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ARTICLE INFO ABSTRACT

Keywords: Heat pumps play an important role in decarbonizing the heating supply of buildings and they allow to increase

PV the self-consumption of PV electricity, especially when supported by electricity or heat storage. In this study, we

Heat pump develop an open-source model to optimize PV-coupled heat pumps, with and without electricity and heat

flit:rszorage storage, and we compare their performance for three types of single-family houses with different thermal en-

Capacity-based tariff velope quality paired with 549 electricity profiles. We analyze trade-offs between prosumer benefits and grid
impacts, namely bill minimization, and maximum grid relief, depending on the type of storage and incentives for
grid peak reduction (i.e., a capacity-based tariff). We conclude that the use of heat storage reduces the levelized
cost of meeting the electricity demand between 13-26% compared to the baseline case without storage, in
particular when heat pumps are used for both space heating and domestic hot water (DHW). Regarding total self-
consumption rates, both storage technologies, namely batteries and hot water tanks (which supply both space
heating and DHW) achieve similar rates ranging between 30-39%. In contrast, batteries are found to be very
effective in reducing the peak demand (14-17% compared to the baseline scenario), but only if the retail tariff
has a capacity-based component. Interestingly, the quality of the envelope plays a key role and heat pumps can
double the power peak demand in poorly insulated houses, with thermal storage increasing the power peak
demand further up to 8%, compared to the baseline, regardless of the storage technology. Thus, we conclude that
policy makers should promote thermal retrofitting of the building stock to avoid the upgrading of the distribution
grid.

1. Introduction

Heat supply is dominated by fossil fuels and in 2019, only 11% of the
heat was supplied by renewable energy sources worldwide [1]. This
fossil dependency was equivalent to a contribution of 40% to global CO2
emissions (equal to 13.3 gigatonnes) in the same year. In Switzerland,
space heating demand needs to be significantly reduced as it represents
more than two thirds of the total final energy demand in the built
environment [2]. Energy retrofitting programs together with heat
pumps are crucial elements of the Swiss Energy Strategy 2050. Heat
pumps operate with much higher efficiency, referred to as coefficient of

performance (COP), than condensing boilers or furnaces, allowing to
reduce the energy consumption in buildings by 15-70% [3].The Swiss
Federal Office of Energy anticipates that the number of heat pumps sold
per year will double by 2030, reaching 40.000 units p.a. [4]. However,
most heat pumps are installed in new buildings while the retrofitting
rate in existing buildings is very low (less than 1% p.a. [5]) representing
the main challenge for heat pump diffusion.

Solar photovoltaics (PV), which so far has mainly be used to decar-
bonize electricity supply, can be key to also decarbonize the heating
sector [1,6]. PV modularity and cost-reduction empower consumers that
can now generate their own electricity, becoming prosumers, thereby

Abbreviations: PV, Photovoltaics; HP, Heat pump; FiT, Feed-in Tariff; COP, Coefficient of performance; ToU, Time of use; SFH, Single-family house; DHW,
Domestic hot water; SH, space heating; NPV, Net present value; CF, Cash flow; LCOE, Levelized cost of meeting the electricity consumption; CAPEX, Capital
expenditure; OPEX, Operating expenditure; SC, Self-consumption; SS, Self-sufficiency; PVSC, PV self-consumption; DLS, Demand load-shifting; DPS, Demand peak
shaving; SOC, State of charge; DoD, Depth of discharge; ILR, Inverter load ratio; NMC, Lithium nickel manganese cobalt oxide.
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Fig. 1. Schematic representation of a PV-coupled heat pumps supported by electricity and/or heat storage used in this study. The arrows indicate the direction of
possible electricity and heat flows between the individual components. The supply of domestic hot water (DHW) and space heat (SH) is modelled with two different
heat pumps (HP) whereas, in reality a single heat pump is used. TS stands for thermal storage.

directly contributing towards the energy transition. However, the
expansion of decentralized rooftop PV systems poses a challenge to the
power sector. Unlike conventional centralized generation, PV produc-
tion cannot be supplied on-demand without incurring additional costs
and devices. Moreover, for high distributed PV penetration levels, grid
operators may be forced to use rapid and expensive ramp-up of
centralized power to match the demand (this is referred to as the duck-
curve problem [7]), to shut-down baseload plants and/or to curtail PV
electricity to avoid voltage issues at the low and medium voltage grid
levels [8-10].

