Air Energy Storage 
(ACAES) [11], which uses separate mechanical and thermal energy 
storages to increase the efficiency up to 70 %, as reviewed by Vecchi 
et al. [3]. Carnot batteries (CBs) can be classified as (i) Liquified Air 
Energy Storage (LAES) [12], in which the electric input is used to 
compress air that is then cooled down, until liquefaction occurs, and 
expanded to be stored at atmospheric pressure; (ii) Pumped Thermal 
Energy Storage (PTES) [13], based on Rankine or Brayton heat engines. 
However, the only grid-scale (long duration, from 4 to 8 h) EES tech-
nology, which has since now demonstrated techno-economic feasibility, 
is PHES [13]. Indeed, as the long duration results in extremely low 
power-to-capacity ratios (kW/kWh), the storage technology must be as 
cheap as possible. However, most of the grid-scale non-PHES solutions, 
like lithium batteries, shows remarkably high cost-per-capacity unit, 
which prevents them from being affordable for low power-to-capacity 
ratio applications. Furthermore, according to Gimeno-Gutiérrez and 
Lacal-Arántegui [14], PHES easily-exploitable additional capacity is 
nearly exhausted, so it is necessary to find valuable alternatives. CAES 
and ACAES technologies are drawing increasing attention due to the 
very inexpensive storage medium (usually air), but they require pre- 

Nomenclature 

Symbols 
A Area (m2) 
C Cost (€) 
COP Coefficient of Performance (-) 
cp Specific heat const. pressure (kJ/kg K) 
E Electric Energy (kWh) 
I Investment cost (€) 
M Mass (kg) 
ṁ Mass flow rate (kg/s) 
n Number (-) 
Q Thermal Energy (kWh) 
Q̇ Thermal Power (kW) 
r Discount Rate (-) 
T Temperature (◦C) 
U Heat exchange coefficient (kW/m2K) 
V Volume (m3) 
Ẇ Electric Power (kW) 

Greek 
α Diffusivity coefficient (m2/s) 
γ Self-consumption/production rate (%) 
Δ Difference (-) 
Δprice Price difference (€/kWh) 
Δt Time step (s) 
Δx Storage layer thickness (m) 
η Efficiency (%) 

Subscripts 
amb ambient 
ava available 
ave average 
CB2dem from the CB to the demand 
ch charge 
cons consumption 
dem demand 
dis discharge 
DH2HP from DH to HP 
el electricity 

fee fee 
grid grid 
i i-th 
max maximum 
min minimum 
nom nominal 
prod production 
pur purchase 
Q thermal energy 
r discounted rate 
ref reference 
ren renewable 
sale sale 
selfcons self-consumption 
sto storage 
sub substation 
surplus surplus 
wCB with CB 
woCB without CB 

Acronyms 
ACAES Adiabatic CAES 
CAES Compressed Air Energy Storage 
CB Carnot Battery 
DH District Heating 
DPB Discounted Payback 
EES Electric Energy Storage 
HP Heat Pump 
H High Temperature 
LAES Liquified Air Energy Storage 
LT Low Temperature 
ORC Organic Rankine Cycle 
PB Payback 
PHES Pumped Hydro Energy Storage 
PTES Pumped Thermal Energy Storage 
PV Photovoltaic 
RES Renewable Energy Sources 
TES Thermal Energy Storage 
TI-PTES Thermally Integrated PTES  
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existing reservoirs and caves, which are not available everywhere. In 
this context, as CBs are not constrained by geographical conditions, they 
represent an interesting alternative to PHES and CAES. In addition, 
although CBs might have lower conversion efficiencies, they present 
some features (low specific cost, long lifespan, the use of low environ-
mental footprint materials, and the capability of being integrated with 
any type of waste heat source) that make them valuable grid-scale 
alternatives. 

1.2. State of the art 

A Carnot battery is an EES system, so it is primarily used to store 
electric energy. This means that there should always be at least an 
electric input and an electric output, which must be of the same order of 
magnitude. In the charging phase, the renewable electricity surplus is 
the energy input to create a thermal gradient, letting thermal energy 
flow from a low-temperature (LT) thermal energy source to a high- 
temperature (HT) thermal energy sink. The thermal energy is stored in 
a thermal energy storage (TES) until electric energy is not required. 
When the discharging phase occurs, the stored thermal energy is 
released from a HT source (which is the TES) to a LT sink, producing 
mechanical work, through a heat engine, which can be converted into 
electricity [13]. 

As the charging phase requires an electric input to create a thermal 
gradient, the availability of recoverable low-grade waste heat reduces 
the thermal lift (i.e., the temperature difference between the HT thermal 
energy reservoir and the LT thermal energy reservoir). Therefore, 
recoverable waste heat decreases the electrical energy needed in the 
heat pump cycle to obtain relatively high temperature thermal energy. 
In other words, the diversification of the temperature lift between the 
inverse cycle (charging phase) and the direct cycle (discharging phase), 
allows to improve conversion efficiencies [15], and thus the overall 
storage efficiency (also known as roundtrip efficiency) [16]. PTES in-
tegrated with low-temperature thermal energy sources, such as solar 
energy, district heating, and waste heat recovery, are called Thermally 
Integrated PTES (TI-PTES). Ökten and Kurşun [17] present a thermo-
dynamic analysis on a TI-PTES combined with an absorption refrigera-
tion cycle and they obtain a roundtrip efficiency of 142%. Frate et al. 
[18] propose a numerical model of a TI-PTES using Coolprop thermo-
dynamic properties and they simulate a roundtrip efficiency of 130 % 
when working with the refrigerant R1233zd(E). Su et al. [19] develop 
mathematical models to compare the performance reachable with four 
CB configurations thermally integrated with geothermal energy. All the 
analysed configurations reach a heat-to-power efficiency higher than 
100 %, but the most performing is assessed to be the flash heat pump- 
organic Rankine cycle configuration, with a COP of 6.13 and a heat- 
to-power efficiency of 137.13 %. Zhang et al. [20] evaluate the ther-
modynamic performance of a Rankine cycle-based CB thermally assisted 
by the steam extracted by a coal-fired power plant. They assess that the 

integration of the CB with the thermal power plant i) improves the CB 
roundtrip efficiency up to 114.67 % with a decrease of power generation 
efficiency of less than 3 percentage points, and ii) reduces the carbon 
emission by 1.26 %. Another way to introduce thermal integration is 
using the waste heat as HT source for the discharging phase, and the LT 
reservoir as energy storage, which stores thermal energy at temperatures 
below the ambient conditions [13]. Xia et al. [21] compare three 
different configurations of cold storage Rankine Carnot batteries. The 
results of this analysis show that including a recuperator in the vapour 
compression refrigeration unit and a preheater in the organic Rankine 
cycle unit improves the energy, exergy, and economic performance of 
the CB. A further original way to exploit a waste heat stream is proposed 
by Bellos [22] and it consists in feeding first the latent storage with the 
waste heat, and then the evaporator of the heat pump to enhance the 
charging phase performance. The performance improvement of the 
system suggested by Bellos ranges between 12.37 % and 173.58 % 
depending on the waste heat temperature. 

Furthermore, as both thermal and electric energy flows are involved, 
CBs can be easily expanded from purely electrical energy storage to a 
heat and electricity storage and management energy system, allowing 
for a flexible sector coupling (Fig. 1). In this context, the integration of 
CBs into district heating (DH) networks introduces more flexibility and 
advantages even in thermal production/consumption [23]. A promising 
application of a CB integrated with DH is presented and widely discussed 
in this work. 

PTES systems can be based on the direct/inverse Rankine cycle or the 
direct/inverse Brayton cycle. Although the roundtrip efficiencies are 
almost similar between Rankine and Brayton CBs, the characteristics of 
the two solutions are quite different. 

In Rankine PTES, the charging and discharging phases are performed 
respectively by a vapour compression heat pump and a direct Rankine 
cycle. The heat pump cycle stores thermal energy exploiting an electric 
input to compress the working fluid to high pressure and temperature, 
and recovering the thermal energy released in the condensing trans-
formation. The Rankine cycle, instead, is powered through the stored 
thermal energy, which is reconverted into mechanical energy, and then 
electricity, through a turbine or a volumetric expander [24]. Rankine 
PTES usually stores energy at lower temperatures than Brayton PTES 
with considerable advantages, namely fewer thermal losses, and the 
possibility of using less expensive materials for the machines and the 
reservoir. Concerning the suitable working fluid, in literature there are 
different solutions, including water vapour [25], organic fluids [16], 
transcritical CO2 [26], and subcritical NH3 [27]. Since the heat pump 
and the direct Rankine cycle show numerous similarities in terms of 
working fluid and main components, some works analyse Rankine PTES 
systems using the same machine (compressor/expander) and heat ex-
changers to perform both the charging and the discharging phases, with 
a considerable reduction of the investment costs [13]. This solution is 
named reversible heat pump/Rankine cycle system [26]. Yu et al. [28] 

Fig. 1. General concept of Carnot battery.  
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present a thermo-economic comparison among three Rankine-based CB 
systems, including a base configuration, a reversible configuration with 
two different machines for the charging and the discharging phases, and 
a reversible configuration using a dual-function machine. The results 
show that the third configuration, even if presenting lower power-to- 
power and exergy efficiencies than the first two, ensures the lowest 
levelized cost of storage, which is 12.3 % and 5.4 % lower than 
respectively the first and the second configurations. 

Nowadays, only a few CB prototypes have been built and tested to 
demonstrate the performance and reliability of the system [29]. 
Although site-independent (unlike PHES and CAES) and with a long 
lifespan (unlike many chemical batteries), the high capital cost of the 
machines and especially of the storage is not an advantage in the CBs 
market competitiveness. Therefore, deeper investigation and research 
on the technology are necessary to find a compromise between perfor-
mance, cost, and compactness. 

