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Abstract

The growing use of photovoltaic (PV) energy in residential systems presents challenges,
notably managing daily and seasonal intermittency. To limit curtailment and maximise self-
consumption, decentralised flexibility options are crucial. In this context, Carnot batteries,
which combine a heat pump, thermal energy storage, and a heat engine, show promise for
integrated heat and power management alongside PV production. However, the economic
model (investment costs, electricity pricing system) and control strategy (heat/electricity dis-
charge, seasonal impacts) needed to achieve maximum cost-effectiveness have not yet been
identified. This study therefore explores the integration of a Carnot battery in a housing
development of 20 dwellings equipped with PV systems. Using a quadratically constrained
linear programming model, the designs and operations that minimise the annualised en-
ergy cost are identified across different ranges of investment costs. The impact of climatic
conditions is assessed by comparing results from Pisa and Brussels. Our findings indicate
that, except in scenarios with prohibitively high costs, incorporating a heat engine alongside
a heat pump and thermal energy storage is the most cost-effective solution. Parametric
analyses reveal that zero feed-in tariffs promote Carnot battery deployment, while non-zero

tariffs significantly reduce the installed capacity. Additionally, dynamic (or variable) tariffs

*Corresponding author.
Email address: antoine.laterre@uclouvain.com (Antoine Laterre)

Preprint submitted to Energy Conversion and Management November 27, 2024



10

11

12

13

14

15

16

17

generally do not reduce energy costs but do increase the Carnot battery capacity, in order
to take advantage of the energy arbitrage mechanism. In conclusion, when heat pumps and
thermal storage are necessary to meet heating demand, adding a heat engine to address
electricity needs is financially effective. This paves the way for further advancements in res-
idential energy management using Carnot batteries. Future work should confirm and refine
these results with more precise models, incorporating non-linearities such as start-up and
part-load operations.
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1. Introduction

With the transition to renewable energies, energy systems are shifting from a vertical
structure to an increasingly decentralised and distributed architecture. The growing devel-
opment of residential photovoltaics is a perfect illustration. However, this morphological
change poses a series of challenges, not least the local management of the intermittency and
non-pilotability of renewable energies. In the case of residential photovoltaics, for example,
peak production is reached at midday, while peak energy demand (heat and electricity) oc-
curs in the morning and evening. Also, seasonally, peak production occurs in spring/summer
period, while peak demand occurs in autumn/winter period (in northern hemisphere) [1].

This mismatch between production and demand leads at certain times to a net local
excess of power, which is becoming increasingly difficult for residential distribution grids to
absorb [2]. These are constrained by the fact that other prosumers are also facing over-
production, and that reversing the power flows between the distribution and transmission
grids is not always possible (technological constraints linked to handling bidirectional flows,
grid congestion, etc.) [2]. Alongside work on the elasticity of demand, the need for decen-
tralised and cost-effective flexibility options is becoming ever more pressing, without which

this precious renewable energy will have to be curtailed [3].
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In residential energy systems, although the renewable production is mostly in the form
of electricity (photovoltaics is usually preferred to solar thermal due to its versatility and
high exergy density), the majority of the energy demand is in the form of heat (space
heating, domestic hot water). From this perspective, heat pumps appear to be an effective
way of combining these two vectors [4], [5]. Furthermore, the addition of domestic thermal
energy storage can help to bridge the gap between production and demand, at least on a
daily basis [5H7]. However, as the demand for heat decreases during the spring/summer
season, electricity storage options must also be installed to increase self-consumption and

limit curtailment [4H7].

1.1. Carnot batteries for heat and power management

Among the various flexibility options, Carnot batteries could prove very useful in resi-
dential applications [8HI1]. This concept converts surplus electricity into heat and charges
it into a thermal energy storage. Then, when electricity is needed, it can be generated by
a heat engine powered by the thermal storage. At small scale (e.g. residential), the concept
would use vapor compression heat pumps for charging and organic Rankine cycles for dis-
charging [10, 12]. On a larger scale (e.g. industrial, transmission grid), the concept is more
often implemented with closed Brayton cycles [10, [13].

As well as storing electricity, the Carnot batteries strength lies in the way they combine
heat and electricity. As illustrated in Fig. [I} a heat source of a higher grade than the heat
sink of the heat engine can be used to boost the performance of the heat pump (waste heat,
geothermal, solar thermal, waste water, etc.). Also, the energy stored in the thermal energy
storage can directly be discharged in the form of heat. This multi-energy capability is of
particular interest in residential applications to cover both thermal and electrical demands
[8].

For future decentralised renewable energy systems, studies have already shown that in-
stalling photovoltaic systems coupled with heat pumps and thermal storages is an effective
way of reducing greenhouse gas emissions, while reducing energy bills and increasing re-

silience to fluctuations in market prices [4, [6, [7]. From this perspective, the simple addition
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Figure 1: Schematic diagram of a Carnot battery coupling heat and electricity.

of a heat engine would make it possible to provide electricity storage, which would make it
possible to limit curtailment in summer when demand for heat is at its lowest. Or even bet-
ter than adding a heat engine: using a reversible heat pump/organic Rankine cycle, which
would reduce investment costs [14H17]. The question is under what conditions (investment

costs, electricity pricing system, etc.) would this make economic sense?

Techno-economic studies on Carnot batteries utilising vapor compression heat pumps
and organic Rankine cycles (known as Rankine-based Carnot batteries) started to emerge
in 2020-2021 [I8, [19]. Some cover systems coupling the heat and electricity vectors, while
others focus exclusively on power-to-power applications, generally at grid level [20H22]. In
the following literature review, only Carnot batteries integrating heat and electricity are
covered. This review is also reported in Table

Two main approaches can be distinguished in the literature to assess the techno-economic
performance of Carnot batteries. The first is generally aimed at determining the levelised
cost of storage (LCOS) of the technology, assuming ideal operations (i.e. 365 complete charge-
discharge cycles over the year). To do this, the cost of each component is evaluated on the
basis of empirical correlations. An electricity purchase and resale price is also assumed. For

example, Hu et al. [I9] looked at the efficiency and the LCOS of Carnot batteries using



Table 1: Review of techno-economic studies on Carnot batteries with coupling between thermal and electrical

vectors. PCM stands for Phase Change Material. MILP is for Mixed Integer Linear Programming.

Reference Case study Heat source Storage Discharge Resolution Operations
Frate et al. parametric unspecified two water electrical n.a. n.a.
[18], 2020 analysis (60-80°C) tanks
(80-95°C)
Hu et al. [19], parametric waste heat, two water electrical ideal cyclic n.a.
2021 analysis solar thermal, tanks (365 cycles)
geothermal, (85-100°C)
district heat.
(55-85°C)
Fan and Xi parametric waste heat two water electrical ideal cyclic n.a.
23] 24], 2022 analysis (80°C) tanks (365 cycles)
(90-130°C)
Zhang et al. parametric waste heat two water electrical ideal cyclic n.a.
[25], 2022 analysis (85°C) tanks (365 cycles)
(90-120°C)
Niu et al. [26], parametric unspecified + two water electrical two typical rule based
2023 analysis solar thermal tanks days (1-hour
(60°C) (90-130°C) steps)
Yu et al. [27], parametric unspecified two water electrical ideal cyclic n.a
2023 analysis (60-95°C) tanks (365 cycles)
(90-125°C)
Su et al. [2§], parametric geothermal single water electrical ideal cyclic n.a.
2023 analysis (140°C) tank (150°C) (7000h
operations)
Tassenoy et al.  office building data centre sensible heat electrical typical year rule based
[29], 2022 with PV cooling (50°C)  (100°C) (15-min steps)
Scharrer et al. residential unspecified single water electrical typical year rule based
[30], 2022 district with (70°C) tank (1-min steps)
PV (90-120°C)
Datas et al. residential n.a. (Joule single water electrical, typical year rule based
[11], 2019 building with heating) tank thermal (1-hour steps)
PV (70-130°C) +
PCM (1200°C)
Frate et al. [9], multi-energy solar thermal hot PCM electrical, typical year optimised
2023 district with (60-90°C) (70-100°C), thermal, (1-hour steps) (MILP)
14 cold PCM cooling
(7°C)
Poletto et al. office building waste heat, single water electrical, typical year rule based
[31], 2024 with PV district heat. tank thermal (15-min steps)  (optimised)
(60°C) (65-100°C)
Laterre et al. data centre data centre two water electrical typical year rule based
[32], 2024 with PV cooling tanks (1-hour steps)
(24-60°C) (100-150°C)
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heat pumps combined with different heat sources (waste heat, solar thermal, geothermal
and district heating) at various temperatures (55, 65, 75 and 85°C). The thermal energy is
stored as sensible heat in two water reservoirs. It is then discharged in the form of electricity
via an organic Rankine cycle. They have shown that once optimised, efficiency and LCOS
are conflicting objectives. Frate et al. [18] extended this result by showing that for different
power ranges, source temperatures (60, 70 and 80°C) and charging times, the purchased
equipment cost is always in conflict with the efficiency. Fan and Xi [23] 24], and Zhang et al.
[25] compared the performance of four different Carnot battery topologies based on vapour
compression heat pumps and organic Rankine cycles, with and without internal recuperators.
Considering some 80°C waste heat as heat source, they confirmed that storage efficiency
and LCOS are strictly conflicting. In addition, they demonstrated that despite requiring a
higher investment cost, cycles with internal recuperators give a higher efficiency and a lower
LCOS. Niu et al. [26] looked at a Carnot battery supplemented by solar thermal collectors
connected directly to the thermal storage. Using two typical days (winter and summer
solstices), they also demonstrated that the storage efficiency and LCOS are improved in
the case of cycles with internal recuperators. Yu et al. [27] also looked at the LCOS and
efficiency of Carnot batteries with different topologies using heat sources ranging from 60
to 95°C. They came to the same conclusions as the aforementioned studies. Finally, Su et
al. [28] looked at geothermal-assisted Carnot batteries and concluded that despite requiring
a higher investment cost, the use of a geothermal source increases the profitability of the
system. In general, all these studies conclude that despite high investment costs, Carnot
batteries show great techno-economic potential and could be competitive with other storage
technologies such as batteries, pumped-hydro or liquid and compressed air (but without
specifying the costs used for comparison). It should be noted, however, that they have not
characterised the full potential of Carnot batteries because only the electrical discharge was
exploited, and not the thermal discharge.