In order to supply PV electricity on-demand and minimize grid im-
pacts, there are a number of flexibility strategies that allow to increase
PV self-consumption [11,12]. In this article, we focus on heat pumps
supported with electricity (batteries) and heat (hot water tanks) storage.
Heat pumps can increase PV self-consumption and simultaneously
decarbonize space heating and domestic hot water (DHW) supply, which
so far mainly relies on fossil fuels [13]. When using local PV generation,
heat pumps can perform with high COP values (e.g., above 3) due to
relatively high ambient temperature at midday. Regarding storage, in
addition to shift PV generation, storage can also be used to exploit time-
varying electricity prices, i.e. charging at low prices and discharging at
high prices (prices in USD/kWh,;), referred to as demand load shifting
(DLS) [14,15]. Furthermore, storage can be used to perform demand
peak shaving (DPS), which consists of discharging for a short period of
time, e.g., 15-min, to reduce the maximum power exchanged with the
grid (in kW terms). DPS requires that the retail tariffs include a capacity-
based component (USD/kW,) in addition to the volumetric component
(USD/kWhgp) [16,17].

Considering the high interest in both PV self-consumption and heat
decarbonization, we focus on PV-coupled heat pumps assisted with
electricity and heat storage to meet both electricity and heat demand in
single-family houses. This is an important topic because the diffusion of
PV and heat pumps is crucial for the energy transition but influences the
nationwide electricity peak demand, distribution grid stability, and
electricity infrastructure upgrade cost [18]. Thus, in this study we
combine three storage applications for electric and heat storage, namely,

PV self-consumption, DLS and DPS.
2. Literature review

Low carbon technologies such as PV, heat pumps, batteries and hot
water tanks have been a focal topic of the previous literature, however,
control strategies of all the above-mentioned technologies combined in
smart houses has been rather limited. When analyzing control strategies
for heat pump integration, a smart response to prices was considered
[19-21]. Studies focusing on PV-coupled heat pumps give priority to the
increase of PV self-consumption [22-24], and combinations of appli-
cations have been hardly considered, except for PV self-consumption
and demand peak shaving [25]. However, these studies did not
consider the added flexibility of electricity or heat storage.

Very few studies addressing heat pumps have so far analyzed the
combinations of applications using energy storage. Liu et al. assessed the
impact of heat pumps on the battery schedule performing under time-of-
use (ToU) tariffs [26]. They recommended to conduct a whole-system
analysis to maximize PV self-consumption while reducing battery ca-
pacity, which is achieved by directly using more PV electricity in the
heat pump. Terlouw et al. also considered ToU tariffs when comparing
electricity and heat storage to minimize the electricity bill and CO5
emissions at the individual household and community levels [27]. Large
hot water tanks shared by the community and small individual batteries
help to minimize the bill for communities and individual houses,
respectively. Another study by Pimm et al. found that small batteries can
mitigate the grid impacts of heat pumps, ensuring that peak flow values
do not increase after the heat pump installation [28]. However, the
authors did not consider any economic aspects nor economic incentives
for peak demand reduction.

Since the space heating demand of a residential building largely
depends on its insulation, some authors have compared different refer-
ence buildings [29] and assessed underfloor heating and radiators [30].
However, PV-coupled heat pumps assisted with electricity and heat
storage and their trade-offs for prosumers and distribution grids, in
terms of PV self-consumption and demand peak shaving, have not yet
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been studied as a function of the envelope quality. To our knowledge,
this is the first paper proposing a method to evaluate PV-coupled heat
pumps, and to compare their performance when assisted with electricity
and heat storage, both individually and combined, for houses with
different envelope quality. The proposed open-source model optimizes
the heat pump and energy storage operation for a whole year and the
results are then scaled over a time period of 30 yr (corresponding to the
PV lifetime). Importantly, we analyze the trade-offs between prosumer
benefits and impacts on the grid, using three types of houses with
different thermal insulation, which are coupled with 549 electricity
profiles to provide robust results backed by statistical tests. Our open-
source model is applied to houses in Geneva, Switzerland, however, it
can be adjusted to locations with temperate climate and fast diffusion of
PV and heat pumps.

The remainder of this paper is structured as follows. The input data
and methods are presented in Section 3 which describes he system
configuration, as well as the optimization setup and the techno-
economic indicators. Section 4 presents the optimization results as a
function of the system configuration, building type and electricity tariff.
Section 5 is a discussion of the implications of our results and finally,
Section 6 presents the main conclusions.

3. Input data and method

First, we define the input data for the model in Section 3.1, including
various types of houses, electricity and heat demand data, as well as the
PV generation and the electricity tariff structure. Secondly, the optimi-
zation is described in detail in Section 3.2, as well as the PV-coupled heat
pump configurations including storage. Finally, we present the techno-
economic performance indicators in Section 3.4. Fig. 1 is a schematic
representation of a PV-coupled heat pump as considered in this study.
We use data from 2017 across this study.