Furthermore, when applied in integrated systems for storing 
renewable energy, CBs require the development of efficient scheduling 
strategies, to deal with different energy flows and manage the integrated 
system operation in each condition. Niu et al. [30] apply a multi- 
objective optimization model integrating a CB with solar collectors. 
They compare the results for a basic and a regenerated CB, and for 
different working fluids, during the summer and winter solstice days. 
The Authors have found out that there are optimal hot and cold reservoir 
temperatures and optimal combinations of working fluids for each of the 
two CB configurations, to maximize the roundtrip efficiency and mini-
mize the levelized cost of the storage. Tassenoy et al. [31] propose a 
techno-economic assessment of a CB integrated with a photovoltaic (PV) 
power plant for electricity load-shifting of the renewable production, 
applied to an office building. They found out that the implementation of 
a CB in the studied case is not cost-effective. However, the CB was in-
tegrated only for electricity load-shifting. The cost-effectiveness of 
thermal energy load-shifting has not been investigated yet. The present 
work aims at extending the study [31] analysing the cost-effectiveness of 
a CB that covers the thermal energy demand peaks, allowing for thermal 
energy load-shifting. Lin et al. [32] propose a cross-border integrated 
energy system including a CB based on phase change material storage 
that can store electricity in the form of steam. The Authors have quan-
tified a reduction of 28.57 % in the operating cost, 43.49 % in the carbon 
emission, and 16.49 % in the grid power purchase cost, compared to 
electric batteries in the case study of an industrial park. However, the 
Authors recommend the use of steam CB in integrated energy systems in 
scenarios with abundant renewable energy and low-grade heat avail-
ability. Scharrer et al. [33] present a control strategy for the operation of 
a reversible heat pump (HP)/organic Rankine cycle (ORC) CB, inte-
grated with PV panels in a domestic application in a community with a 
varying number of houses. In this case, the CB is used only for electric 
load-shifting. Thus, a rule-based operation is implemented to charge the 
storage when a surplus of electricity is available and discharge it at 
night. Results show that increasing too much the PV size, and/or the 
storage capacity, is useless as soon as respectively the HP and the ORC 
work at their nominal conditions. The Authors also performed a finan-
cial analysis varying the feed-in-tariff and the thermal energy cost. 
Although interesting power-to-power efficiency values (≈ 50 %), the 
feed-in tariff and the thermal energy costs should be almost null and 
coupled with high electricity prices, to provide savings per house up to 
180 € per year, with an amortization period of 13 years. As in Scharrer 
et al. work, also in the present study a control strategy for the operation 
of a reversible HP/ORC is presented, but the CB is used mostly for 
thermal load-shifting, and secondarily for electric load-shifting, showing 
an interesting economic benefit and a lower amortization period. 
Therefore, the present work can be considered an extension of the 
analysis carried out in [33], filling the gap related to the possibility of 
using the CB for both thermal and electric load-shifting. Within the 
CHESTER project [34], a Compressed Heat Energy Storage (CHEST) is 
expected to be combined with the smart DH. As part of the CHESTER 

project, three case studies have been investigated considering different 
boundary conditions and including a comparison with other storage 
solutions, namely lead-acid batteries and a hydrogen storage system. 
They found out that the gain provided by the reduction of the imported 
electricity is negligible compared to the investment costs of the storage 
options, which is not always repaid by the increased profit. However, 
compared to the hydrogen solution, the CHEST system was demon-
strated to be economically better by between 15 % and 50 % [35]. 
Within the same project, the electricity-only market and both the elec-
tricity and the heat markets are considered [36]. Results show that the 
scenario involving the heat exchange is more robust and may be less 
affected by competition from other storage facilities than the electricity- 
only, due to the multi-energy system integration. 

According to the previous literature review and the Authors’ best 
knowledge, the potential advantage of thermal energy load-shifting, has 
not been investigated yet in the previously published research. To fill 
this gap analysis, the integration of a reversible HP/ORC Carnot battery 
with DH is investigated in this study, and the benefit provided by the 
thermal demand peak shaving through the CB is assessed. 

1.3. Contribution of this work 

Based on the above literature review, to the Authors’ best knowl-
edge, few studies present a detailed control strategy to manage and 
schedule a CB operation in an integrated system, which aims at satis-
fying a user’s thermal and electric demand. Therefore, as an original 
contribution to the current literature on the topic, this paper presents the 
techno-economic assessment of reversible HP/ORC Carnot battery in-
tegrated with a DH substation and a PV power plant, to satisfy a 
representative thermal and electric energy demand. The application to a 
university campus building, comprising laboratories and offices, is 
considered as test case. The CB coupling with a DH substation is inter-
esting because the thermal energy stored in the TES can shave the 
thermal demand peaks, allowing the downsizing of the DH substation, 
with a considerable reduction of the investment costs. 

A detailed rule-based control strategy has been implemented to 
schedule the CB operation by optimizing the actual work of the three 
main interacting sub-systems, namely the CB, the DH substation, and the 
PV power plant for a reference year operation. To this purpose, a 
detailed off-design model of an existing reversible HP/ORC kWe-size 
prototype CB [37], developed in a previous work [23] and improved 
with a stratified thermal energy storage tank model for the TES simu-
lation, is employed in the control strategy. This study aims to assess the 
performance of the whole integrated system, under variable boundary 
conditions, during annual operation to maximize the economic gain due 
to the CB intervention. Two reference cases are analysed, differing one 
from the other only for the HP cold source, which is assumed to be free 
waste heat in the first case, and thermal energy provided by the DH in 
the second case. Furthermore, a sensitivity analysis, varying the PV 
panels surface, the storage volume, the electricity price profile, and the 
reversible HP/ORC specific cost of the investment, is conducted to 
observe how such parameters affect the system’s yearly design, opera-
tion, and performance. 

The paper is organized into two main sections, namely the methods 
and the discussion of the results. The methods section describes the main 
components of the system and the relationships among them, the CB 
management strategy, the hypothesis and boundary conditions of the 
two reference case studies, and the performance indicators. The results 
and discussion section presents the overall performance of the system in 
the two reference cases. Furthermore, some rules and hypotheses 
adopted in the control strategy are discussed, and a sensitivity analysis 
varying alternatively some key parameters is provided. Eventually, the 
conclusions section summarizes the main contribution and results of the 
current study, which provides guidelines to choose applications and 
optimally size a typical thermally integrated CB. 
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2. Materials and methods 

The energy system proposed in this study is composed of a PV power 
plant and a DH substation adopted to cover a university campus build-
ing’s thermal and electric demand. A reversible HP/ORC Carnot battery 
is integrated with the system to improve the flexible use of the renew-
able production and the thermal capacity of the DH substation. The 
electric grid is considered to satisfy the residual electric demand. An on- 
site thermal power source is included to improve the CB performance. 

2.1. The energy system 

This subsection describes the integrated energy system and provides 
a focus on the advantage of coupling the CB with the DH substation. 

2.1.1. The integrated energy system 
The integrated energy system considered in this study and the re-

lationships among the subsystems are shown in Fig. 2 and briefly 
described below (the components in the figure are numbered according 
to the list). The main elements are: 

Fig. 2. The integrated energy system. The CB charging (HP) and discharging (ORC) modes are shown via separated subsystems for the sake of clarity in the figure, 
even if in the reference system the CB is a reversible HP/ORC loop. 

Fig. 3. Thermal power profiles for the reference application on two consecutive days in March, with the user thermal demand, the DH substation power size, the 
storage available thermal power (Eq. (12)), the thermal power provided by the CB TES to satisfy the thermal demand peaks and the PV electric production profile. 
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1. An on-site electric power user and an on-site thermal power user, 
generating the demand temporal profiles, which must be covered by 
the generation and storage system in the study. 

2. An on-site solar PV electric power generation plant (renewable en-
ergy source). The PV electricity production depends on the avail-
ability of solar irradiance at each timestep, and it can be compared 
with the electricity demand. The exceeding PV production can be 
sold to the grid or stored in the CB. In the latter case, the stored 
energy will be reconverted into power when a deficit in the renew-
able production occurs, and when the electricity price is high.  

3. The electric grid, to which it is possible to sell the electricity surplus 
produced by the PV plant. The electric grid can be also used to fulfil 
the electric demand and to produce thermal power through the HP to 
satisfy the thermal demand.  

4. The CB, composed of a reversible HP/ORC prototype and a Thermal 
Energy Storage (TES). The CB can be charged (HP mode) exploiting 
the PV power surplus or electricity from the grid to run the 
compressor. The CB can be discharged (ORC mode) to cover the 
electric user demand. The CB TES can be also discharged to cover the 
peaks in the thermal demand (thermal discharge), by directly using 
the stored thermal energy. The electricity production through the 
ORC may also occur in case of renewable production in surplus: in 
this case, the electrical production is sold to the grid.  

5. An on-site thermal power source, which can consist of (i) a free 
waste-heat source or, (ii) a low-temperature DH line, used to feed the 
CB heat pump with a smaller temperature lift, thus obtaining a 
higher Coefficient Of Performance (COP). In the case of a free waste- 
heat source, the input thermal energy can be considered completely 
free in economic terms. In the second case, the input thermal power 
represents an economic cost for the CB. 

6. The DH substation, primarily used to cover the thermal power de-
mand. The DH entirely satisfies the thermal demand until it is lower 
than the substation size; when the demand overcomes the substation 
thermal output, the surplus is satisfied using the TES of the CB. 

2.1.2. Carnot battery – District heating coupling 
The coupling of a Carnot battery and a DH substation introduces 

more flexibility even on the thermal side (thermal demand/production). 
Part of the thermal energy stored in the CB storage may be used to satisfy 
the peaks occurring in the thermal power demand, allowing a down-
sizing of the DH substation, with a considerable reduction of the in-
vestment cost. As shown in Fig. 3, the thermal power demand profile (in 
red) presents a daily peak in the morning. In the absence of the CB, the 
thermal power provided by DH (in yellow) should cover the entire 
thermal demand at each instant of the day. In this case, the DH size 
should be at least as large as the highest thermal demand peak. On the 
contrary, the CB allows to fulfil the demand overshoot by the thermal 
power available in the CB TES (in orange), allowing a reduction of the 
DH size. The available thermal power that can be delivered by the TES 
(the maximum power that the storage could provide to the user at each 
time step) oscillates according to the thermal user’s temperature level. 
The storage is recharged through the HP when renewable electric power 
from the PV (in blue) is available. 

Furthermore, in some conditions, it could happen that the thermal 
energy available in the storage is not sufficient to cover the thermal 
demand peak, and, at the same time, the renewable production is not in 
surplus. In these cases, it could be economically convenient to buy 
electricity from the grid and satisfy the thermal demand peak through 
the HP, instead of increasing the size of the DH substation. However, this 
situation should not occur too often, otherwise, a larger DH substation 
would be more convenient. The size of the DH substation must be 
accurately designed to minimize the overall costs, namely considering 
both the investment (annual levelized) and the yearly operating costs. 

The CB, the DH substation, and the thermal user are supposed to be 
connected according to the hydraulic circuit layout that is shown in 
Fig. 4. The black lines represent the water pipes, and the brown ones the 
reversible HP/ORC working fluid. The black arrows indicate the water 
flow direction when the DH satisfies the thermal demand, independently 
of the CB operation (path 3–4–5–6-7–8 in Fig. 4). The red arrows 
highlight the additional water streams in thermal discharge mode (path 
13–19-4–5–6–20-16–17 in Fig. 4). The CB key streams and flow 

Fig. 4. Hydraulic circuit layout connecting the CB, the DH substation, and the thermal user.  
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directions in HP and ORC modes are described through respectively the 
blue and the green arrows. In HP mode, two reference cases are 
considered: i) “free waste heat” case, where the HP cold side is an 
external source (circuit represented by dashed lines in the figure, 
following the path 21–10–11–22 in Fig. 4); ii) “thermal integration with 
DH” case, where the HP cold side is the DH substation (path 3–4–5–6- 
7–9-10–11-12–8 in Fig. 4). In the 1st reference case, the HP is allowed to 
run during the thermal discharge mode, while it is not allowed in the 
2nd reference case. The ORC is prevented from running during the 
thermal discharge mode (neither during HP mode). The constraints on 
the CB operation are further discussed in the next subsection, and some 
reference temperature values are provided to help the reader in the 
following parts of the paper. 