The second approach used in techno-economic studies of Carnot batteries for heat and

power coupling is generally more conservative, as it assumes more realistic operating cycles.



92

93

94

95

96

97

98

99

100

101

102

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

It is based on case studies using real (or at least realistic) time series as boundary conditions.
In this way, fluctuations in renewable energy production, energy demand levels and possibly
electricity prices can be captured over the 8760 hours of typical years. In these models, the
operations of the Carnot battery are usually simulated using an energy management system
guided by predefined rules, such as "if excess renewable production then charge” and ”if
under-production then discharge”. Under these assumptions, the studies often turn out to
be much less optimistic than those cited above. For example, Tassenoy et al. [29] looked at
the integration of a Carnot battery recycling waste heat from a data centre to provide elec-
tricity storage to an office building. Coupled with a photovoltaic system, the optimisation
objective was to maximise the net present value. The authors demonstrated that without
a subsidy/tax mechanism, it was not possible to achieve financial feasibility. Scharrer et al.
[30] studied the implementation of a Carnot battery based on a reversible heat pump/organic
Rankine cycle in a residential area. The nature of the 70°C heat source was unspecified, but
different costs were investigated for it. Only electrical discharge was considered (no thermal
discharge to cover the heat demand of the dwellings). They concluded that, with a storage
efficiency above 50 %, assuming high electricity prices and in the event of a non-zero feed-in
tariff, only the case where the heat supplied to the heat pump was available for free made
it possible to achieve economic feasibility. However, the Carnot battery generated limited
savings (maximum 180€ per year per dwelling) and gave rise to payback periods of 13 years.
Datas et al. [I1] also considered the integration of very high temperature (>> 500°C) joule
heating based Carnot batteries in residential sector. The low-temperature heat generated
by the heat engine during discharge could be stored in a buffer reservoir to meet the heating
needs (a fuel boiler was available as backup). For a detached house with a PV system, they
showed that electricity savings of 70 % and fuel savings of 20 % could be reached, but only un-
der (unrealistically) favourable conditions (heat engine cost of 1000 €/kW, and heat engine
efficiency of 40 %). For more conservative assumptions (2000 €/kW, and 20 % efficiency),
no more storage capacity was deployed. Frate et al. [9] looked at the integration of Carnot

batteries in multi-energy districts based on photovoltaic and solar thermal, and with cooling,
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low temperature and high temperature thermal networks. They also considered the gas and
electrical grids as backups. For a given design, they optimised the system’s operations (i.e.
no rule based strategy) in order to minimise its total annualised cost (investment and oper-
ations). They have shown that, although they are currently financially unfeasible, Carnot
batteries offer a greater reduction in greenhouse gas emissions than lithium-ion batteries.
For their part, Poletto et al. [31] studied the optimum control strategy for Carnot batteries
connected to district heating networks or recovering waste heat, and integrated into office
buildings. The system made it possible to downsize the district heating substation by acting
as a buffer to cope with the morning peak in thermal demand, and to shift the production of
photovoltaic energy. As the machine was based on a reversible heat pump/organic Rankine
cycle, electrical discharge was also permitted. Results showed that most of the profit came
from the thermal discharge and downsizing the substation, and to a very lesser extent from
the electrical discharge. It was also shown that the case where the heat pump drew its source
from the heating network did not make it possible to reach financial feasibility. Finally, Lat-
erre et al. [32] looked at the integration of Carnot batteries in data centres. Coupled with
a photovoltaic system, the aim was to increase the data centres energy self-sufficiency while
recovering the waste heat. The results showed that Carnot batteries using ambient air as
heat source instead of waste heat provided better techno-economic performance, because the
amount of available waste heat was limited (i.e. it was equal to the data centre electrical

consumption), which constrained the amount of electricity that could be stored.

Apart from three studies [9, [IT), B1], all the above cited works only considered electrical
discharge for the Carnot battery. Specifically, apart from Frate et al. [9] who concluded that
it was not economically viable, none have investigated the use of Carnot batteries as proper
flexibility options for heat and power management. Finally, none of them simultaneously
optimised the system design (i.e. components capacity) and the power dispatch (equivalent
to the energy management strategy). But this approach would precisely make it possible to

identify the optimum conditions for maximising the profitability of Carnot batteries.
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1.2. Aims of this study and work novelty

The aim of this work is therefore to identify the economic conditions that will enable
Carnot batteries to be used as flexibility options for heat and electricity management in
residential applications. The case study will focus on a housing development of 20 dwellings,
so that an hourly resolution is sufficient to capture the overall fluctuation in demand (which
may be more dynamic at the level of individual dwellings).

As preliminary studies involving fixed designs generally tend to show that financial prof-
itability is not good [9] 3], the design and operations of the energy system will be simul-
taneously optimised to minimise the annualised energy cost and guarantee optimum perfor-
mance. This optimisation model will be implemented using quadratically constrained linear
programming. Also, as the technology readiness level (TRL) of Carnot batteries is relatively
low, their retail price is still uncertain. In order to capture this reality, this study will be
carried out in the form of a parametric analysis. The costs of the three main components
of the Carnot battery will be varied (i.e. heat pump, thermal storage and heat engine).
The cost ranges considered represent those currently proposed in the literature. For each
combination of these costs, the optimal design for the Carnot battery will then be identified.
The aim is to understand at what investment costs the Carnot battery, combined with the
photovoltaic system, would minimise the annualised energy cost. In other words, when does
it become more cost-effective than a system based solely on photovoltaics and/or thermal
storage?

To illustrate the impact of climatic conditions on the system performance (energy de-
mand, photovoltaic production), two locations will be considered. The effect of the electricity
pricing model will also be evaluated by considering fixed and dynamic retail tariffs, and by
considering zero and non-zero feed-in tariffs. A sensitivity analysis to technical and opera-
tional parameters will also be conducted to identify the uncertainty to which the annualised
energy cost is most sensitive. A detailed operational analysis will also be carried out to iden-
tify and understand how the Carnot battery should be operated in order to deliver optimum

performance.

10
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Finally, a discussion will allow to extrapolate the results obtained using this model in
order to identify how residential Carnot batteries could develop in the real world. This

discussion will also challenge the assumptions made when formulating the model.

2. Model and methods

The energy system in which the Carnot battery is integrated is first introduced. After
that, the economic model and cost correlations are explained. Then, the optimisation model

is detailed. Finally, the uncertainty propagation method for the sensitivity analysis is briefly

described.

2.1. Carnot batteries in residential application

The Carnot battery considered in this work is part of a housing development of 20

dwellings, as shown in Fig. This consists of a high temperature heat pump, a sensible

N N

[1]

electricity

2| 70°C
3

Figure 2: Schematic representation of the energy system of the housing development. PPE™ [kWp] is the

nominal capacity of the PV system, Qnom [kW¢p] the nominal heat pump capacity, Efge [kWhyy] the

nominal storage capacity and PRRE" [kW,] the nominal heat engine capacity. Illustration inspired from [30].

heat thermal energy storage (hot water) and a heat engine. The heat pump uses outside air
as heat source (air-source heat pump). The heat engine, which is implemented as an organic

Rankine cycle, also uses outside air as heat sink.
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In this energy system, the heat pump can be powered by the photovoltaic system and
by the distribution grid. It produces heat at 95°C (return at 65°C), which can be consumed
directly by the dwellings via a district heating network (supply 70°C, return 50°C) or charged
into the thermal energy storage. The energy consumption associated with the start-up
procedure of the system is discussed in the heat pump model in Section[2.3.2] As sensible heat
needs a temperature gradient to be accumulated, the choice of 95°C and 65°C as temperatures
is the result of a compromise between storage density (and therefore volume and cost), the
constraint of using non-pressurised reservoirs (cost reduction), and operating the heat engine
with sufficient efficiency so that the power-to-power efficiency of the Carnot battery is not
too low [33] 34]. This choice is further elaborated in the discussion (Section ). For the
considered two-tanks storage, the energy density is defined as

S G20 (1) q

TES
3.6e+6 - (vito + Vi)

(1)

PTES = m3

kWhth]

with C§2O the specific heat capacity and vioo the specific volume of water. Tllt“ES and Tlll“tES
are the cold and hot tank temperatures respectively. The total storage volume (combined

cold and hot tanks) is therefore defined as

E
Vrgg = —55 [m?] | (2)

with Erpg [kWhyy] the storage capacity.
The performance parameters representing the components of the energy system are shown

in Table 3| They will be discussed further in the description of the optimisation model (Sec-

tion .

Time series with hourly resolution were used to represent the climate and demand data
of the case study, as depicted in Fig. [3] These were generated using the nPro 2.0 software
[35] to represent a development of 20 dwellings. Each has a floor area of 150 m2. Pisa was
selected as reference location for this study. However, in order to extend the results and

assess the impact of climatic conditions on the design of the energy system, Section |3.5| also

12
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Figure 3: Temporal heatmaps representing the climate and demand profiles for Pisa. The the days of the
year are plotted along the x-axis, and hours of the day are plotted along the y-axis. Ploaq and Qjoaq are
the total electrical and thermal loads. Text is the external temperature and Pdpl\e/SS is the dimensionless

photovoltaic production per installed capacity.

compares these to the case of Brussels (the corresponding boundary conditions are provided

in Fig. [A.1]in |[Appendix A)).

The specific heating requirements are 69 kVVh/m2 /year and the domestic hot water
demand is 21 kWh/m? /year. The electricity demand is 20 kWh/m?/year. Finally, the
specific cooling requirements are 36 kWh/ m? /year. Cooling is provided by decentralised air-
cooled chillers. Assuming that the units have a Carnot efficiency of 45 %, the corresponding
specific electricity consumption is 4.1 kWh/ m?2 /year. This additional electricity consumption
must be added to the specific electricity demand of 20 kWh/m? /year. These values are the
default values for new build buildings in nPro 2.0 [35]. It should be noted that the thermal
demand dominates the global energy consumption. The impact of reducing this demand
(thanks to building insulation, etc.) will be discussed in Section

In Fig. , Qload represents the total thermal load (space heating and domestic hot water)

13



226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

and Pjy,q the electrical load (plug loads and cooling). Text is the external temperature,
and Pdpl{efss is the dimensionless photovoltaic production per installed capacity (accounting
simultaneously for irradiance and inverter losses, as explained in the model description in
Section .

Fig. [3| shows that the demand for heat is lowest in spring and summer when the photo-
voltaic system produces the most. As suggested by previous analyses [9, [31], we can therefore
expect more electricity to be stored at this time of year than in autumn and winter. In addi-
tion, energy demand peaks are in the morning and evening, whereas the photovoltaic system
mainly produces in the middle of the day. This clearly illustrates the need for daily buffer
storage, which could be provided by the Carnot battery.

2.2. Economic model
2.2.1. Annualised energy cost

The aim of this work is to understand the role that the Carnot battery can play in a
residential energy system as a function of the underlying investment costs. In other words,
at what cost does it become more attractive to store photovoltaic energy rather than buy
electricity from the grid? To answer this question, different sets of investment costs were
considered (see Table [2) and the annualised energy cost (AEC) was chosen as the objective

function to be minimised. Such parameter is defined as
AEC=71+M+E , (3)

where I is the investment cost, M the maintenance cost, E the electricity cost, and 7 the
annualisation factor (or capital recovery factor) [36]. The latter is defined as

r(1+ 1)Lt

T= (4)

(1+r)tt-1"
with LT the project lifetime and r the discount rate. The corresponding values are reported
in Table[2] Note that the discount rate of 7 % is relatively conservative given the maturity
of the technologies under consideration (i.e. photovoltaic system, heat pump, water thermal
storage). As a result, it will tend to limit the share of investments in the annualised energy

cost and favour variable costs (i.e. grid electricity consumption).
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Table 2: Economic parameters of the model.

Parameter Symbol Value/Definition Unit Reference
Investment cost I CAPEXpy HP+TES+HE € n.a.

PV investment cost ~CAPEXpy 1000 €/kW,, [37]

HP investment cost ~CAPEXpxp 200 - 1200 €/kWyy, [6], 9], B8]
TES investment cost CAPEXtrg 20 - 40 €/kWhyy, [9, 29, B0]
HE investment cost ~CAPEXpgg 400 - 6000 €/kWq [9, 29, [39, 40]
Lifetime LT 20 years [9, 19, 23] 29]
Discount rate r 7.0 % [9], 19], 23], 29]
Annualisation factor 7 9.4 % Eq. 4 I
Maintenance cost M 0.02-1 € [9, 19, 23] 29]
Electricity cost E 2&%]3;2% - glléCElgIﬂ q € n.a.

Retail tariff pabs. 0.30 €/kWhy  [30, 41
Feed-in tariff pglléc 0.00 €/kWhy  n.a.

As there is little information at this stage on the maintenance costs of Carnot batteries,
these are defined as a fraction of the total investment cost. This simplifying approach is
generally used in techno-economic studies of Carnot batteries [9, 19, 23 27, 29]. A value of
2 % is chosen here to represent the ranges from 1.5 % [19] 23], 27, 29] to 3 % [9] encountered

in the literature.

2.2.2. Electricity pricing model

The electricity cost E is represented as the difference between the purchasing cost (prod-
uct of retail tariff and absorbed electricity) and the injection gain (product of feed-in tariff
and injected electricity). By default, a constant electricity price pejee of 0.30 €/kWhy is
considered. Also note that the default feed-in tariff is zero, but a parametric analysis is
carried out in Section [3.3.1]

As mentioned in the introduction, a parametric analysis is also carried out to study the

impact of dynamic (or ”variable”) retail tariffs in Section More specifically, the aim
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is to identify the level of fluctuation at which the Carnot battery can reduce the annualised
energy cost. The electricity price model that was used in this work is depicted in Fig. [4] for

three different levels of fluctuation. This model was constructed as

electricity 1.1 CV(pelec) = 10% 1.1
price, Pelec
[€/kWh]
Pelec
f\ \A\/\N /\W\/\
0.3
-0.1b A
_8;? C 1.1r —227.0 Qioad
[KWin]
11 CV(pelec) = 50%
\
—01LV vV 429
0.3
1.1 713.18 Pjoaq
kW
0.0 t [kWell
-01 ]
1.1 CV(pelec) = 90%
-0.1k, ) ) 42.79

1 1 ]
Jan. 29 Jan. 30t Jan. 315t Feb. 1°* Feb. 2

0.3 ‘ HWWW - ‘MM

g, 1"

co
mo

1 I
Mar. 21% Jun. 21%t Sep. 21% Dec. 21

Figure 4: Model for electricity price pejec[t] with CV(peiec) = 0(Pelec)/(Pelec) = 10, 50 and 90 %. Values
are cropped to -0.1 - 1.1 for clarity but can go below and above. P%I\G}SS, Qioad and Pjoaq are reported for
five representative days in Pisa to illustrate the correlation between energy demand and electricity price on

a daily basis. Seasonal trends are also visible.

Pelec[t] = a - Pday-ahead t]+ 8, (5)

with a and [ subject to

11(Pelec) = H(a - Pday-ahead [t] + 8) = 0.30 €/kWhg (6)

* Pday-ahead [t] +
CV(Pelec) = #a pd y_ahead ]_'_g; ) (7)

[
o(a- Pday-ahead [t]

with p the mean, o the standard deviation and CV the coefficient of variation. In Eq. [5
Pday-ahead [t] is the day-ahead spot market price for delivery at hour t. The constraint on

the average electricity price in Eq. [f]is employed so as to make a sound comparison with the
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fixed retail tariff scenarios. The value of pgay ahead Was taken as the average of historical
values between 2015 and 2020 for the Belgian day-ahead prices (before COVID-19 pandemic
and global 2021-2023 energy crisis). Data was retrieved using the ENTSO-E Transparency
Platform [42].

2.3. Optimisation model

The energy system model must optimise the design (i.e., nominal capacities) and power
flow schedule for each of the 8760 hours of the year so as to minimise the annualised energy
cost. This has been implemented in Python using the pyomo package [43] with a quadratically
constrained linear formulation of the problem. Gurobi [44] was used as a solver. This model

is described below. All associated parameters are listed in the Table [3]

Table 3: Technical parameters of the model.

Parameter Symbol Value Unit
HP source temperature THp Toxt °C

HP source temperature glide ATER 5 K

HP fraction of Lorenz efficiency \Ifﬁ%]fenz 0.50 -

HE sink temperature T%i%k Toxt °C

HE sink temperature glide AT%%I{ 5 K

HE fraction of Lorenz efficiency \Ilﬁ%enz 0.45 -

TES high temperature T]%tES 95 °C
TES low temperature T%ES 65 °C
TES energy density PTES 17 kWhyy, / m?>
TES self-discharge Lrgs 5 %/24 h

2.53.1. Global model structure
nom (\nom nom

The model contains the four design variables (i.e. PR/, Qfp’, Eqfg and PRE!) and the

power flow variables (one for each of the 8760 hours of the year). These flow variables are:

. Pg]fisd [t], the electrical power absorbed from the grid;
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300

301

302

303

304

305

306

307

308

inj
Pgrid

[t], the electrical power fed into the grid,;

Qpup|t], the thermal power produced by the heat pump;

Pyplt], the electrical power absorbed by the heat pump;

QCThES [t], the charging thermal power for the thermal energy storage;

° Q%SECSh [t], the discharging thermal power for the thermal energy storage;

SOCTEg[t], the state of charge of the the thermal energy storage;

QuEelt], the thermal power absorbed by the heat engine;

Pyglt], the electrical power produced by the heat engine;

Pf,r\t, [t], the curtailed photovoltaic power.

Under steady state assumption, power conservation is applied to each component and
each node (electrical and thermal) of the energy system via equality constraints. Power flows
are contained between zero and the nominal capacity of each component using inequality
constraints. These equality and inequality constraints for each component are detailed below.
The only quadratic constraint is used to avoid bidirectional exchanges with the grid, as
detailed below.

The optimisation is based on the assumption of perfect foresight. This means that cli-
matic conditions and demand data are perfectly known in advance. The impact and plausi-

bility of this assumption will be further challenged in Section [

2.3.2. Heat pump and heat engine

Due to the linear formulation of the problem, no thermodynamic model could be used
to simulate the heat pump and the heat engine. These are therefore represented by a
black-box model, which is based on the theoretical Lorenz cycle (more appropriate than the
Carnot cycle for representing applications with large temperature glides [45-47]). Assuming

a constant fraction WO™Z of the Lorenz efficiency, which is analogous to a second law

18



s00 efficiency, this model evaluates the variations in COPygp and ngg due to fluctuations in
a0 source and sink temperatures. Although it is less accurate than more advanced methods, its
au  light linear formulation makes it popular for energy planning problems [46] 48|, [49].

312 For the heat pump, the Lorenz model connects Qpl[t] and Pyp[t] under steady state

a3 assumption with the following power balance:

Quplt] = Puplt] - COPyplt] (8)
= Pyp[t] - Ui - COPHE[t] (9)
Ty

Ty - Tclt]

(10)

2 Qpplt] and Pyplt] are the thermal and electrical power at instant t, respectively. T¢[t] and
25 Ty are the mean source and sink temperatures, defined as
3 3 3 ht 1t
T < T - TRl - AT o T~ Thys

Telt] = H=
"rsource ¢ ) Th
In (TsourcthpiA[I‘]source > In (%)
wp Ct-ATHp TI

s Note that all temperatures are in Kelvin in Eq. . THp [t] is equal to Text[t], while

(11)

317 \I/%‘genz is here set to 0.50. This value is in line with the values greater than 0.50 and equal
as to 0.61 reported respectively by [49] and [50] for air-source heat pumps supplying district
29 heating networks at equivalent temperature levels. AT{p™“ corresponds to the temperature
20 glide of the heat source. For the sake of clarity, these parameters are illustrated alongside

s1 the heat pump cycle in Fig.