2.2. The Carnot battery management strategy 

The resolution of the problem is developed according to a rule-based 
strategy. The aim of investigating the influence of key design parameters 
and boundary conditions (namely PV and storage sizes, electricity cost, 
and environmental conditions) on the technical and economic perfor-
mance requires an accurate model of the system, and the possibility of 
including numerous details without exponentially increasing the 
computational time. Detailed thermodynamic models require high 
computational effort, therefore, for the sake of modelling accuracy, the 
control strategy is “penalized” in its optimization, and thus it is based on 
a rule-scheduling approach. Thus, the proposed method allows to obtain 
a sub-optimum solution. The more the empirical rules adapt to a 
particular application the closer the solution will be to the optimal, but 
the less the same rules and the same strategy will be applicable to a 
different case study. The specific nature of the rule-based approach re-
quires some changes in the scheduling strategy to be transferred to a 
different application. 

The minimization of the costs drives the Carnot battery management 
strategy. In the following paragraphs, the physical problem and the 
control algorithm are described. The Carnot battery management 
strategy is fully implemented in MATLAB environment. 

2.2.1. Problem description 
The Carnot battery management strategy is called to decide the HP/ 

ORC instantaneous load at each time step, to maximize the economic 
benefit provided by the integration of the CB in the entire system. The 
objective function (Eq. (1)) is the annual gain between two scenarios, i. 
e., with and without the Carnot battery intervention in the integrated 
system. 

Δgain = R1 +R2 +R3 +R4 − C1 − C2(− C3) (1)  

The gain is equal to the sum of four revenues, indicated with the letter R, 
minus two cost contributions (three in case the HP cold source is the DH 
instead of free waste heat), indicated with the letter C. 

The first two positive terms (R1 and R2), calculated at each time step, 
are associated with the gain obtained by respectively the surplus sale 
(EORC,surplus) and the self-consumption (EORC,selfcons) of the ORC energy 
production: 

R1 = EORC,surplus • Cel,sale (2)  

R2 = EORC,selfcons • Cel,pur (3)  

The surplus sale energy revenue, R1, is proportional to the specific cost 
for the electricity sold to the grid (Cel,sale), as that electricity production 
is directly sold to the grid. While the self-consumption gain, R2, is 
calculated as the cost saved by producing electricity for self- 
consumption, instead of buying it from the grid. Thus, the ORC pro-
duction for self-consumption (EORC,selfcons) is multiplied by the purchas-
ing electricity specific cost (Cel,pur), because, in case of absence of the 
ORC, that electricity would be purchased from the grid at the purchasing 

electricity cost. 
The other two positive terms (R3 and R4) derive from the advantage 

of covering part of the thermal demand with the Carnot battery. The first 
one is related to the reduction of the investment cost when downsizing 
the DH substation, while the second is due to the thermal energy pro-
vided to the thermal user by the CB (QCB2dem), and saved from the DH 
(operating costs): 

R3 = Δsizesub • CDH,fee/lifetime (4)  

R4 = QCB2dem • CQ,DH (5)  

The R3 term represents the avoided levelized investment cost of the DH 
substation and it is proportional to: (i) the difference (Δsizesub) between 
the original and the new substation size (the original size is considered 
equal to the maximum thermal demand peak to be covered by the 
external thermal energy source), and (ii) the specific investment cost of 
the DH substation (CDH,fee in €/kW). The terms R4 is proportional to the 
specific cost of heat purchased from the DH (CQ,DH), because in the case 
without the CB the thermal energy contribution QCB2dem should be pro-
vided by the DH. 

The cost contribution terms (C1 and C2), calculated at each time step, 
are associated with the HP electric consumption: 

C1 = EHP,ren • Cel,sale (6)  

C2 = EHP,grid • Cel,pur (7)  

The cost C1 derives from the renewable energy production (EHP,ren) not 
sold to the grid, but used to feed the HP. Therefore, C1 is proportional to 
the electricity sell price (Cel,sale) because, in the case without the CB, the 
electricity contribution EHP,ren would be sold to the grid. The cost C2 is 
proportional to the specific purchase cost (Cel,pur) of the electricity used 
for the HP and purchased from the grid (EHP,grid). 

In case the thermal energy at the HP evaporator is provided by the 
DH (QDH2HP), one additional cost term C3 is considered: 

C3 = QDH2HP • CQ,DH (8)  

The term C3 is proportional to the specific purchase cost of heat from the 
DH (CQ,DH). 

The production of electricity for self-consumption allows for a 
downsizing of the electrical substation, but the different order of 
magnitude between the ORC electrical production and the electric de-
mand makes it negligible, so it is not included in the objective function 
for this application case. 

The maximization of the economic benefit, namely the economic 
gain Δgain, is performed through the optimization of three time- 
dependent variables at each time step. These variables are the HP/ 
ORC electric power input/output, ẆHP and ẆORC, and the thermal 
power demand covered by the CB, Q̇CB2dem. The integrals of ẆHP, ẆORC 

and Q̇CB2dem over the considered time period (a year) provide the energy 
terms (EHP,ren, EHP,grid, EORC,surplus, EORC,selfcons and QCB2dem) that appear in 
the objective function (Eq. (1)). Therefore, ẆHP, ẆORC, and Q̇CB2dem are 
regulated so that to maximize the objective function Δgain. 

The instantaneous constraints of the problem involve the HP/ORC 
operating limits (Eq. (9) and (10)), namely the system maximum load 
(Ẇmax), which depends on the storage temperature (Tsto(t)), and the 
minimum technical load (Ẇmin), otherwise, the reversible HP/ORC is not 
called to work. An additional constraint concerns the impossibility of the 
reversible CB working in ORC and HP mode simultaneously. The ther-
mal power demand covered by the CB, Q̇CB2dem, is bounded by the 
minimum value between the storage available thermal power, Q̇CB,ava 

(depending on the temperature profile in the storage and the thermal 
user temperature level), and the thermal user power demand, Q̇dem (Eq. 
(11)). 
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ẆHP(t) = 0 or ∈
[
Ẇmin, Ẇmax(Tsto(t))

]
(9)  

ẆORC(t) = 0 or ∈
[
Ẇmin, Ẇmax(Tsto(t))

]
(10)  

Q̇CB2dem(t) ∈ [0,min(Q̇CB,ava(Tsto(t), t), Q̇dem(t))] (11)  

in which Q̇CB,ava is time-dependent and calculated as in Eq. (12): 

Q̇CB,ava(t) =
Msto • cp • (Tsto(t) − TTH,dem(t))

Δt
(12)  

where Msto is the secondary fluid mass in the storage, cp is the fluid 
specific heat at constant pressure, TTH,dem is the thermal user tempera-
ture level, and Δt is the time step (15 min in this study to comply with 
the system inertia). 

Additional operating constraints of the HP/ORC systems are 
included as indicated by Eq. (13) and Eq. (14). The HP is not allowed to 
work if the storage temperature is higher than the maximum operating 
temperature (Top,max), while the ORC is prevented to run if the storage 
temperature is lower than the minimum operating temperature for the 
ORC (TORC,min). 

ẆHP(t) > 0 if Tsto(t) < Top,max(t) (13)  

ẆORC(t) > 0 if Tsto(t) > TORC,min(t) (14)  

2.2.2. The Carnot battery control logic numerical procedure 
The resolution of the problem is executed by iteratively running the 

routine shown in Fig. 5, and reducing in each iteration the DH substation 
size level. Until the CB manages to cover all the thermal demand peaks, 
the DH substation size is reduced in each iteration. When the CB is no 

longer able to satisfy all the thermal demand peaks, the process is 
concluded, and the DH minimum substation size is defined. As shown 
later in the results, the downsizing of the DH substation provides most of 
the revenues due to the CB intervention. The reasons lie in the strong 
variation of the thermal demand profile, which presents daily high and 
narrow peaks. Through the TES, even with a small volume, it is possible 
to cover these peaks allowing for a considerable reduction of the DH 
substation size, and thus of the investment cost. 

Once the DH substation size has been identified, the routine shown in 
Fig. 5 is run one more time to finally evaluate the economic benefit of 
adding the CB to the integrated system. The algorithm solves the prob-
lem by trying to maximize the annual gain, deciding to turn on/off the 
Carnot battery and/or switch between HP and ORC modes at each time 
step (15 min), according to the user demand profiles and the boundary 
conditions. Therefore, starting from a first attempt solution, the Carnot 
battery operation is simulated time step by time step, according to the 
detailed rule-based routine, shown in the flowchart in Fig. 5, and 
described below. 

In the control strategy, priority is given to the thermal discharge, i.e., 
to the possibility of covering the thermal demand peaks with the thermal 
energy available in the storage. Thus, if the thermal demand is greater 
than the DH substation size, it means that there is a peak which should 
be covered by the CB stored thermal energy. Therefore, the DH covers a 
part of the thermal demand equal to its maximum capacity (which is 
equal to the substation size), while the rest of the thermal demand is 
covered by the thermal power available in the CB TES. This CB operating 
mode is named “Thermal discharge” (Thdis = 1). 

Then, the instantaneous PV electric power production is compared 
with the actual demand. If the electric demand is not entirely covered by 
the renewable production, it is the case of power deficit. So, the surplus 
in the demand must be covered through the ORC electric production or/ 

Fig. 5. The thermally-integrated CB control procedure flowchart.  
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and electricity purchased from the grid. The convenience of running or 
not the CB, and if in ORC or HP mode, is assessed using the following 
rules: 

First, the routine checks the instantaneous electricity price and 
compares it to the average electricity price of the current day (in Fig. 5, 
this check is represented by Cel > Cel,ave(day)). The daily average elec-
tricity price is simply calculated as the arithmetic mean of the values 
assumed by the electricity price within the day in which the current time 
step is included. If the instantaneous price is higher than the average, it 
can be more convenient to run the ORC to minimize the electricity that 
must be purchased from the grid, and thus to minimize the associated 
cost. If the electricity price is low, it would be better to buy the whole 
needed electricity and store the thermal energy to convert it when the 
grid electricity price is higher, or for the thermal discharge. In this case, 
since the electricity price is low, it can be convenient to buy electricity 
from the grid to charge the storage through the HP. Therefore, if the HP 
operating limits (Eq. (9)) are respected and the storage is not fully 
charged (Eq. (13)), then the HP is run according to its “optimal control 
strategy” (see next subsection), i.e., according to the operating condi-
tions which maximize the HP COP. 

If the electricity price is high (and so it could be convenient to run the 
ORC), the algorithm checks if during the current time step the thermal 
discharge is occurring (in Fig. 5, this check is represented by Thdis = 1). 
If it occurs, the ORC is prevented from running, to avoid a further 
discharge of the storage with the risk of not covering the whole thermal 
demand peak. In other words, it is prevented the TES discharge through 
the ORC, to the detriment of the thermal demand peak shaving. 

Before discharging the storage with the ORC, the algorithm checks 
also if the storage available thermal power is enough to cover the next 
three days’ thermal demand peaks (in Fig. 5, this check is represented by 
Q̇CB,ava < 3 • ΔQ̇peak). This is a heuristic rule tuned by trial and error to 
reach a compromise to avoid buying too much electricity to satisfy the 
thermal demand peaks in the following days, in case of extended 
absence of the RES availability. 