322 Similarly, the power balance for the heat engine can be written as
Pelt] = QuElt] - 7rE (12)
= Quelt] - UHE™ - i 1t (13)
: Ty - Telt
— Ouglt] - whggers . _Telt (14)
Th
» Ty and T[t] are the mean source and sink temperatures, defined this time as
oo T Thee o (TN + ATSED) TRk -
H = Tht ’ C= TSink[t]+ATSink : ( )
ln< EES) ln( ioHLTRA HE>
Tres Thg [t]
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Figure 5: Schematic representation of the heat pump and heat engine models.

Again, all temperatures in Eq. |15 are in Kelvin. T%i%k [t] is equal to Text[t], while \I%%enz is

here set to 0.45 [9], 29] [51]. AT%%I‘ corresponds to the temperature glide of the heat sink.
For the sake of clarity, these parameters are illustrated alongside the heat engine cycle in
Fig. [l

Please note that linear programming models cannot directly represent the additional en-
ergy consumption linked to the dynamic effects of the heat pump and heat engine, such as
cold starts, transients or defrost cycles. This model therefore assumes that such effects are
quantified indirectly through the coefficients \Ifﬁ%enz and \If%l%enz, whose values are slightly

lower than the nominal values reported in the literature. This approach is similar to assign-

ing a seasonal coefficient of performance to a heat pump, instead of its nominal value.

Finally, the inequality constraints for maximum power flows in the heat pump and heat

engine are formulated as

Qnom
HP
PHP [t] < PIIEI%’m = COP%%ID (16)
Pyglt] < PHgp’ (17)

The electrical power of the heat pump is chosen as the upper limit instead of the thermal

power because the limiting factor in a real machine is the nominal power of the compressor
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drive. The value of COP{p" is established for a source temperature of 15°C.

2.3.3. Thermal energy storage

The thermal energy storage system consists of two water tanks—one for hot water and one
for cold. While this design is more costly, it eliminates the constraints related to thermocline
degradation found in single stratified tanks (mixing due to fluid circulation, convection and
diffusion).

In the model, the thermal storage is the only component whose dynamics is taken into

ch disch

tos too " heat flow rates

account (via the state-of-charge). The charging Q¢ and discharging Q

are related to the self-discharge losses with the following ordinary differential equation:

- ch - disch
d Qtes(t) ~ Qres (t)
ESOCTES (t) = 7kse1ffdischarge : SOCTES (t) + 100 - ( tes nonges ) ) (18)
TE

where the coefficient kgt qischarge represents the self-discharge losses. Formulated in discrete

time with an hourly resolution, this equation is written as:

e (Qfmlt] ~ Qles™1t])
SOCTES [t] = 1 - Lrgs - SOCTES [t - 1] + 100 - Fom , (19)
TES

where Lpgg stands for the self-discharge losses and is expressed in %/24 h (which explains

the twenty-fourth root). The annual cyclic constraint is imposed as follows:

(Qtesl1] - Qfea[1])
SOCtgs[1] = &/1 - Lrgg - SOCTRg[8760] 4 100 - — (20)
TES

Due to the lack of information, a value of 5 %/24 h is chosen for Lgg (conservative value
which could prevent from long term storage). The sensitivity analysis in Section will
show that this parameter has in any case very little influence on overall performance.

Note that the hypothesis of constant storage temperature raises questions when modelling
the storage losses. In reality, any thermal loss in sensible heat storage causes a temperature
drop (to which these losses are actually proportional). In this model, the self-discharge losses
are instead proportional to the amount of energy stored and they only affect that quantity
(not the temperature). For example, in the absence of charge/discharge cycles, if the storage

is 100 % charged on day one, it is only 95 % charged the next day, 60 % charged after
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ten days and 20 % charged after a month. However, the storage temperature would remain
unchanged. Modelling the impact of temperature fluctuation would introduce non-linearities
into the model, and this degree of precision is probably not necessary in view of the scope
of the study. Yet, in order to assess the impact of this hypothesis, future work on this
case study would necessitate a more accurate model considering the dynamics of the storage
temperature.

As constraints preventing simultaneous charging and discharging cause non-linearities,
these are not used here. However, such phenomenon does not affect the state of charge
since only the net heat flow rate counts in Eq. [I9) Moreover, it can be eliminated when
post-processing the results (only the net value is retained). Finally, there are no constraints
on the maximum charge and discharge heat flow rates (these are actually constrained by the
operations of the heat pump and heat engine). Still, the following constraint does apply to
the state of charge:

0% < SOCrgs[t] < 100% (21)

2.3.4. Photovoltaic system
The only flow variable for optimisation concerning the photovoltaic system is the power
crt

curtailment Ppy;. This is defined as the deliberate reduction of photovoltaic power generation

when the system is capable of producing more electricity. This is constrained by the following

inequality:
0 < PRy [t] < Ppylt] (22)
In Eq. 22, Ppy|t] is obtained as
1
Ppy[t] = PRy°It] - PRY" (23)

with P%l{}ss [t] the dimensionless photovoltaic power generated by nPro [35] for 30° tilt angle
and 0° azimuth (see Fig.|3). The model assumes mono-crystalline modules with an efficiency

of 21 % at 25°C and a temperature coefficient of 0.36 %/°C. The inverter efficiency is 96 %.
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2.3.5. Energy balances at the electrical and thermal nodes

The energy balance at the electrical node is written as:
Pabs [t] + Ppy[t] + Puglt] = Pioaalt] + Prplt] + Poalt] + PRV [t] (24)

In contrast to the thermal energy storage, bi-directional flows with the grid (simultaneous
absorption and injection) must be prevented. In fact, due to the difference between retail
and feed-in tariffs, if the retail price is below feed-in tariff, it would be virtually possible
to generate profit by directly re-injecting the absorbed electricity back into the grid. Such
phenomenon would of course not happen with the economic model described in Section
but could occur with dynamic retail tariffs, as it will be tested in Section m (e.g.
negative retail tariff combined with zero feed-in tariff). In order to prevent that, a quadratic
constraint is added:

Paralt] - Pyriglt] =0 (25)

Although it slows down the linear model, Eq.[25]is necessary for the consistency of the results.

For its part, the energy balance at the thermal node is as follows:

Quplt] + QTrg [t] = Quoaalt] + Qult] + QT kst (26)

2.4. Uncertainty quantification

Section [3.4] will look at the sensitivity of the annualised energy cost to technical and
operational uncertainties for one of the optimum designs obtained. The optimisation model
presented in Section 2.3 was therefore first modified to allow a given design to be tested and
only an optimal scheduling of the energy system to be carried out.

The uncertainties are then propagated into the energy system using the RHEIA package
[52], which based on polynomial chaos expansion. This technique aims to construct a sur-
rogate model (based on orthonormal polynomials) that can be used to directly deduce the
statistical moments of interest, such as the mean, variance, and Sobol indices. Compared

with Monte Carlo simulations, polynomial chaos requires much less model evaluations. This
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number is proportional to the number of uncertainties considered and the degree of the poly-
nomial model. In this work, a third-order polynomial was employed to guarantee sufficient
accuracy.

As described in Section [3.4] eight uncertainties relating to climatic conditions, demand
data, and to the performance of the different components have been considered. These are
reported in Table[d] The aim is to identify which parameters drive uncertainty in the energy
cost and to understand how the design of the energy system could be improved. To identify
these parameters, their total-order Sobol indices will be quantified with the RHEIA package
[52]. Each index represents the contribution of the uncertain parameter to the global variance

on the annualised energy cost.

Table 4: Technical and operational uncertainties considered in the sensitivity analysis.

Parameter Symbol Uncert. Unit Reference

Nominal electric load (plug loads and cooling) P +15 Yoral 0]

Nominal thermal load (space heating) Qfg&sh +15 Yorel 0]

Nominal thermal load (domestic hot water) Qfgg& dhw 15 Yoral 0]

HP fraction of Lorenz efficiency \I!Iﬁ%fenz +15 Yorel  [45]

HE fraction of Lorenz efficiency \Ifﬁ%enz +15 Yorel  [B1]

External temperature Text +0.5 K [6]

Photovoltaic production (irradiance) Ppy +7.8 Yorel 6]

TES self-discharge LTES +50 Yorel  sensitivity
3. Results

This section first introduces the optimum system designs over the range of considered
CAPEXygp, CAPEXyE and CAPEXTRg. Then, to illustrate the seasonal trends, the system
operations are analysed over the typical year for one specific design. After that, parametric
analyses are conducted to assess the impact of non-zero feed-in tariff and dynamic retail tariff

on the system design and cost. The sensitivity analysis is then carried out to assess which
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parameters drive the uncertainty on the annualised energy cost. Eventually, the results from
Brussels are compared with the reference results from Pisa to characterise the impact of

climatic conditions on the design and operations of the system.

3.1. Optimum system design based on investment costs

Fig. [6] depicts the capacities of the heat pump, storage, heat engine and photovoltaic
system that minimise the annual energy cost, over the range of considered investment
costs. Since the design trends are monotonic between CAPEXTgrg = 20 €/kWh;;, and
40 €/kWhyy,, results for CAPEXpg = 30 €/kWhyy, are not reported for the sake of clarity.