If these three rules and the ORC operating limits (Eq. (10) and Eq. 
(14)) are respected, then the ORC is run according to its “optimal control 
strategy” (see next subsection), i.e., according to the operating condi-
tions which maximize the ORC efficiency, discharging the TES. 

If the renewable production overcomes the electric demand, it is the 
case of power surplus. Therefore, if the HP operating limits (Eq. (9)) are 
respected and the storage is not full (Eq. (13)), then the HP is run ac-
cording to its “optimal control strategy”, absorbing part or the entire 
renewable electricity production in surplus, to charge the TES. 

In case of power surplus and if the HP is not called to work (ẆHP =

0, because the storage is fully charged or the HP operating limits are not 
respected), the algorithm tests the possibility of running the ORC to 
produce a power surplus to sell to the grid. Again, before letting the ORC 
run, the algorithm checks i) the instantaneous electricity price, 
compared to the average price of that day, ii) the thermal discharge 
occurrence, and iii) the storage available thermal power at the current 
time step and to cover the next three days thermal demand peaks. 

Eventually, the energy balance on the TES provides the updated 
conditions of the storage in terms of temperature profile and availability 
of thermal energy. A detailed description of the storage model block is 
provided in the next subsection. Furthermore, the boundary conditions 
are assumed as constant over the time step interval, so the HP/ORC 
system operation varies with time, but it is assumed to work in “quasi- 
steady state” operation during the time step interval. 

2.3. Components modelling 

This subsection briefly describes and provides some references for 
the modelling of the CB main components. 

2.3.1. Reversible heat pump/organic Rankine cycle system 
The HP/ORC operation and performance are determined through 

lookup tables, representing the system performance maps, which allow 
the identification of the maximum efficiency operation under imposed 
boundary conditions. Considering the available temperature in the 
storage, the temperature of the cold source/sink and the electric power 
availability/demand, the lookup tables provide the HP/ORC operating 
conditions that maximize the COP/efficiency. The HP/ORC operating 
conditions are provided in terms of effective electric power absorption/ 
production, thermal power production/absorption, working fluid mass 
flow rate, and secondary fluids temperature glides (i.e., the secondary 
fluid temperature difference between heat exchangers inlet and outlet). 

The used lookup tables are obtained by simulating the reference HP/ 
ORC system in a wide range of operating conditions using a detailed off- 
design model based on a semi-empirical approach, in line with the off- 
design method modelling of micro-ORCs presented in [38] and repro-
duced and validated for another analysis in [39]. More in detail, the heat 
exchangers are modelled according to the moving boundaries method 
[40], the scroll compressor/expander is modelled according to the 
lumped parameter approach originally proposed by Lemort [41], the 
ORC pump is modelled according to [42], and the HP expansion valve is 
simply modelled as an isenthalpic expansion. A detailed description of 
the HP and ORC components modelling and the HP/ORC “optimal 
control strategy” is provided in section 4 in [23]. The HP/ORC model is 
calibrated and validated on the reversible prototype installed at the 
Thermodynamics Laboratory of the University of Liège (for the sake of 
brevity, the interested reader is invited to consult the dedicated exper-
imental work [43]). The performance of the reversible HP/ORC model is 
evaluated in Chapter 4 of the PhD Thesis [38], in which the mean 
average percentage error of the global model is assessed to be lower than 
2.5 %. The size of the system is rescaled to 10 kWe, considering the same 
efficiencies for the same boundary conditions, to meet the size of the 
new prototype that is being built at the University of Liège. 

2.3.2. Sensible thermal energy storage 
As a main component of the CB system, the sensible thermal energy 

storage has been modelled as a one-dimensional stratified water thermal 
energy storage tank. According to this approach, the tank is a vertical 
axis cylinder in which the water temperature varies only along the 
vertical direction, while the radial gradient is null. Thus, the storage 
volume is vertically discretized into a number n of equal-volume layers 
(Fig. 6), and inside each layer, the temperature is assumed as uniform 
[44]. The thermodynamic properties are allowed to vary between layers 
but not within a single layer, in accordance with the isothermal mixing 
zone methodology. Each layer is allowed to exchange energy with the 
adjacent layers through convection and diffusion, and with the tank wall 
through conduction. The energy conservation equation, applied to each 
layer, derives a system of n ordinary differential equations (Eq. (15)) 
[45]. 

Mstoi • cp • (Ti(t) − Ti(t − 1) )
Δt

= ṁch • cp • (Ti− 1(t) − Ti(t) )+ ṁdis • cp

• (Ti+1(t) − Ti(t) )

Fig. 6. Sensible TES discretization.  
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+α • Mstoi • cp •
(Ti+1(t) + Ti− 1(t) − 2Ti(t) )

Δx2 − U • Ai • (Ti(t) − Tamb ) (15)  

The left side of Eq. (15) shows the variation of the thermal energy in the 
i-th layer during time. Mstoi is the fluid mass in the layer, cp is the fluid 
specific heat at constant pressure, Ti(t) is the temperature in the layer at 
the current time step and Ti(t − 1) is the temperature at the previous time 
step, Δt is the time step. 

The right side of Eq. (15) presents all the contributions to the heat 
transfer occurring from one node to another and to the ambient. The first 
two terms represent the convection contributions occurring in the i-th 
layer, respectively during the charging and the discharging phases (see 
Fig. 6). The first term refers to the charging phase, when the fluid is 
forced to circulate from the top to the bottom of the tank, with a mass 
flow rate ṁch. The second term occurs during the discharging phase, 
when the fluid is forced to circulate from the bottom to the top, with a 
mass flow rate ṁdis. The third term at the right side considers the 
diffusion occurring between the i-th layer and each of its two neigh-
bours. α is the diffusivity coefficient, in m2/s, and Δx is the thickness of 
the layer. The last term is associated with the thermal power dissipated 
to the ambient by conduction through the tank wall (and convection/ 
radiation with the ambient at the other surface of the tank), where U is 
the global heat exchange coefficient through the wall, Ai is the i-th layer 
wall surface, and Tamb is the ambient temperature. 

The problem is solved numerically by adopting the upwind scheme 

[46], providing the temperature profile in the storage tank as a function 
of time. 

In the Annex, the storage temperature profile is shown for general 
weeks in winter (Fig. A2) and in summer (Fig. A3). Each colour line 
represents the temperature profile of a particular layer in which the 
storage volume is discretized. In summertime, the storage temperature is 
allowed to significantly decrease because the stored thermal energy is 
not required to satisfy the thermal demand, thus the ORC is allowed to 
exploit the stored energy whenever the electricity price makes it 
convenient, and the technical conditions are matched. In wintertime, the 
priority is given to the thermal discharge, and the need to operate it at 
the temperatures required by the user significantly constraints the ORC 
operation, and thus the TES temperature variation. 

2.4. Hypotheses and boundary conditions 

This subsection presents all the hypotheses and the parameters 
adopted in this study, as detailed in Table 1. 

2.4.1. User energy profiles 
The user’s energy profiles, namely the electric and the thermal de-

mands, derive from data collected in a 2000 m2 building, comprising 
laboratories and offices, at the University of Liège campus over a year. 
The electric and the thermal demands are mostly due to the lightening 
and the heating of the building. The user energy demand profiles are 
shown in Fig. 7 with the negative sign to highlight that they need to be 
compensated by the different involved subsystems (i.e., the PV panels, 
the grid, and the ORC for the electric demand; the DH substation and the 
CB storage for the thermal demand). The electric power is required 
during the full year, and it presents some peaks occurring during the 
working hours. The thermal demand is almost null during summer 
months, while in winter months it presents a high peak in the early 
morning of the working days. 

2.4.2. Photovoltaic solar panels and district heating 
A photovoltaic solar power plant, with a surface area equal to 2000 

m2, represents the renewable energy source. The solar panels surface is 
considered as oriented with the optimal angulation for Liège coordinates 
(40-degree slope and − 5-degree Azimuth), and a constant efficiency 
equal to 25 % is assumed for the PV plant. The renewable production 
(Fig. 7) is simulated considering the solar irradiance profile that 
occurred in Liège in 2020 [47]. In the present work, for the sake of 
simplicity and since the focus is the economic convenience of integrating 
the Carnot battery into a more complex system, the PV power plant has 
not been modelled in detail. Indeed, the renewable electricity produc-
tion varies directly with the irradiance profile, of a constant value equal 
to the product between the PV efficiency and the surface area. 

Table 1 
Hypothesis and simulation parameters.  

Reversible HP/ORC Nominal Power (kW) 10 
Max op. Temperature (◦C) 97 
ORC min op. Temperature (◦C) 60 
ORC cold sink Temperature (◦C) Tamb 

HP cold sink (free waste heat) Temperature (◦C) 60 
TES Volume (m3) 10 

Aspect ratio (-) 6 
N◦ of Mixing Zones (-) 20 
Wall Thermal Resistance (m2⋅ K/W) 10 
Initial Temperature (◦C) 95 
Max Temperature (◦C) 100 

PV Solar Panels Area (m2) 2000 
Efficiency (%) 25 

DH Min Temperature (◦C) 50 
Max Temperature (◦C) 85 

Cost parameters HP/ORC specific cost (€/kW) 2000 
Storage cost (€) Eq. (8) 
Lifetime (years) 30 
Discount rate (-) 0.04 
DH fee (€/kW) 631 
Thermal energy price (€/kWh) 0.07  

Fig. 7. Renewable production, ambient temperature, and user energy profiles.  
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Therefore, an average reduction of the PV efficiency can be perfectly 
compensated with an increase in the surface area. The hypothesis of PV 
constant efficiency is applied in this first analysis. A variable PV modules 
efficiency would modify the instantaneous electricity production 
compared to the case with the constant efficiency hypothesis. However, 
a reduction of the PV surface area does not significantly affect the 
overall economic gain (it will be shown in the ‘Results and Discussion’ 
section), but only the cost distribution between the electricity bought 
from the grid and the renewable electricity consumed by the HP. In any 
case, this simplification could be removed in a future study, imple-
menting a model of the PV power plant, to assess the impact of variable 
efficiency on the yearly distribution of the operating costs. 

An interesting alternative is to consider photovoltaic thermal panels, 
instead of the base PV technology. In this case, the panels efficiency is 
typically high, and the renewable energy source provides both the 
electricity to satisfy the user’s electric demand, and a thermal booster for 
the HP performance improvement. The application in DH of PV thermal 
panels in combination with HP is being extensively investigated [48], 
since the PV thermal alone does not reach the temperature levels 
required by conventional DH networks like the one already imple-
mented in the reference campus. For example, Obalanlege et al. [49] 
analyse an integrated system composed of a PV thermal panel, a water 
tank and a HP for residential space heating and electricity provision. Mi 
et al. [50] investigate the economic convenience of integrating a PV 
thermal power plant with a HP to feed a DH network in Dalian, China, 
and they demonstrate that the proposed system could bring significant 
improvements in the system efficiency and costs. They show that the PV 
thermal HP requires only 30 % of the equivalent consumption of an air 
source heat pump and 12 % of an electric boiler. Therefore, PV thermal 
technology is an interesting upgrading of base PV technology for tertiary 
sector applications addressing both thermal and electrical energy de-
mands. The adoption of a CB as energy storage in such a context is the 
most reasonable. Indeed, even if the use of Li-ion batteries would ensure 
higher roundtrip efficiency and energy density, and lower long-term 
costs, they present higher medium costs and sustainability issues for 
manufacturing and recycling. Parra et al., in their techno-economic 
comparison [51] among the use of Li-ion batteries, lead-acid batteries 
and hot water storage tanks for PV storage systems, find that the hot 
water tanks are the most economical option in the UK. Furthermore, also 
according to Pakere et al. [52], it is economically convenient to convert 
excess electricity into heat when the market electricity price is low. 
Eventually, adopting a different electric energy storage system in the 
reference university building application, it would be necessary to also 
include another thermal production system (i.e., a solar thermal col-
lector) to support the DH during the peaks in the thermal demand. 

The district heating substation that covers the reference building 
thermal demand works at temperatures between 50 and 85 ◦C, which 
are lower than the campus DH primary circuit temperatures (>100 ◦C), 
as also shown in Fig. 4. Therefore, the thermal user temperature level is 
constrained below 85 ◦C. The DH supply (upstream the thermal user) 
and return (downstream the thermal user) branches temperature pro-
files adopted derive from the data collected for the reference university 
campus building (see Fig. A1 in the Annex). 

2.4.3. Carnot battery system and the free waste heat 
The reversible HP/ORC system has a nominal electrical power of 10 

kWe, and it works with HFO-1233zd(E), a high-performing, non-flam-
mable, ultra-low GWP (less than1 [53]) refrigerant. The 10 kWe-sized 
test bench that is currently being installed at the Thermodynamics 
Laboratory of the University of Liège is considered as reference. The hot 
ORC source/HP sink temperature level varies in the range between 60 
and 97 ◦C. The upper limit is set to avoid reaching temperatures much 
higher than the DH substation operating temperatures (50–85 ◦C) and 
the thermal user demand temperature, which would unnecessarily 
decrease the HP performance. The lower bound corresponds to the 
minimum hot source level of temperature at which the ORC is allowed to 

work, to avoid reaching extremely low conversion efficiency. Regarding 
the cold ORC sink/HP source temperature, the ORC condenser operates 
with water at the external ambient temperature (the ambient tempera-
ture profile in Liège in 2020 [47] is considered, shown in Fig. 7). The HP 
works with a lower temperature lift (temperature difference between the 
hot sink and the cold source) to increase its performance, resulting in a 
thermally integrated CB. The evaporator in HP mode works with ther-
mal energy available at 60 ◦C and coming from a free waste source or 
from the DH substation (both cases are analysed and discussed in the 
results section). The considered free waste heat source may have several 
origins in a university campus. One of the most abundant waste heat 
sources is the thermal energy released by the data centers, widely pre-
sent in the reference campus. Data centers work almost uninterruptedly, 
and the liquid cooling allows to reach return hot water temperatures of 
50–60 ◦C [54], in line with the requirements for the reference 
application. 

2.4.4. The thermal energy storage reservoir 
The storage is a water cylindrical tank of 10 m3 and with an aspect 

ratio of 6. The volume is discretized into 20 layers, as a good compro-
mise between accuracy in the TES temperature profile and computa-
tional effort. Indeed, it has been observed that the temperature profiles 
of the layers do not significantly change with a number of layers of 20 or 
greater, while the computational time significantly increases (see 
Fig. A4 in the Annex). The wall thermal resistance is set at 10 m2⋅ K/W, 
according to [55]. The maximum temperature is limited to 97 ◦C, in line 
with the constraint imposed on the reversible HP/ORC system opera-
tions, while the initial temperature is set to 95 ◦C. 

2.4.5. Cost correlations and electricity price profiles 
To perform the economic analysis, an estimation of the investment 

costs for the reversible HP/ORC system and the storage tank has been 
assessed. For the reversible HP/ORC plant, a single specific cost of 2000 
€/kWe has been considered (assuming a size of 10 kWe in HP mode. The 
HP/ORC investment cost hypothesis is high compared to the estimated 
costs of ORC projects in past studies [56], although the price range for 
heat pump and Rankine cycle technologies assumed in a recent study on 
CB [13] is in line with the current investigation. The assumed costs are in 
view of an industrial production, rather than costs of a prototype, 
considering rescaling the system to a larger size. For this purpose, a 
sensitivity analysis has been performed by varying the reversible HP/ 
ORC specific cost for the investment. 

The storage investment cost is calculated through Eq. (16) [57], 
where V is the TES volume in m3: 

ITES = log(V) − 0.002745 • V2 + 902.6 • V + 7061 (16)  

Moreover, the lifetime of the CB is assumed equal to 30 years and the 
discount rate is set at 0.04 [58]. 

The DH substation specific investment cost (CDH,fee) is considered 
equal to 631 €/kWth since the DH substation size is in the range between 
200 and 1200 kW [59]. This value, multiplied by the difference between 
the original DH substation size and the new one (Δsizesub), provides the 
economic saving which can be obtained in the investment cost of the DH 
substation. Furthermore, the purchase price of the DH thermal energy 
has been set constant and equal to 0.07 €/kWh, as provided by the grid 
regulator [59]. 

The hourly spot market profile in Belgium in 2021 [60] is adopted as 
the reference electricity price profile. In the first part of that year the 
daily average prices were similar to the one occurring in the years 
before, while in the second part of the year, the price of the electricity 
increased to the average values that occurred in 2022. Therefore, the 
year 2021 for the electricity price profile has been chosen as a 
compromise between the previous years, in which the prices were lower, 
and 2022, in which the electricity price increased significantly. The 
considered electricity purchase price (Cpur) is increased of a value of 0.12 
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€/kWh (Δpriceref = Cpur − Csale) compared to the electricity sale price 
(Csale) (assumed equal to the spot market profile). These data are related 
to the reference case study, but a sensitivity analysis varying the elec-
tricity cost has been performed and discussed in the results section. The 
electricity price profiles for the year 2021 are shown in Fig. A5 in the 
Annex. 

2.5. Performance indicators 

To evaluate the techno-economic performance, resulting from the 
integration of a reversible HP/ORC Carnot battery with a DH substation 
and a PV power plant, some relevant energy and economic indicators are 
introduced in this study. 

The performance indexes related to the CB operation are as follows: 
The annual electric energy terms (in kWh) consumed by the HP (EHP) 

and produced by the ORC (EORC), obtained as the sum of respectively the 
electric power consumption (ẆHP) occurring in HP mode operation and 
the electric power production (ẆORC) occurring when the CB works in 
ORC mode: 

EHP =
∑

ẆHP •
Δt

3600
(17)  

EORC =
∑

ẆORC •
Δt

3600
(18)  

The annual thermal energy terms (in kWh) produced by the HP (QHP) 
and absorbed by the ORC (QORC) obtained as the sum of respectively the 
thermal power production (Q̇HP) in HP mode operation and the thermal 
power consumption (Q̇ORC) in ORC mode: 

QHP =
∑

Q̇HP •
Δt

3600
(19)  

QORC =
∑

Q̇ORC •
Δt

3600
(20)  

The average coefficient of performance (COPave) and the average effi-
ciency (ηave), defined respectively for the HP mode and for the ORC 
mode according to Eq. (21) and (22). They are obtained respectively as 
the ratio between the thermal energy produced by the HP (QHP) and the 
electric energy consumed by the HP (EHP), and the ratio between the 
electric energy produced by the ORC (EORC) and the thermal energy 
absorbed by the ORC (QORC): 

COPave =
QHP

EHP
(21)  

ηave =
EORC

QORC
(22)  

Since part of the thermal energy produced by the HP and stored in the 
TES is used to satisfy the thermal demand, an additional performance 
indicator is the thermal energy directly discharged to the thermal user 
(QCB2dem). The HP thermal energy consumption (QHP,DH) is also consid-
ered. This quantity gains importance especially if the HP cold source is 
not free waste heat, but thermal energy purchased from the DH, thus 
with an economic cost. 

QCB2dem =
∑

Q̇CB2dem •
Δt

3600
(23)  

QHP,DH =
∑

Q̇HP,DH •
Δt

3600
(24)  

The CB running hours include the number of operating hours both in HP 
mode and in ORC mode. 

The CB roundtrip efficiency (RTE), defined as the ratio between the 
electricity reconverted by the ORC (EORC) and the portion of electricity 

stored in the CB that will be returned by the ORC 
((QHP − QCB2dem)/COPave): 

RTE =
EORC

(QHP − QCB2dem)/COPave
(25)  

The effectiveness of integrating the CB with PV panels, to limit the 
mismatch between the electric power production and the user demand, 
is evaluated through the following indicators [61]: 

The self-consumption rate (γcons), which is defined as the fraction of 
electric energy consumed by the user, including the HP consumption 
that has been covered by the renewable production, including the ORC 
reconverted electricity. 

γcons =

∑
min

(
Econs,Eprod

)

∑
Econs

(26)  

The self-production rate (γprod), defined as the fraction of electric energy 
produced by the renewable production, including the ORC that has been 
consumed by the user and the HP. 

γprod =

∑
min

(
Econs,Eprod

)

∑
Eprod

(27)  

where Econs is the sum of the electric demand and the HP electric con-
sumption, and Eprod is the sum of the PV panels production and the ORC 
electric production. In the results section, γcons and γprod are compared to 
the case without the CB intervention. 

Finally, the economic benefit of adding the CB to the integrated 
system, consisting of the PV power plant and the DH substation to satisfy 
the user thermal demand, is highlighted as follows: 

The DH substation downsizing (Δsizesub), defined as the difference 
between the DH substation size without CB (DHsizewoCB) and with CB 
(DHsizewCB) (Eq. (28)). It provides an economic benefit in terms of saving 
in the DH substation investment cost (ΔIDH), proportional to the DH fee 
(CDH,fee) (Eq. (29)): 

Δsizesub = DHsizewoCB − DHsizewCB (28)  

ΔIDH = Δsizesub • CDH,fee/lifetime (29)  

The annual differential economic gain, Δgain, (Eq. (1)) which is the 
difference between the economic benefit obtainable in the two sce-
narios, namely with and without the Carnot battery intervention in the 
integrated system. 

The payback period (PB) [62] and the discounted payback period 
(DPB). They are evaluated by equalling the CB investment cost, namely 
the reversible HP/ORC investment cost (IHP/ORC) and the storage in-
vestment cost (ITES), to respectively the differential economic gain (Eq. 
(30)) and the actualized differential economic gain (Eq. (31)), in which 
the discount rate r is considered. 

PB =
IHP/ORC + ITES

Δgain
(30)  

∑DPB

t=1

Δgain
(1 + r)t = IHP/ORC + ITES (31)  

3. Results and discussion 

Results are provided and compared for the two reference cases in 
terms of the HP cold source, namely the “free waste heat” (1st reference 
case) and the “thermal integration with DH” (2nd reference case). 
Moreover, the control optimization is highlighted, showing the results 
obtainable when changing some rules in the control flowchart, for the 
first case. Furthermore, sensitivity analysis varying the PV plant surface 
area, the storage volume, the electricity price profile, and the reversible 
HP/ORC investment cost is presented. 
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3.1. Reference cases results 

The two reference cases differ for the HP cold source. Indeed, in the 
1st case, the HP evaporator absorbs thermal energy from available free 
waste heat, while in the 2nd case, the thermal energy to the evaporator 
is provided by the DH return branch. The simulation results of the two 
reference cases are discussed and compared in the current section. 