First observation is that the more expensive the heat pump, the smaller its capacity
(Fig. . This downsizing, aimed at maximising its capacity factor (ratio between actual
annual energy production and maximum possible production) and at reducing the associated
investment cost, is made possible by an increase in storage capacity (Fig. . The model
anticipates peak thermal loads in the morning and evening (Fig. by distributing heat
production over the day, so that it can then rapidly discharge the storage at peak times
(further illustrated in Section and Fig. . Conversely, the more expensive the storage,
the larger the heat pump (Fig. @ Overall, this clearly illustrates that, as well as shifting
photovoltaic production, the thermal energy storage acts as a buffer to downsize the heat
pump and increase its capacity factor. Another advantage that comes with the storage,
which is not taken into account in the economic model considered in this work, is that it
limits the number of times the heat pump is started up, which increases the service life of
its compressor.

On the other hand, the storage capacity is affected to a lesser extent by CAPEXgg (the
more expensive, the lower the capacity). This highlights that the storage capacity is driven
first and foremost by heat production and demand, rather than electricity demand. In other

words, thermal storage is primarily sized to meet heat requirements.

Another key result is that for most of the costs considered, a heat engine is installed to
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(d) Installed photovoltaic capacity.

Figure 6: Optimum system design based on the investment costs considered. The colourmaps depict the
installed capacities. The x-axis represents the costs considered for the heat pump, the y-axis the costs of the

heat engine and the top and bottom maps illustrate two different storage costs.
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provide electricity storage (Fig. . Its capacity is mainly driven by CAPEXyg, but gets
affected by CAPEXyp as CAPEX g increases.

To illustrate the role of the heat engine, Figs. [7a] and [7h| depict respectively the fraction
of total electricity demand which is covered by the heat engine and the fraction of photo-
voltaic production which is curtailed. The correlation between the latter and the heat engine
capacity is evident: as the capacity increases, the curtailed fraction drops from about 17 %
down to less than 6 %. This clearly demonstrates the benefits of the heat engine in limiting
the waste of renewable energy potential. Nonetheless, this observation must be put into
perspective with the electricity demand, which is only between 5.6 % and 21.3 % covered by
the heat engine. As it will also be illustrated, these relatively low values are due to the fact
that the heat engine is only used for part of the year, when photovoltaic production is high
and thermal demand is low.

It should also be noted that the lower the storage capacity, the more the increase in
CAPEXyg tends to increase the heat pump capacity. This is because as the capacity of
the heat engine decreases, the amount of storage required decreases (i.e. reduced electricity
storage), which, as mentioned above, requires an increase in the capacity of the heat pump.
However, this impact on the capacity of the heat pump is much less pronounced than that
of CAPEXyp.

Let us thus conclude that although it has a role to play, the heat engine produces a lim-

ited amount of electricity, covering in any case less than 21 % of the total electricity demand.

As far as the photovoltaic system is concerned, the installed capacity is between 73 and
118 kWp, in all cases, i.e. less than 5.9 kW, /dwelling, which is totally plausible. In Fig.
[6d, the synergy between the photovoltaic capacity and CAPEXyy is also well visible: the
more expensive, the smaller the photovoltaic system. Fig. [6d] perfectly illustrates the fact
that a minimum photovoltaic capacity is required to meet heating needs (about 80 kW),
and that any additional capacity will be used to meet electricity needs, since it will be

directly proportional to the heat engine capacity. To sum up, the minimum capacity of the
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Figure 7: Performance indicators for the system operations based on the investment costs considered. The
x-axis represents the costs considered for the heat pump, the y-axis the costs of the heat engine and the top

and bottom maps illustrate two different storage costs.
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photovoltaic system is dictated by heat demand, and any additional capacity is accompanied
by an increase in heat engine capacity to meet electricity demand.

One can also observe that when the storage cost is low, the higher CAPEXyp, the larger
the photovoltaic capacity. This can be explained by the fact that, as the cost of the heat
pump will weigh more heavily in the annualised energy cost, it is preferable to gain in self-
production in order to reduce grid electricity consumption and reduce the associated costs
(the electricity term E in Eq. . In addition, the capacity of the heat pump can be reduced

by self-consuming more photovoltaic electricity thanks to the thermal storage.

Fig. |7c| depicts the number discharge cycles. This number is between 147 and 348, and
seems to be a function of CAPEXgg. As illustrated by the operational analysis in Section
, full charge/discharge cycles are performed daily during the electricity storage period
(spring/summer), due to the coupling with the photovoltaic system. On the other hand,
during the cold season (autumn/winter), storage essentially acts as a buffer between the
heat pump and thermal demand (few electrical discharges).

Therefore, as CAPEXpg decreases, the capacities of the heat engine and of the photo-
voltaic system increase (see Figs. and, which extends the period of electrical discharges,
and therefore increases the number of cycles associated with this. For its part, the number
of cycles linked to the buffer role for heat management remains more or less unchanged. Fig.
also shows that, as the cost of storage increases, its capacity decreases, which increases

the number of discharge cycles.

Fig.[7d|finally depicts the annualised energy cost. It clearly demonstrates that the system
cost is driven by CAPEXyp and is much less sensitive to CAPEXTrg and CAPEXyE.

As a conclusion to this section, installing a heat engine (and thus a proper Carnot bat-

tery) can be financially profitable in residential applications where the thermal demand is

covered by a heat pump coupled to thermal storage and a photovoltaic system. Nevertheless,
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the main driver for installing the photovoltaic system and thermal storage is the thermal
demand, as confirmed by the extreme case where no heat engine is installed due to the large
CAPEXyg. Therefore, if a photovoltaic system and thermal storage are to be installed,

adding a heat engine to cover part of the electricity consumption can be a profitable option.
3.2. Analysis of daily and seasonal operations
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Figure 8: Temporal heatmaps representing the system operations for Pisa (photovoltaic power production
Ppy, heat engine power production Pyg, heat pump thermal production Qp and storage state-of-charge
SOCrEs). The the days of the year are plotted along the x-axis, and hours of the day are plotted along the

y-axis.

To understand how the different components are operated according to the system bound-
ary conditions, the system operations are analysed over the full year. To do so, a rep-
resentative design must be selected. The design corresponding to the case CAPEXpgp =
600 €/kWyy,, CAPEXpgp = 2400 €/kW, and CAPEX g = 30 €/kWhy,;, was selected be-
cause these values reflect the current costs considered in the literature [9, 29, 31]. Although

the magnitude of the power flows in the other designs is different (due to different nominal
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capacities), the trends are the same. Fig. |8 shows the daily and seasonal operations of the
system components across the entire year. In addition, Table [5| provides various performance
indicators for each season. Eventually, the system design is reported in Table[6] As comple-

ments to Fig. [§] Figs. B.I]and B.2]in [Appendix B]depict the full system operations over the

24 h of two representative days in summer and winter.

Table 5: Seasonal operations and performance indicators for Pisa. The considered design is for CAPEXyp =
600 €/kWy;,, CAPEXyg = 2400 €/kW, and CAPEXgg = 30 €/kWhy,. Astronomical seasons are here

considered. During winter, the slight difference between heat production and demand is due to the thermal

abs

losses in the storage. Neycles is the number of charging/discharging cycles of the thermal storage and Egrid

is the grid electricity consumption.

Parameter  Unit Winter Spring Summer Autumn Annual
th
Eioq MWhy, 146.2 26.5 14.7 82.6 270.0
Exp MWhy, 148.6 75.5 86.5 104.2 414.8
COPgp - 2.56 3.00 3.50 2.66 2.82
1
El.d MWh, 17.2 15.4 22.8 17.0 72.4
Eng MWh,  0.05 3.72 4.81 1.57 10.15
THE % 8.82 7.83 6.95 7.86 7.40
COPgp g % 22.6 23.5 24.3 20.9 20.9
Neyeles - 56.4 52.4 63.8 44.7 217.3
Epy MWh, 22.1 39.5 41.7 23.1 126.4
2D MWh,  53.0 3.4 3.9 31.6 91.9

Fig. |8 first clearly confirms that the heat engine is mostly used during spring and summer
seasons to complement the photovoltaic production (electrical discharge when no produc-
tion). Almost no electrical discharge occurs during winter while summer is the season with
the largest heat engine production (see Table. Another observation is that the heat engine

runs at part load during the morning, mainly because of the lower loads at that moment

(see Figs. [3| and [B.1)).
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Table 6: Nominal system design for Pisa. The considered design is for CAPEXyp = 600 €/kW;,, CAPEXyg
= 2400 €/kWg and CAPEXrg = 30 €/kWhyy,.

Parameter Symbol Value Unit

Heat pump capacity Qi 189.5  kWyy,

Storage capacity TES 1203 kWhyy,
Total storage volume TES 70.8 m?>
Heat engine capacity e 5.04 kW
Photovoltaic capacity — Ppi* 94.4 kW,

Annualised energy cost AEC 56.9 k€

The correlation between the heat pump operations and photovoltaic production is also
well visible in Figs.[§and [B.I]} In spring and summer, the heat pump is mostly driven by the
photovoltaic system. Since the thermal demand is low at that moment, the produced heat is
directly charged into the storage, to be later discharged as electricity with the heat engine.
It is also interesting to note that when the heat pump matches the photovoltaic production,
it operates mostly at part load (see Figs. |8 and . It would therefore be relevant in future
work to assess the impact of part-load efficiency degradation on the results obtained with
this linear model.

Instead, during cold autumn and winter days, the heat production is spread all over the
day so that the heat pump runs at constant load (Figs. |8 and . Due to the limited
photovoltaic potential at that period, most of the electricity needed to run the heat pump

is absorbed from the grid.

In Fig. [8] the sate-of-charge also gives an overview of the storage operations. It is clear
that it is used to shift photovoltaic production during the summer, whereas in winter it acts
more as a buffer between heat production and heat demand (it is still used as a complement

to photovoltaics, but to a lesser extent). This can be further observed in Figs. and [B.2

We also note that storage is primarily used for daily buffering, not for longer-term stor-

32



547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

age. This means that the perfect annual foresight assumption introduced into the model does
not bias the results (an accurate forecast of energy demand and photovoltaic production on
a daily basis is realistic). If, on the other hand, it were used for longer-term storage (weekly

or seasonal), this assumption would be more questionable.