3.1.1. 1st reference case: Free waste heat as heat pump cold source 
The additional revenues and expenses due to the integration of the 

Carnot battery with a PV power plant and a DH substation, to satisfy the 
reference thermal and electric user demands, are shown in Fig. 8. Most 
of the revenues are provided by the reduction of the DH substation size, 
which allows for significantly lower investment costs. Indeed, over 7000 
€ of yearly revenues, more than 5000 € are due to the downsizing of the 
DH substation. In contrast, the gain directly obtained with the CB 
thermal energy, covering the demand instead of buying it from the DH, 
is almost negligible. Therefore, the gain due to the CB intervention with 
the DH is nearly totally provided by the significant reduction of the DH 
investment costs, rather than the operating costs. The other revenues are 
due to the ORC production for self-consumption, to a greater extent, and 
a small part for selling to the grid. Concerning the expenses, they are 
associated with the CB investment cost and the HP electricity con-
sumption, both from the grid and the PV production, which is not sold to 
the grid. 

Table 2 shows the CB annual performance highlighting the contri-
bution of the three different modes (HP mode, ORC mode, and thermal 
discharge mode). The HP charges the storage for about 1630 h during a 
year of operation, producing 78,843 kWh of thermal energy. The HP 
thermal production is mostly used as input for the ORC and reconverted 
into 5280 kWh of electricity. The ORC operates for about 1506 h with an 
average efficiency of 8.42 %. A small fraction of the stored heat (1943 
kWh) is directly sent to the thermal user in pure thermal discharge 
mode, to cover the early morning thermal demand peaks. The thermal 
peak shaving effect (see also Fig. A6 in the Annex) allows for a down-
sizing of the DH substation. In particular, the Δsizesub term is equal to 
269.5 kW, corresponding to almost half of the peak demand 575.1 kW 
(size required to cover the entire thermal demand without the CB). 
Fig. A7 in the Annex shows the electric power profile in a general 
summer week, for comparison purpose. Concerning the electricity bal-
ance of the plant, about 44 % of the electricity demand is covered by the 
renewable production, and 9.5 % of the PV production is consumed by 
the user. Both the self-consumption rate and the self-production rate 
increase, in comparison with a scenario without the CB (41.8 % and 8.03 
% respectively). This result shows that the CB operates as an electricity 
storage device, i.e., it limits the mismatch between the renewable pro-
duction and the user consumption. Eventually, in this reference case, the 
calculated PB is equal to 8.5 years and the DPB is close to 10 years. 

Fig. 8. Carnot battery annual revenues and expenses for the 1st reference case: 
R1 – ORC surplus sale, R2 – ORC self-consumption, R3 – DH downsizing saving, 
R4 – Q CB2dem, C1 – HP consumption from PV, C2 – HP grid consumption. 

Table 2 
Annual results for the 1 st reference case.  

Mode Charge - 
HP 

Discharge - 
ORC 

Thermal 
discharge 

COP/efficiency (-)/(%) 4.84 8.42 – 
Electrical energy (kWh) 16,300 5280 – 
Thermal energy (kWh) 78,843 62,735 1943 
Running hours (h) 1630 1506 28.5 
Roundtrip efficiency,RTE(%) 33.2 – 
DH downsizing, Δsizesub (kW) 269.5 (size without the CB intervention: 575.1) 
Self-consumption rate, γcons 

(%) 
44.3 (41.8 without the CB intervention) 

Self-production rate, γprod (%) 9.49 (8.03 without the CB intervention) 
PB (years) 8.59 
DPB (years) 10.2  

Fig. 9. Carnot battery annual revenues and expenses for the 2nd reference case: 
R1 – ORC surplus sale, R2 – ORC self-consumption, R3 – DH downsizing saving, 
R4 – Q CB2dem, C1 – HP consumption from PV, C2 – HP grid consumption, C3 – 
HP heat consumption. 

Table 3 
Annual results for the 2nd reference case.  

Mode Charge - 
HP 

Discharge - 
ORC 

Thermal 
discharge 

COP/efficiency (-)/(%) 4.85 8.49 – 
Electrical energy (kWh) 19,860 6701 – 
Thermal energy (kWh) 96,294 78,919 510 
Running hours (h) 1986 1849 12 
Roundtrip efficiency,RTE(%) 33.9 – 
DH downsizing, Δsizesub (kW) 197.8 
Self-consumption rate, γcons 

(%) 
44.8 

Self-production rate, γprod (%) 9.79 
PB (years) – 
DPB (years) –  
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3.1.2. 2nd reference case: District heating thermal energy as heat pump cold 
source 

In the “thermal integration with DH” scenario, the CB economic 
benefit is also affected by the purchase cost of heat from the DH. As 
shown in Fig. 9 (b), the HP thermal energy consumption is responsible 
for the largest cost contribution, leading to a value of the expenses more 
than double of the costs term in the 1st case. 

A decrease in the revenues also occurs because of a reduction in the 
DH substation downsizing. Since the CB absorbs thermal energy from 
the DH when operating in HP mode, the HP is not allowed to work when 
the thermal discharge mode occurs. The DH substation is already 
exploited at its nominal power, so it is not able to provide thermal en-
ergy to the HP. Therefore, the HP is not allowed to provide a booster to 
the TES when the thermal discharge occurs, preventing a further 
downsizing of the DH substation. Indeed, as reported in Table 3, the DH 
substation downsizing is only of 198 kW. However, a larger size of the 
DH substation requires the CB to cover only the highest peaks, therefore 
a larger amount of thermal energy is available during the rest of the day 
to run the ORC, whose production results increased in this 2nd case, 
rather than in the 1st case. To compensate for the increase of the ORC 
running hours, an increment of the HP working hours and consumption 
occurs. 

According to the results of the analysis of the 2nd case, the inte-
gration of the CB with a DH substation when waste heat is not available, 
and absorbing thermal energy from the DH to run the HP, is not 
economically convenient (i.e., the expenses are larger than the revenues, 
under the considered boundary conditions). Therefore, this case is not 
further considered in the rest of the paper, but only the graphs with 
guidelines are shown in the Annex. 

3.2. Effect of control optimization 

This subsection aims to give evidence of the benefits added by the 
constraint on the electricity price and the HP grid consumption in the 
control strategy. A comparison of the annual economic performance 
when the CB is integrated with the reference system (1st case) is 
discussed. 

Fig. 10(a) shows the annual revenues and expenses provided by the 
CB when the constraint on the electricity price (Cel < Cel,ave(day)) is 
removed (see Fig. 5). Letting the ORC discharge the storage as soon as 
possible, without waiting for a higher electricity price (within a day), 
slightly increases the ORC production because there are fewer con-
straints on the ORC operation. More in detail, the economic gain due to 
the production for self-consumption decreases, while the gain from the 
electricity sold by the ORC slightly increases (see Fig. 8 for comparison). 
Furthermore, the cost of the HP electricity increases significantly to 
compensate for the higher ORC production, and because electricity is 
purchased also when the price is high. The HP renewable electricity 
consumption increases because the removal of the electricity cost 
constraint lets both the HP and ORC work alternatively and more 
frequently. For this reason, the ORC production for selling increases. 
Eventually, the DH substation downsizing is not affected by this varia-
tion in the control algorithm. As a result, the removal of the electricity 
cost constraint reduces the economic benefit provided by the CB inter-
vention, and thus increases its PB period, which is assessed to be about 
11 years (Table 4). 

To avoid the increase in the HP cost, the possibility of purchasing 
electricity from the grid to feed the HP may be removed. Fig. 10(b) 
shows the annual revenues and expenses provided by the CB when both 
the constraint on the electricity price and the possibility of feeding the 
HP with electricity from the grid (HP grid consumption) are removed. 
The DH substation downsizing significantly decreases (Table 4), thus the 
economic benefit associated with it is lower than in the reference case 
(Fig. 8). Reasons lie in the absence of the possibility to charge the storage 
and boost the thermal production of the CB, also when the solar radia-
tion is too low or absent. Therefore, the CB can shave only a smaller part 
of the thermal demand peaks. Because of the larger size of the DH 
substation, less thermal energy is provided by the CB, and only the 
highest peaks are covered by the energy stored in the TES. As a result, a 
larger amount of thermal energy is available to run the ORC, whose 
production increases (Fig. 10(b)). Furthermore, the absence of the HP 
grid consumption reduces the overall HP consumption costs, but it in-
creases the self-consumption of the electricity produced by PV panels. 
With this hypothesis in the control algorithm, the PB period results 
higher than 12 years. 

Fig. 10. Carnot battery annual revenues and expenses when removing (a) the electricity price constraint and (b) the possibility of feeding the HP with electricity 
from the grid. 

Table 4 
Results for the comparison of the CB annual economic performance when the 
control strategy is modified.   

Without electricity 
price constraint 

Without the possibility of feeding 
the HP with electricity from the 
grid 

DH downsizing, 
Δsizesub (kW)  

269.5  180.3 

Self-consumption 
rate, γcons (%)  

46.1  53.9 

Self-production rate, 
γprod (%)  

10.3  12.2 

PB (years)  10.9  12.6 
DPB (years)  13.9  17.0  
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Removing the constraint on the electricity price and the HP grid 
consumption, both the self-consumption and the self-production rates 
increase (Table 4), because of the larger exploitation of the renewable 
production by the HP. 

As a conclusion of this analysis, despite the increase in the self- 
consumption, a decrease in the economic profit is observed when the 
instantaneous electricity price is not considered in the regulation strat-
egy and the HP is prevented from absorbing electricity from the grid. 

3.3. Effect of the photovoltaic panels surface 

A parametric analysis varying the photovoltaic power plant surface 
area has been performed to analyse the system performance variation 
varying the renewable energy input. The analysis is shown for the 1st 
reference case (the 2nd is in the Annex), varying the PV panels area from 
250 to 2000 m2 with a step of 250 m2. Smaller surfaces are not shown in 
the analysis because too small for the reference CB to provide an eco-
nomic benefit. Larger surfaces have not been considered, since the aim is 
to try decreasing the PV area compared to the reference cases, and thus 

to reduce the PV investment cost. 
Fig. 11 shows the annual revenues and expenses associated with the 

CB when varying the PV panels area, in the case in which free waste heat 
is available as the HP cold source. Both the revenues and the expenses 
are almost constant. Only in the case when the PV panels area is 250 m2, 
the HP consumption is slightly higher than in the other cases. The in-
crease of the PV surface results in a larger renewable production, which 
can be stored in the CB until the HP does not work at its full capacity. 
Indeed, in the first two cases with the smallest PV surface, the per-
centage of the HP renewable consumption over the whole HP con-
sumption is lower than in the other cases, in which this value tends to 
flatten. More in detail, with a PV panels area of 250 m2 the HP renew-
able consumption represents 22 % of the whole HP consumption, when 
the PV panels area is increased to 500 m2 the HP renewable consumption 
rises to 29 %, for larger PV surfaces this ratio remains always between 31 
and 34 %. 

Furthermore, as shown in Table 5, the self-consumption rate in-
creases with the PV surface, and the self-production rate decreases. The 
reason is due to the increase of the renewable production, which can 

Fig. 11. Carnot battery annual revenues and expenses when varying the PV surface for the 1st reference case.  

Table 5 
Annual results when varying the PV surface for the 1st reference case.  

PV surface (m2) 250 500 750 1000 1250 1500 1750 2000 

DH downsizing, Δsizesub (kW)  269.5  269.5  269.5  269.5  269.5  269.5  269.5  269.5 
Self-consumption rate, γcons (%)  30.9  36.9  39.7  41.3  42.4  43.2  43.8  44.4 
Self-production rate, γprod (%)  50.2  30.8  22.3  17.5  14.4  12.3  10.7  9.49 
PB (years)  8.64  8.56  8.57  8.57  8.57  8.59  8.60  8.59 
DPB (years)  10.3  10.2  10.2  10.2  10.2  10.2  10.2  10.2  

Fig. 12. Carnot battery annual revenues and expenses when varying the PV surface for the 1st reference case when removing the electricity price constraint and the 
possibility of feeding the HP with electricity from the grid. 
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cover a larger part of the electric demand. 
When removing the HP grid consumption, the DH substation 

downsizing is affected by the PV panels area reduction only for the two 

cases with the smallest surfaces (Fig. 12). In these two cases, the lower 
availability of renewable electricity prevents the HP from running at its 
full capacity to produce the required thermal energy to further downsize 
the DH substation. Both the HP consumption and the ORC production 
slightly increase from the first case, and then they both tend to flatten. 
The PB period of the CB decreases until an increase of the DH substation 
downsizing occurs, then it slightly increases due to the higher HP con-
sumption, which is not entirely compensated by the slight increment of 
the ORC production (Table 6). 

The same sensitivity analysis applied in the 2nd reference case 
(Fig. A8 of the Annex) accounts for the cost associated with the HP heat 
absorption. As a general conclusion, the CB techno-economic 

Table 6 
Annual results when varying the PV surface for the 1st reference case when removing the electricity price constraint and he possibility of feeding the HP with electricity 
from the grid.  

PV surface (m2) 250 500 750 1000 1250 1500 1750 2000 

DH downsizing, Δsizesub (kW)  111.3  146.7  180.3  180.3  180.3  180.3  180.3  180.3 
Self-consumption rate, γcons (%)  37.9  44.8  48.4  50.5  51.7  52.6  53.4  53.9 
Self-production rate, γprod (%)  61.9  38.5  28.3  22.4  18.5  15.8  13.8  12.2 
PB (years)  19.5  14.9  11.9  12.2  12.3  12.4  12.5  12.6 
DPB (years)  35.2  21.7  15.6  16.1  16.4  16.6  16.8  17.0  

Fig. 13. Carnot battery annual revenues and expenses when varying the storage volume for the 1st reference case.  

Table 7 
Annual results when varying the storage volume for the 1st reference case.  

Storage volume (m3) 7 10 13 16 

DH downsizing, Δsizesub (kW)  235.5  269.5  300.0  300.0 
Self-consumption rate, γcons (%)  43.7  44.4  44.7  45.6 
Self-production rate, γprod (%)  9.12  9.49  9.71  10.1 
PB (years)  9.04  8.59  8.22  9.01 
DPB (years)  10.9  10.2  9.70  10.8  

Fig. 14. Carnot battery annual revenues and expenses when varying the electricity price of an offset for the 1st reference case.  

Table 8 
Carnot battery payback period when varying the electricity price of an offset for the 1st reference case.  

Electricity price offset (€/kWh) − 0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 

PB (years)  7.59  8.59  9.88  11.6  14.1  18.0  24.9 – 
DPB (years)  8.81  10.2  12.2  15.1  20.0  30.2  – –  
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performance is rather insensitive to the PV panels surface. This is 
because the CB energetic performance is mostly dependent on the 
temperature levels, while the economic performance is strongly related 
to the DH substation downsizing, which is not affected by the renewable 
electricity production, especially when the possibility of absorbing 
electricity from the grid to run the HP is considered. 

3.4. Effect of the thermal energy storage volume 

Since the CB is classified as an energy storage and its capacity is 
strictly dependent on the TES volume, a sensitivity analysis varying the 
storage volume has been conducted, to investigate how it affects the 
overall performance and the economic convenience of the system. The 
storage volume has been varied from 7 to 16 m3 with a step of 3 m3. The 
results are discussed below only for the 1st case, while for the 2nd case 
please refer to Fig. A9 in the Annex. 

Fig. 13 shows the annual revenues and expenses associated with the 
CB varying the storage volume. The increase of the TES capacity allows 
the storage of a greater amount of thermal energy that can be used to 
cover a higher part of the thermal demand peaks, further reducing the 
DH substation size and the associated investment costs. However, the 
DH downsizing does not increase monotonically with the storage vol-
ume (Table 7). It stops when the CB can cover the whole early morning 
peak, and further downsizing would require satisfying part of the ther-
mal demand with the CB during the whole wintertime day. The HP 
consumption (from both PV production and grid) and the ORC pro-
duction increase because the increment of the storage capacity allows 
the HP to produce a larger amount of thermal energy, which is then used 
for the thermal demand peak shaving and the ORC discharge phase. 
Furthermore, the annual expenses increase with the storage volume, also 
because of the increase of the investment cost. As shown in Table 7, the 
payback period decreases with the storage volume until a reduction of 
the DH substation size occurs, but, after that, it increases due to the 

higher investment cost of the storage, which is not compensated by a 
significant increase in the annual gain. Eventually, both the self- 
consumption and the self-production rates slightly increase, the first 
because of the increase of the HP consumption, the second due to the 
higher ORC production. 

To conclude, there is an optimal storage size that minimizes the 
payback period for each application. In this case, the optimal storage 
size is 13 m3, and it is the result of a compromise between the profit 
provided by a higher storage capacity and the increase in the investment 
costs. The optimal size is strictly dependent on both the CB nominal 
power and the intensity of the thermal demand peaks to be shaved. 

3.5. Effect of the electricity price profiles 

A further sensitivity analysis has been performed by varying the 
electricity price, simulating two scenarios. With the first scenario, the 
aim is to simulate an increase (or decrease) of the average electricity 
price, without affecting the difference (Δpriceref ) between the purchas-
ing and selling prices. Therefore, the purchasing and selling electricity 
price profiles are corrected of a certain offset (which corresponds to the 
variation of the average electricity price), according to Eq. (32). 

Cel,sale = reference spot market profile (2021) + offset (€/kWh)
Cel,pur = reference spot market profile (2021) + Δpriceref + offset (€/kWh)

(32) 

Fig. 14 shows the annual revenues and expenses obtainable with the 
1st reference case hypothesis but correcting the electricity price profiles 
according to Eq. (32). The DH substation downsizing is not influenced 
by the electricity price variation, so the associated gain results to be 
constant. Indeed, the DH substation downsizing profit is proportional to 
the DH fee, which is assumed as constant. Varying the average electricity 
price, both the ORC production revenues and HP consumption costs 
increase. However, the latter increases more than the former because the 

Fig. 15. Carnot battery annual revenues and expenses when varying the electricity price difference between purchasing and selling for the 1st reference case.  

Table 9 
Carnot battery payback period when varying the electricity price difference between purchasing and selling for the 1st reference case.  

Electricity price difference (€/kWh) 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 

PB (years)  7.83  8.19  8.59  9.02  9.51  10.0  10.6  11.3 
DPB (years)  9.13  9.65  10.2  10.9  11.6  12.5  13.4  14.6  

Table 10 
Carnot battery payback period when varying the reversible HP/ORC specific investment cost.  

HP/ORC investment cost (€/kW)  500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

PB (years)   5.02  6.21  7.40  8.59  9.77  11.1  12.2  13.3  14.5  15.7 
DPB (years)   5.47  6.95  8.54  10.2  12.0  14.0  16.1  18.4  20.9  23.7  
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HP consumption is always higher than the ORC production. Conse-
quently, the increase in the average electricity price results in a reduc-
tion of the annual economic gain and an increase in the PB period 
(Table 8). Furthermore, if the DH fee and the thermal energy price are 
kept constant, the flexibility on the thermal side provided by the CB 
loses weight in the economic gain computation, when the electricity 
price increases. 

The results for the 2nd reference case are shown in the Annex in 
Fig. A10, and follow the same trend of the results for the 1st case. The HP 
heat consumption does not vary with the electricity price because the HP 
energy consumption and the thermal energy price are constant. 

The second scenario aims at simulating a variation in the price dif-
ference (Δprice) between the electricity purchasing and selling price. 
Thus, in this scenario, the selling price profile is assumed fixed and al-
ways equal to the reference case profile, while the purchasing price is 
corrected varying the difference (Δprice) with the selling price profile, 
according to Eq. (33). 

Cel,sale = reference spot market profile (2021) (€/kWh)
Cel,pur = reference spot market profile (2021) + Δprice (€/kWh) (33) 

Fig. 15 shows the results of the sensitivity analysis for the 1st 
reference case when varying the electricity price difference (Δprice) 
between the purchasing and selling profiles, according to Eq. (33). As in 
the previous analysis, the reduction of the DH size, the thermal demand 
covered by the CB and the CB investment cost remain constant. 
Furthermore, since the electricity price profile for sale does not vary in 
this sensitivity analysis, the ORC revenues due to the sale surplus and the 
HP renewable consumption result to be constant. The only economic 
indexes that increase are the revenues due to the ORC production for 
self-consumption and the expenses due to the HP grid consumption. 
Since the HP consumption is higher than the ORC production, when 
increasing the purchasing price, the expenses increase more than the 
revenues, resulting in a lower gain and higher PB period (Table 9). To 
conclude, in this case, the more the purchasing price is similar to the 
selling price, the higher the gain because most of the revenues come 
from the DH substation downsizing. 

In the Annex, the results for the 2nd reference case are presented in 
Fig. A11. As a general conclusion for this subsection, an increase in the 
electricity price reduces the CB economic convenience (i) because the 
improved flexibility on the thermal side loses weight in the economic 
gain computation, and (ii) because the HP consumption costs increase 
more than the ORC production revenues. 

3.6. Effect of the reversible heat pump/organic Rankine cycle specific 
investment cost 

Eventually, a sensitivity analysis has been accomplished by varying 
the reversible HP/ORC specific investment cost from 500 to 5000 €/kW. 
The system investment cost is a fixed cost (capital expenditure), there-
fore it does not influence the scheduling and the operation of the CB in 
the integrated system. As a result, the CB yearly gain, which is deter-
mined by the operating cost, is not affected by a change in the system 
investment cost, which has an impact only on the simple and discounted 
payback period. Table 10 shows the PB and DPB period obtained by 
varying the reversible HP/ORC specific investment cost and considering 
the storage investment cost as constant. 

Even though the CB investment cost is a parameter that does not 
influence the control strategy developed and presented in this work, it 
strongly affects the economic feasibility of the proposed integration. 
Heat pump and organic Rankine cycle are mature and well-known 
technologies, so the limitations from the commercial point of view are 
mostly related to the investment cost. 