The key message from this seasonal operational analysis is that the heat engine is only
used when photovoltaic energy is abundant and demand for heat is low (essentially summer
and spring). On the other hand, when photovoltaic production is lower and demand for heat
is higher (autumn and winter), priority is given to heat storage, as this is more efficient (and
therefore more economically profitable) than electricity storage. One way of increasing the
overall efficiency of the energy system would therefore be to reduce the temperature of the
heat produced in winter in order to increase the COP of the heat pump (the motivation for
a value of 95°C was discussed in Section .

However, as sensible heat storage is considered, a reduction in the high temperature would
lower the storage density (Eq. , and thus the storage capacity for a fixed volume (Eq. .
To maintain capacity, the storage volume would be increased, raising the investments costs,
whereas the increase in COP due to the decrease in temperature was precisely intended to
reduce the annualised energy cost. A dedicated techno-economic study is therefore needed

to find the optimum temperature.

3.3. Impact of electricity pricing model

In order to assess the impact of the electricity pricing system, two parametric analyses
are carried out. The first looks at the impact of a non-zero feed-in tariff, in contrast to the
results above. The second looks at a dynamic (rather than constant) retail tariff, and more
specifically at the level of fluctuation required to observe financial gains from the energy

arbitrage mechanism.

3.3.1. Non-zero feed-in tariff
For the case of a 0.05 €/kWh, feed-in tariff, Figs. [9a] and illustrate the relative

deviation in nominal capacity for the photovoltaic system and heat engine, with respect to
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the reference designs with zero feed-in tariff introduced in Section 3.1} The deviation in heat
pump capacity is not depicted because it stays within a narrow range (-7.4 % to +6.8 %).
Storage is not shown either because the trends are rather irregular (non-uniform increases

and decreases on the colourmap) and are not key to discuss the effect of non-zero feed-in

tariff.
deviation in photovoltaic capacity [%] deviation in heat engine capacity [%]
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(a) Photovoltaic capacity. (b) Heat engine capacity.

Figure 9: Deviations in installed capacities due to non-zero feed-in tariff. The colourmaps depict the relative
deviations. The x-axis represents the costs considered for the heat pump, the y-axis the costs of the heat

engine and the top and bottom maps illustrate two different storage costs.

Results show that the photovoltaic capacity is largely increased. This shows that a non-
zero feed-in tariff, although significantly lower than the retail tariff (0.05 €/kWh against
0.30 €/kWh), is clearly beneficial to the installation of photovoltaic systems. On the other
hand, the capacity of the heat engine is relatively reduced compared with the reference case.

It is even removed for higher CAPEXgE.

As the increase in photovoltaic capacity is counterbalanced by the reduction in heat

engine capacity, it is not possible to conclude directly whether the non-zero feed-in tariff
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reduces dependence on the grid. Fig.[I0a]therefore depicts the relative deviation in electricity
consumption from the grid. Clearly, despite the reduction in heat engine capacity, electricity

consumption is decreasing, meaning that energy self-sufficiency is increasing.
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(a) Grid electricity consumption. (b) Annualised energy cost.

Figure 10: Deviations in performance indicators due to non-zero feed-in tariff. The colourmaps depict the
relative deviations. The x-axis represents the costs considered for the heat pump, the y-axis the costs of the

heat engine and the top and bottom maps illustrate two different storage costs.

Fig. finally depicts the relative deviation in annualised energy cost. The gain is
relatively limited, as it reaches maximum -7.1 %. This illustrates that from a financial
perspective, non-zero feed-in tariff is not a game changer, meanwhile it significantly affects
the electrical storage capacity. Scharrer et al. [30], who considered a retail price of 0.36

€/kWh and a feed-in tariff of 0.06 €/kWh, drew similar conclusion.

3.83.2. Dynamic retail tariff
Benefiting from dynamic (or ”variable”) energy prices is an argument frequently put for-
ward to increase the profitability of domestic energy storage projects [53, 54]. Conceptually,

storage allows for purchasing energy from the grid when costs are low (due to low market
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demand and/or high renewable production) and then discharging it to meet demand when
prices are high. This is similar to the energy arbitrage mechanism.

To assess whether such pricing model would be profitable to residential Carnot batteries, a
parametric analysis was carried out to study how the level of fluctuation affects the optimum
design. For this work, this level has been defined as

OV (pac) = T1Pelee) (27)
1(Pelec)
which is the coefficient of variation (ratio between standard deviation o and mean p) of the

electricity price pglec OVer the typical year.

impact of dynamic retail tariffs (Pisa)

relative 93 heat engine
deviation capacity
[%]

Annualised
Energy Cost

o+ \\\d
—15}| storage capacit
~13t ge capacity

L I ]
0 70 100

CV(petec) = 0(Pelec)/M(Pelec) [%]

Figure 11: Relative deviation in annualised energy cost, photovoltaic, storage and heat engine capacities for
different coefficients of variation of retail tariffs. The design corresponding to case CAPEXyp = 600 €/kWy,,
CAPEXyg = 2400 €/kW, and CAPEXgrg = 30 €/kWhyy, was selected for the analysis.

For this analysis, the case CAPEXgp = 600 €/kW,},, CAPEXyg = 2400 €/kW, and
CAPEXTEg = 30 €/kWhy;, was also selected. Fig. depicts the relative deviation in
annualised energy cost, photovoltaic, thermal energy storage and heat engine capacities for
coefficients of variation from 0 % to 100 %. First observation is that below 70 %, there is no
financial gain. This is mainly due to high retail tariffs in autumn and winter, when demand
for electricity from the grid is highest (important heat consumption and low photovoltaic
production). As illustrated in Fig. , a daily effect is also at work: prices are higher when

demand for energy is higher (morning and evening peaks).

36



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

To compensate for the increase in the share of the cost of electricity in the annualised
energy cost, the size of the engine is increased in order to provide greater electrical self-
sufficiency. Note also that the storage capacity tends to decrease. For their part, the capac-

ity of the photovoltaic system and the annualised energy cost remain relatively constant.

Instead, when the coefficient of variation of the electricity price is greater or equal to
70 %, financial gain starts to occur (around -15 % in annualised energy cost for a level of
100 %). While photovoltaic capacity is falling (-15 %), the heat engine capacity is rising
sharply: it produces considerably more electricity. This suggests that low-cost (and even
negative price) electricity is charged into the storage, and then discharged to meet energy
demand when retail tariffs are high (morning and evening peaks). In fact, as the level of
fluctuation in electricity price increases, the origin of the profitability of the Carnot battery
shifts progressively from photovoltaic load shifting to energy arbitrage. This result therefore
shows that if the electricity price fluctuates greatly, arbitrage via the Carnot battery is the
most financially attractive option, despite its limited efficiency.

However, the above results must be seen in the context of historical fluctuation levels.
Indeed, the level of fluctuation on the day-ahead market as defined in Eq. 27 has not exceeded
70 % in most European countries, with the exception of the years of the energy crisis. It
is also important to point out that these levels of fluctuation are accompanied by a fall in
installed photovoltaic capacity, and therefore in the production of decentralised renewable
energy. In the context of the energy transition, this seems counterproductive. What is more,
reducing the distributed generation of photovoltaic electricity should have a retroactive effect
on fluctuations in electricity prices.

Finally, such high levels of fluctuation in retail tariffs for residential customers raise
questions. Households without energy storage systems could be severely penalised. The

plausibility of this type of scenario is therefore questionable.
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3.4. Sensitivity to uncertainties

The effect of technical and operational uncertainties on the financial performance of res-
idential Carnot batteries was assessed through a global sensitivity analysis. The design cor-
responding to case CAPEXygp = 600 €/kWyy,, CAPEXyE = 2400 €/kW, and CAPEX1Rg
= 30 €/kWhyy, was selected for the analysis (see Table [6] for capacities). The uncertainties
affecting the different parameters are reported in Table [, These were propagated through
the model using Polynomial Chaos Expansion, as explained in Section Since the design
is fixed in this analysis, only the electricity-related expenditures (i.e. electricity consump-

tion) affect the annualised energy cost.

sensitivity to uncertainties (Pisa)

Text |
Ltes I
e, cn
Ppv
v
Pror: [N
orem .., I
v~
0 1419 83
Sobol index [%]

Figure 12: Sobol indices corresponding to the uncertain parameters considered in the sensitivity analysis
(Table . The design corresponding to case CAPEXyp = 600 €/kW,y,, CAPEXyg = 2400 €/kW, and
CAPEXTgs = 30 €/kWhy, was selected for the analysis.

Fig. depicts the Sobol indices for each uncertain parameter. Each index represents
the contribution of the uncertain parameter to the global variance on the annualised energy
cost. Clearly, this cost is most sensitive to space heating related parameters, and to a lesser
extent to the electrical load. With a Sobol index of 63 %, the heat pump fraction of Lorenz
efficiency \Ph‘genz is the primary source of system sensitivity. Next comes the heat load for

space heating Qload,sh- This result is entirely logical given the volume of energy involved.

This illustrates the importance of maximising the COP of the heat pump in order to reduce
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operating costs. In third place comes the electrical load Pj,,q, with an index of around 14
%.

The other five parameters have indices below 5 %. These can therefore be considered
negligible. The fact that the Sobol index of ‘Ifﬁ%renz is negligible illustrates that in the event
of a major overproduction of photovoltaic electricity, it is still profitable to store this despite
the low efficiency (provided the cost of the storage system allows). Indeed, in spring and
summer, the average power-to-power efficiency of the Carnot battery, which is equivalent to
the product of COPgp and nyg, does not exceed 25 % (see Table . If it were not stored,
this energy would simply be lost. This observation therefore suggests a reduction in the
storage temperature, which would reduce the efficiency of the Carnot battery but increase
the COP of the heat pump, thereby reducing operating costs.