4. Conclusions 

This study aims to present a detailed rule-based control strategy to 
schedule the operation of a 10 kWe-size reversible HP/ORC Carnot bat-
tery in an integrated system, composed of a DH substation and a PV power 
plant, to satisfy a user’s thermal and electric demand. The control strategy 
is defined to maximize the economic benefit obtainable through the CB 
intervention in the integrated system during annual operation, consid-
ering the daily variation of the electricity spot market price. The thermal 
energy stored in the CB allows for shaving the early morning peaks 
occurring in the thermal demand, allowing for a significant downsizing of 
the DH substation, with considerable savings in the investment costs. The 
CB off-design model is based on a semi-empirical approach, it is validated 
on the test-bench available at the Thermodynamics Laboratory of the 
University of Liège, and it is rescaled to 10 kWe. Variable boundary 
conditions are assumed to evaluate the overall performance. The user 
electric and thermal energy profiles derive from data collected in a 
building of the University of Liège campus, the solar irradiance and 
ambient temperature profiles are ones registered in Liège during the year 
2020, and the electricity price derives from the Belgian spot market 
profile in 2021. Furthermore, two cases of the reference system, different 
for the HP cold source, are analysed. In the first case, the HP absorbs 
thermal energy from free waste heat at a constant temperature, which is 
assumed to be always available and completely free of charge. In the 
second case, the HP evaporator absorbs thermal energy from the return 
branch of the DH substation, so there is an additional cost for it. 

The main findings of this work are summarized as follows: 

• According to the simulation results, in the 1st reference case, a sig-
nificant part of the revenues is provided by the reduction of the DH 
substation size, which is 47 %, allowing savings of about 5000 € per 
year. The self-consumption and production rates show that there is an 
increase of 6 %, in the electricity demand covered by the renewable 
production, and 18 % in the renewable production consumed by the 
user. Concerning the reversible HP/ORC Carnot battery, a yearly 
average COP of 4.8 is reached by the HP, while the ORC average 
discharge efficiency is about 8.4 %. From the economic point of view, 
the CB results to have a payback period of less than 9 years.  

• In the 2nd reference case, the HP is not allowed to work when the 
thermal discharge mode occurs because the DH substation is already 
exploited at its nominal power. Thus, the HP is not allowed to pro-
vide a booster to the TES, penalizing the DH substation downsizing 
and the associated economic gain. In this case, the CB integration 
does not provide a positive gain.  

• Some control rules adopted in the strategy are discussed, proving the 
improvement they add to the control strategy. Letting the ORC 
discharge the storage as soon as possible, without waiting for a higher 
electricity price within the day, and allowing the HP to absorb electricity 
from the grid also when the price is high, reduces the gain and increases 
the CB payback period to about 11 years. This shows the importance of 
an optimal management of the system for profit maximization.  

• Also removing the possibility of purchasing electricity from the grid 
to feed the HP further reduces the gain because it affects the DH 
substation downsizing. In case of low or absent solar radiation, the 
thermal production through the HP is penalized resulting in less 
thermal energy to shave the peaks. In this case, the PB period is 
assessed to be about 12.6 years.  

• Sensitivity analysis varying the PV power plant surface area and the 
storage volume are presented. Results show that the PV panels area 
does not significantly affect the gain and the CB operation, because 
the energetic performance is mainly dependent on the temperature 
levels, while the economic gain is strongly related to the DH sub-
station downsizing, not affected by the renewable electricity 
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production when the possibility of absorbing electricity from the grid 
to run the HP is considered. Differently, an increase in the storage 
volume strongly influences the DH substation downsizing and the 
other revenues and expenses. However, since when increasing the 
storage volume, both revenues and expenses increase, a strong 
variation in the economic gain and PB period cannot be observed. 
The minimum PB period is observed for a storage volume of 13 m3, 
which results to be the optimal size for the analysed application.  

• A sensitivity analysis is also performed correcting the electricity 
price profile of a certain offset, increasing and decreasing the average 
value. Two scenarios, one in which both the purchasing and selling 
price profiles are varied and one in which only the purchasing price 
profile is varied, are analysed. In both the scenarios, even if with 
different intensities, an increase in the electricity price results in a 
decrease in the economic gain. The reasons lie in the fact that the HP 
expenses are much higher than the ORC revenues (the HP con-
sumption is much higher than the ORC production) because the HP 
mostly works to produce thermal energy that will be addressed to 
shave the thermal demand peaks. Therefore, when the electricity 
price increases, the HP electricity expenses increase, while the 
benefit provided by the DH substation downsizing remains constant 
because it is not affected by the electricity price. 

The rule-based control strategy approach, developed to manage the 
CB operation in an integrated system and presented in this work, can be 
transferred also to different applications. The specific nature of the 
approach requires to modify the rules to fit the characteristics of a 
different case study, but the overall approach can be easily exported. 
Indeed, the Authors presented a techno-economical assessment of a 
thermally integrated reversible HP/ORC CB applied to a data center 
cooling system. A similar rule-based management strategy was developed 
to maximize the economic gain obtainable by including the CB in the 
integrated system. Since the requirements and energy flows are different 
in the two applications, the rules and the priorities in the procedure de-
cisions were modified. However, the structure of the problem, with the 
economic function calculated at each time step, and the approach 
adopted to formulate the rules are the same in the two case studies. 

4.1. Future developments 

The future perspectives involve different developments. The main 
ones, some already planned, are presented below:  

• The control strategy, described and numerically implemented in this 
study, will be transferred and integrated into the control and 
acquisition system of a new 10 kWe-sized prototype of reversible 
HP/ORC Carnot battery, which is being built in the Thermodynamics 
Laboratory of the University of Liège. The new prototype will be 
directly connected to the DH substation of the lab to provide thermal 
integration. After that, a wide experimental campaign will be con-
ducted to completely characterize the Carnot battery test bench and 
validate the control strategy, to identify guidelines to develop effi-
cient Carnot batteries in the future.  

• A simplified model of the system will be developed to investigate the 
techno-economic performance of a Carnot battery through a more 
robust optimization tool, based on mixed linear integer 
programming.  

• Regarding the modelling accuracy, variable PV modules efficiency 
could be considered to assess its impact on the yearly distribution of 
the operating costs. 

• Concerning a further improvement of the described rule-based con-
trol strategy, it could be interesting to analyse if, when a higher 
difference between the electricity price for selling and purchasing 
occurs, a lower reduction of the DH substation (due to the removal of 
the possibility of feeding the HP with electricity from the grid) can be 
economically convenient.  

• In future works, other case studies could be analysed to enlarge the 
set of applications in which Carnot batteries could improve the 
flexibility in heat and power production, and the match with the 
user’s demands. Furthermore, different configurations of Carnot 
batteries may be interesting for future applications: an example 
could be recovering the heat discharged at the ORC condenser to 
cover a very low-temperature thermal demand, and to use a high- 
temperature DH network as the HP cold source. 
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The annex contains further figures and graphs. 

Fig. A1. DH supply (HT) and return (LT) branches temperature.  
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Fig. A2. Storage temperature profile in a week in winter.  

Fig. A3. Storage temperature profile in a week in summer.  

Fig. A4. Two weeks storage temperature profile and computational time varying the volume number of discretization layers.  

Fig. A5. Electricity price profiles.  
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Fig. A6. Electric and thermal power profile in a general week in winter.  

Fig. A7. Electric power profile in a general week in summer.  

Fig. A8. Carnot battery annual revenues and expenses when varying the PV surface for the 2nd reference case.  
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[7] Díaz-González F, Sumper A, Gomis-Bellmunt O, Bianchi FD. Energy management of 
flywheel-based energy storage device for wind power smoothing. Appl Energy Oct. 
2013;110:207–19. https://doi.org/10.1016/j.apenergy.2013.04.029. 

[8] Massaro MC, Biga R, Kolisnichenko A, Marocco P, Monteverde AHA, Santarelli M. 
Potential and technical challenges of on-board hydrogen storage technologies 
coupled with fuel cell systems for aircraft electrification. J Power Sources Jan. 
2023;555:232397. https://doi.org/10.1016/j.jpowsour.2022.232397. 

Fig. A9. Carnot battery annual revenues and expenses when varying the storage volume for the 2nd reference case.  

Fig. A10. Carnot battery annual revenues and expenses when varying the electricity price of an offset for the 2nd reference case.  

Fig. A11. Carnot battery annual revenues and expenses when varying the electricity price difference between purchasing and selling for the 2nd reference case.  

C. Poletto et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.est.2022.105782
https://doi.org/10.1016/j.ecmx.2019.100011
https://doi.org/10.1016/j.apenergy.2016.12.153
https://doi.org/10.1016/j.apenergy.2016.12.153
https://doi.org/10.1016/j.apenergy.2014.06.087
https://doi.org/10.1016/j.apenergy.2013.04.029
https://doi.org/10.1016/j.jpowsour.2022.232397


Energy Conversion and Management 302 (2024) 118111

23

[9] Hendrick P. Introduction to Hydro Energy Storage. In: Cabeza LF, editor. 
Encyclopedia of Energy. Oxford: Elsevier; 2022. p. 100–3. https://doi.org/ 
10.1016/B978-0-12-819723-3.00158-X. 

[10] Han Y, Cui H, Ma H, Chen J, Liu N. Temperature and pressure variations in salt 
compressed air energy storage (CAES) caverns considering the air flow in the 
underground wellbore. J Energy Storage Aug. 2022;52:104846. https://doi.org/ 
10.1016/j.est.2022.104846. 

[11] Barbour ER, Pottie DLF. Adiabatic compressed air energy storage systems. In: 
Cabeza LF, editor. Encyclopedia of Energy. Oxford: Elsevier; 2022. p. 188–203. 
https://doi.org/10.1016/B978-0-12-819723-3.00061-5. 

[12] Vecchi A, Li Y, Ding Y, Mancarella P, Sciacovelli A. Liquid air energy storage 
(LAES): A review on technology state-of-the-art, integration pathways and future 
perspectives. Adv Appl Energy Aug. 2021;3:100047. https://doi.org/10.1016/j. 
adapen.2021.100047. 

[13] Dumont O, Frate GF, Pillai A, Lecompte S, De paepe M, Lemort V. Carnot battery 
technology: A state-of-the-art review. J. Energy Storage, vol. 32, p. 101756, Dec. 
2020, doi: 10.1016/j.est.2020.101756. 

[14] Gimeno-Gutiérrez M, Lacal-Arántegui R. Assessment of the European potential for 
pumped hydropower energy storage based on two existing reservoirs. Renew 
Energy Mar. 2015;75:856–68. https://doi.org/10.1016/j.renene.2014.10.068. 

[15] Frate GF, Ferrari L, Desideri U. Multi-criteria investigation of a pumped thermal 
electricity storage (PTES) system with thermal integration and sensible heat 
storage. Energy Convers Manag Mar. 2020;208:112530. https://doi.org/10.1016/ 
j.enconman.2020.112530. 

[16] Dumont O, Lemort V. Mapping of performance of pumped thermal energy storage 
(Carnot battery) using waste heat recovery. Energy Nov. 2020;211:118963. 
https://doi.org/10.1016/j.energy.2020.118963. 
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