It is also interesting to note that the cost of the system is relatively insensitive to the
self-discharge losses Lgg, despite the wide range of variation considered (£ 50 %yq). In-
tuitively, one might think that during the system sizing phase (Section , these losses (5
%/24 h) prevented long-term storage, which therefore made the system rather insensitive
to them (storage is only used on a daily basis). However, this hypothesis can quickly be
discarded: a parametric analysis showed that by neglecting self-discharge losses (Ltrg = 0
%/24h), the designs obtained were relatively unchanged compared with the case Ltpg = 5
%/24h. The relative deviation in capacity ranged from 0 % for thermal storage to 2.5 % for
the heat engine. It can therefore be said that the limited storage capacity, which makes the
system rather insensitive to self-discharge losses, is due to its high cost and not to the losses

themselves.

From the sensitivity analysis, it can be concluded that in a residential energy system
equipped with a photovoltaic system, a heat pump and thermal energy storage, adding a
heat engine does not present any real financial risk and can reduce energy bills. Regardless

of its efficiency, it will be used in any case to limit curtailment during spring and summer.
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3.5. Extending results to other locations

The aim of this section is to extend and generalise the results obtained from the reference
case of Pisa to other climatic conditions. To do this, the same study was carried out for the
case of Brussels, which has a colder climate (higher heating demand, lower cooling demand)
and lower annual solar irradiance. It is also more prone to seasonality (greater difference

between winter and summer solstices). The corresponding boundary conditions are depicted

in Fig. [A.1lin [Appendix Al To simplify the analysis, only the significant differences between
Pisa and Brussels are discussed. All the corresponding results are given in [Appendix Al

In terms of system design, storage capacity is on average lower in Brussels than in Pisa
(up to 65 % less). The number of charge/discharge cycles is consequently up to 75 % higher.
This reduced need for storage is explained in particular by the lower photovoltaic production
and the greater capacity of the heat pump (up to 10 %).

In addition to storage, the capacity of the heat engine is 20 to 100 % lower. As a result,
its production covers only 0 to 13 % of the electricity demand, i.e. on average 40 to 100
% less than in Pisa (for high CAPEXyg, no heat engine is installed). Curtailment is also
logically higher in Brussels, since electricity storage capacity is more limited there. This
difference in electricity storage capacity is explained in particular by the fact that the period
of heat demand for space heating is longer there, while the photovoltaic potential is more
concentrated around the summer solstice. Consequently, this reduces the potential period
for electricity discharge.

Given the lower photovoltaic potential, which is more concentrated around the warm
season, and the higher demand for heat in winter, the annualised energy cost is logically
higher in Brussels than in Pisa. This is further amplified by the fact that the COP of the

heat pump is lower in Brussels, due to the lower average temperature.

The parametric analysis on electricity tariffs also reveals differences between Brussels

and Pisa. In the case of a non-zero feed-in tariff, the capacity of the heat engine decreases
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much more (it is even removed in many cases), while the capacity of the photovoltaic system
increases much less. The reduction in grid electricity consumption is therefore lower in
Brussels than in Pisa (maximum -11 % compared with -22 %). The gain in annualised
energy cost is also logically much lower (maximum -2.6 % compared with -7.1 %). It can
therefore be seen that benefiting from a non-zero feed-in tariff is less advantageous in Brussels,
essentially because solar irradiance is lower there.

In terms of dynamic retail tariff, the analysis shows that photovoltaic capacity is much
more reduced in Brussels than in Pisa. This can be explained by the lower irradiance during
periods of high energy demand (autumn and winter), but also by the fact that the price of
electricity is lower when the system produces the most, which reduces its profitability. It
should also be noted that storage capacity increases significantly with the level of fluctuation,

so as to gain resilience and face price rises during morning and evening peaks.

Generally speaking, this analysis on the case of Brussels illustrates that the higher the
heating demand during the cold season, and the lower the solar irradiance and the less
evenly distributed it is over the year, the less interesting the Carnot battery. Conversely,
when heating demand is lower and irradiance better distributed, having a heat engine to

carry out electrical discharges during the warm season is a real advantage.

4. Discussions and perspectives

The results obtained in Section [3| were used to answer the main research questions of this
work. It was shown that, for most of the investment costs considered, installing a Carnot
battery was a preferable option for minimising the energy system costs. The optimal oper-
ation of each component has also been characterised. In addition to these conclusions, the

results raise new questions and offer new perspectives. These are detailed below.

Firstly, the study carried out here assumed an electricity price of 0.30 €/kWh. However,

since electricity prices vary by region and over time, it is essential to generalise these findings.
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A potential approach could be to express each investment cost as function of the electricity
price. This would allow the CAPEX/pgjec ratio to be used to generalise the optimal design
of the energy system. While the results in Section |3| are expressed in terms of CAPEX for
the sake of readability and ease of interpretation, further investigation is necessary to ensure
the CAPEX/pglec ratio can faithfully depict the correct results trends.

With regard to heat production, the sensitivity analysis in Section [3.4| clearly demon-
strated that the COP of the heat pump was a key parameter to reduce the annualised
energy cost. In order to maximise the COP, technological improvements can obviously be
expected. In addition to this, it also seems appropriate to reduce the temperature of the
heat produced during the cold season, when there is no electrical discharge. Decreasing this
temperature closer to that of the district heating network (i.e. 70°C) would increase the COP,
and therefore reduce electricity consumption (essentially absorbed from the grid). However,
for a given volume of the storage tanks, this would reduce storage capacity. For instance,
going from 95°C/65°C to 80°C/65°C would roughly halve the storage capacity. As a result,
more electricity imports would be required, which would partially offset the gain from the
increased COP. Another option would be to maintain this storage capacity by increasing the
tanks volume, and to consider the financial impact on the investment cost. A final option
would be to distinguish between production modes: lower temperature when coupled directly
to the heating network, and higher temperature when charging the thermal storage.

The sensitivity analysis also suggests that, given the impact of the COP, neglecting
performance degradation at part load and the energy consumption associated with cold start-
ups and transients is a very optimistic assumption. If these efficiency degradations were taken
into account in our model, the impact would be, on the one hand, an increase in electricity
consumption. On the other hand, a probable downsizing of the heat pump, so as to increase
the average capacity factor and reduce part load operations, and to limit the number of
start-ups, while the capacity of the thermal energy storage would be increased. This would
result in a better COP. To deal with part load efficiency degradation in practice, several

smaller capacity heat pumps could be set up in parallel. After optimal dispatch, taking
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into account the part load performance degradation, the heat pumps would be switched on
progressively to maximise the overall COP of the installation.

Given the share of heat in the cost of energy, reducing the thermal demand seems to be
a key lever. This can be achieved by insulating the building (efficiency measure), and by
reducing the set-point temperature (sufficiency measure). Consequently, studying a scenario
with a reduced heat demand is a real stake. If the need for thermal storage during the cold
season is reduced, it is likely that the storage capacity will also be reduced. As a result, the
role of the heat engine would become uncertain. Would it still be used?

Another hypothesis that may be questioned is that of perfect annual foresight. Since the
model knows the boundary conditions perfectly well at every hour of the year, it can optimally
anticipate the system’s operations. For example, if the model sees a week coming with high
demand and low energy production, it can anticipate this the week before by increasing the
storage charge level. Another example would be to take advantage of low electricity costs
to anticipate a high-cost week. Although this would allow the system to be optimised as
much as possible, it is not entirely realistic. Weather forecasts, which influence photovoltaic
production and heat demand, are generally uncertain more than 24 hours ahead. The same
applies to the electricity price, which is set 24 hours before delivery on the day-ahead market.
However, the impact of this hypothesis should be moderated. As illustrated in the analysis
of the system operations in Section [3.2] the thermal storage is designed for daily use. As
the charge-discharge cycles do not take place over more than two days, the storage does not
allow for weekly or seasonal optimisation. The assumption of perfect foresight is therefore
reasonable in this case. However, it would be less acceptable if the storage cycles took place
over a longer period.

The results obtained in this work also pave the way for the use of reversible heat pumps/
organic Rankine cycle. As introduced by Dumont et al. [I4] in domestic applications, and
recently studied by Scharrer et al. [30] for residential Carnot batteries, these machines would
make it possible to significantly reduce investment costs. The counterpart to this cost reduc-

tion would be a slight loss of performance. As illustrated above, such performance degra-
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dation would not be detrimental to the electricity production with the heat engine, but
severely to the thermal production with the heat pump. This precisely indicates that when
designing a reversible machine, priority should be given to optimising the heat pump and
not the organic Rankine cycle. This deserves further investigation.

As far as thermal storage is concerned, the considered costs (i.e. 20 to 40 €/kWh) and
self-discharge losses (i.e. 5 %/24 h) did not make it possible to obtain a design allowing long-
term storage (weekly, or seasonal). However, given the very low costs reported for pit-storage
projects (down to 0.5 €/kWh [55]), it would seem appropriate to consider this technology.
Although it is compatible in terms of temperature ranges, a better characterisation of self-
discharge losses would be necessary, as they directly affect the temperature levels. Up to 30
% of self-discharge losses are for instance reported for annual cycles [55]. In order to model
them correctly, a dynamic consideration of the storage temperature would be a minimum
requirement. It would then be interesting to study whether, at the housing development

level, long-term storage takes place primarily for heat, or also for electricity.

To finish this section, it must be stressed that future work should also focus on a compar-
ison with chemical batteries (Li-ion). On a domestic scale, this technology is the first direct
competitor of the Carnot battery. With its constantly falling costs (-90 % in last 15 years
[56]) and very high efficiency (> 90 %), it appears to have a clear techno-economic lead.
However, these two technologies do not provide the same services to energy systems (stor-
age duration, heat/electricity coupling, etc.). What is more, the environmental footprint of
Carnot batteries could be smaller [9]. There is therefore a need to study the complementarity
between these technologies in order to identify possible synergies leading to an economic and

environmental optimum. This will be the subject of a future study by the authors.

5. Concluding remarks

This work looked at the techno-economic potential of Carnot batteries used as flexibility
options for heat and power management in residential applications. The system studied con-

sists of a high temperature air-source heat pump connected to a thermal storage. Thermal
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discharge takes place through a heat exchanger connected to the district heating network,
while electrical discharge takes place through an air-cooled organic Rankine cycle. The sys-
tem is integrated into a housing development of 20 dwellings, and two locations with different
climates are considered (Pisa and Brussels). The entire system (i.e. design and operations)
is optimised to minimise the annualised energy cost using quadratically constrained linear

programming. The main conclusions of this work are as follows:

e Domestic Carnot batteries help to minimise the annualised energy cost. The amount
of energy stored, and therefore the degree of energy self-sufficiency, will depend on
the cost of each of the components. Pisa also performs better than Brussels, mainly

because of the higher solar irradiance and lower heat demand.

e The role that the Carnot battery will play in the energy system will vary according to
the season. During autumn and winter, when photovoltaic production is lowest and
demand for heat is highest, only thermal discharge occurs. Storage acts as a buffer

between peaks in heat demand and heat pump production.

Conversely, in spring and summer, when photovoltaic production is at its peak and
demand for heat is at its lowest, the heat accumulated in the storage during the day
is used mainly to power the heat engine and produce electricity in the morning and
evening. This result shows that despite the low electrical efficiency of the Carnot
battery (less than 25 %), investing in a heat engine to be coupled to the thermal

storage is financially preferable to curtailment.

e For fluctuation levels comparable to those encountered on the day-ahead markets today,
benefiting from a dynamic retail tariff is not financially advantageous. Dynamic tariffs
indeed lead to an average increase in electricity prices when demand is at its highest

(autumn/winter and morning/evening peaks).

For higher levels of fluctuation, the Carnot battery is a good option, as it allows energy
arbitrage. It should be noted, however, that variable tariffs can cause reduction in the

installed photovoltaic capacity, and therefore reduce the energy self-sufficiency.
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e On the other hand, benefiting from a non-zero feed-in tariff is not really favourable to
the Carnot battery, although it does allow a slight reduction in the annualised energy
cost (generally less than 5 %). Indeed, the capacity of the heat engine is significantly

reduced in Pisa and generally zero in Brussels.

From this work, we can conclude that if a heat pump and thermal storage are installed, then
installing a heat engine is generally profitable, no matter how efficient it is, as long as its
cost allows.

In order to increase profitability, future work on the subject could look into the use of
different storage temperature levels depending on the season (colder when there is no elec-
trical discharge). Also, the profitability of reversible heat pumps/heat engines should be
investigated, because although they allow a reduction in investment costs, they are gener-
ally accompanied by a reduction in coefficient of performance and efficiency. Finally, the
feasibility of this type of system should be confirmed with more accurate models, including
operational models that take into account part load efficiency degradation, fluctuation of

storage temperature, as well as a characterisation of dynamic performance.
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Appendix A. Results for Brussels case study

In Brussels, the specific heating requirements are 93 kVVh/m2 /year and the domestic
hot water demand is 21 kWh/m?/year. The electricity demand is 20 kWh/m? /year. Fi-

nally, the specific cooling requirements are 14 kWh/ m?2 /year. Assuming that the air-cooled
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chillers have a Carnot efficiency of 45 %, the corresponding specific electricity consumption

is 1.4 kWh/ m?2 /year. The corresponding time series are depicted in Fig. . The optimum
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Figure A.1: Temporal heatmaps representing the climate and demand profiles for Brussels. The the days of
the year are plotted along the x-axis, and hours of the day are plotted along the y-axis. Pjoaq and Qload
are the total electrical and thermal loads. Text is the external temperature and P%l\e/ss is the dimensionless

photovoltaic production per installed capacity.

system designs and corresponding performance indicators are depicted in Fig. The oper-
ations corresponding to the case CAPEXyp = 600 €/kW,},, CAPEXgg = 2400 €/kW, and
CAPEXTEg = 30 €/kWhy,, are depicted in Fig. |[A.3] The seasonal indicators correspond-
ing to the case CAPEXgp = 600 €/kWy;,, CAPEXygp = 2400 €/kW, and CAPEXTgg
= 30 €/kWhy, are given in Table . The optimum design corresponding to the case
CAPEXygp = 600 €/kWyy,, CAPEXyE = 2400 €/kW, and CAPEXTrg = 30 €/kWhy,, is
given in Table |A.2] The relative deviations in optimum system designs and corresponding
performance indicators due to non-zero feed-in tariff are depicted in Fig. [A.4 Fig. de-
picts the relative deviation in annualised energy cost, photovoltaic, thermal energy storage

and heat engine capacities for coefficients of variation from 0 % to 100 %. Finally, Fig. |A.6
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Figure A.2: Optimum system design and performance indicators for the system operations based on the
investment costs considered. The colourmaps depict the installed capacities. The x-axis represents the costs
considered for the heat pump, the y-axis the costs of the heat engine and the top and bottom maps illustrate

two different storage costs.

s depicts the Sobol indices for each uncertain parameter.

48



889

890

891

892

893

894

895

896

897

898

899

Ppyv [kWg ] (Brussels) . Phe [kWe ] (Brussels)

70.2 2.27
20 58.5 20 ‘ ‘ V 1.89
= 16 [ 468 16 1.52
kel o
I | 0 L
£124 ll\'IMM’ H‘M‘ H" ‘H' ‘ 331 £12 114
Gy 11 () | Y
o |0l | | o
< 8- 1| [ 235 5 8 0.76
2 2
4 11.8 4 ‘ ‘ 0.39
0 : : : : 0.1 0- 0.01
Mar. 215t jun. 215t Sep. 215t Dec. 21 Mar. 215t jun. 215t Sep. 215t Dec. 21
day of the year [-] day of the year [-]
Qup [KWyn] (Brussels SOC %] Brussels
_Qwe [kWin] ( ) ‘ 12 24 TES [ 100.0
|| | 184.4 zof 1l 83.3
= w o ‘m
3 “" ‘ 1475 316 H, ‘ " q \m “ ‘ ‘ ‘ . 66.7
I i | (
£ {’Q‘ 1 \ J w 1107 £ 121 50.0
G Il bS]
5 | 738 5 8 33.3
o o
< <
37.0 4 ” ‘ m ‘h 16.7
0.1 0 \ ‘ H 0.0
Mar. 215% jun. 215t Sep. 215t Dec. 21% Mar. 215 jun. 21“ Sep. 21St Dec. T21%
day of the year [-] day of the year [-]

Figure A.3: Temporal heatmaps representing the system operations for Brussels (photovoltaic power pro-
duction Ppy/, heat engine power production Pyg, heat pump thermal production QHp and storage state-of-
charge SOCrgg). The the days of the year are plotted along the x-axis, and hours of the day are plotted

along the y-axis.

Appendix B. Analysis of representative days

This appendix illustrates the operations of the energy system for two representative days
out of the 365 simulated: Fig. shows a typical summer day and Fig. shows a typical
winter day. In Fig. the Carnot battery’s role in shifting photovoltaic production is
clearly visible: the storage is charged by the heat pump during hours of production, while
it is discharged by the heat engine when the sun is not shining. During the morning hours,
the heat engine is sufficient to cover the electric load, while the grid is used as a backup to
face the evening peak. Curtailment also occurs due to excess electricity generation.

In Fig. the buffer role of thermal storage is perfectly illustrated. It allows the heat
pump to operate close to full load throughout the day, while the storage charges (resp.

discharges) when production exceeds (resp. does not meet) the thermal load. In addition,
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Table A.1: Seasonal operations and performance indicators for Brussels.

The considered design is for

CAPEXpp = 600 €/kW,,, CAPEXpg = 2400 €/kW,, and CAPEXTrg = 30 €/kWhyy,. Astronomical

seasons are here considered. During winter, the slight difference between heat production and demand is

due to the thermal losses in the storage. Ncycles is the number of charging/discharging cycles of the thermal

bs

storage and Egri 4 1s the grid electricity consumption.

Parameter  Unit Winter Spring Summer Autumn Annual
th
Eload MWhy;, 160.2 55.1 16.8 109.9 342.0
Egp MWhy;, 161.1 72.2 45.8 112.3 391.4
COPyp - 241 2.70 3.14 2.46 2.54
1
Elad MWh, 17.2 14.5 16.2 16.3 64.2
Exg MWh,  0.00 1.29 2.17 0.14 3.60
THE % n.a. 8.18 7.83 8.00 7.96
COPyp -mug % n.a. 22.1 24.6 19.7 20.2
Neyeles - 88.2 71.2 64.6 71.0 295.0
Epv MWh, 13.3 33.4 30.9 13.3 90.9
E20S MWh,  70.9 11.6 4.0 48.6 135.1

Table A.2: Nominal system design for Brussels for CAPEXygp = 600 €/kWy;,, CAPEXyg = 2400 €/kW

and CAPEXTES =30 €/kWhth

Parameter Symbol Value Unit
Heat pump capacity QﬁoPm 205.1 kW
Storage capacity TES 588 kWhyy,
Total storage volume TES 34.6 m?>
Heat engine capacity Pt 2.27 kW
Photovoltaic capacity — Ppi* 91.6 kW,
Annualised energy cost AEC 67.8 k€

w0 since photovoltaic production is not sufficient, the grid is used throughout the entire day.

sor  The heat engine is therefore not used.
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Figure A.4: Deviations in installed capacities and performance indicators due to non-zero feed-in tariff. The

colourmaps depict the relative deviations. The x-axis represents the costs considered for the heat pump, the

y-axis the costs of the heat engine and the top and bottom maps illustrate two different storage costs.
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Figure A.5: Relative deviation in annualised energy cost, photovoltaic, storage and heat engine capacities for

different coefficients of variation of retail tariffs. The design corresponding to case CAPEXyp = 600 €/kWy,
CAPEXyg = 2400 €/kW, and CAPEX g = 30 €/kWhy;, was selected for the analysis.
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