3.1. Input data

3.1.1. Thermal characteristics of the houses

Based on the reference framework for buildings and space heating
simulations of the International Energy Agency [31], we compare PV-
coupled heat pumps in three archetypical single-family houses (SFH)
with identical living area (a two story SFH with 140 m? of heated floor
area) but different heat demand, corresponding to 15, 45 and 100 kWhy,
/m? p.a., referred to as SFH15, SFH45 and SFH100 respectively. These
values represent a very well insulated recent building (i.e., Minergie-P in
Switzerland or Passivhaus in Germany), a modern building from
2000-2010 (i.e., with a good thermal insulation of the building envelop)
and a renovated old building (before 1980) or equivalently, a building
from around 1980-1990 (i.e., poorly insulated) respectively [2]. The
SFH15 and SFH45 are assumed to have underfloor heating running at up
to 35 °C, which serves as heat storage directly coupled to the heating
system. As for the SFH100, modern low-temperature radiators operated
at around 50 °C are assumed [31-33], i.e., without storage capacity.
Space heat demand and DHW demand are presented in Section 1 of the
SL

3.1.2. Electricity, heat demand and PV generation

In order to model the mismatch between PV generation and total
electricity demand (including the consumption from appliances and the
heat pump), we use data of 549 houses with 15-min temporal resolution
monitored in single-family houses in Western Switzerland [34]. Since
only electricity consumption was monitored, we link each electricity
profile to SFH15, SFH45 and SFH100 heat demands, in order to analyze
all possible combinations of electricity and heat consumption, thereby
considering that electricity and heat demand are not directly correlated
(if the heating system is not electric).

The space heating and DHW demands for the three types of houses
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Table 1

Electricity tariff components depending on the bill structure used in this study.
The peak time occurs from 7 a.m. to 10 p.m. on weekdays and from 5 p.m. to 10
p.m. on weekends. The export value corresponds to the wholesale price in the
EPEXSPOT market. The price shown corresponds to the average wholesale price.

Name Units Geneva Based on
ToU tariff On-peak USD/kWhy; 0.259 Energy
Off-peak USD/kWhy 0.165 Energy
Export price USD/kWhy; 0.047 Energy
Capacity-based tariff USD /kW /month 9.39 Power

are calculated using a calibrated dynamic simulation tool [35]. The
simulation tool calculates the dynamics of the building and energy
system by solving the coupled differential equations of the individual
components using a Runge-Kutta integrator. The DHW draft profile is
calculated using the DHWcalc tool [36] simulating the draft profile of a
family with two adults and two children. The simulation framework is
implemented in C++ with Visual Studio Community 2017 from
Microsoft and the coupled differential equations models are solved in a
program implemented using the same programming language. Further
information can be found in Section 1 of the Supplementary Information
(SI) and in Ref. [35].

We simulate PV generation using a standard one-diode model
[37,38] and PV technology with a nominal efficiency of 18.6% [39],
representative of the current technology state. A sky model is used to
transform satellite data of horizontal solar irradiance into irradiance
with a tilt angle of 30° and facing south, which corresponds to the PV
system orientation [40]. Outdoor temperature was collected locally in
Geneva by the University of Geneva [41]. The model also includes a
maximum power point tracker system, as is the case of most PV systems
to maximize the output regardless of the environmental conditions
(temperature and solar irradiance). Finally, we consider PV systems with
a nominal capacity equal to the median size of the empirical PV distri-
bution across Switzerland, corresponding to 4.8 kWp [42]. The capacity
factor of the modelled PV system is 16.1%, which is in line with other
results for the same location (e.g., 15.7% in renewables.ninja for 2019)
[43]. The specific technology costs for PV, battery, heat pumps and hot
water tanks are given in Table A.1.

3.1.3. Electricity tariffs

Electricity prices used in this study are based on available tariffs
offered by the local utility company in Geneva. We consider a ToU tariff,
normally offered for heat pumps. The export PV price is assumed to be
equal to the wholesale electricity price (based on the prices from the
day-ahead European Power Exchange) as is the case for traditional
electricity generators.

Importantly, we also test the impact of adding a capacity-based tariff
(also referred to as demand charges) to today’s tariff which is typically
only volumetric. A capacity-based tariff (in USD/kW,;) represents a
charge that is proportional to the maximum peak power, considering
import from and export to the grid. To reduce the grid impacts of PV,
heat pumps and electric vehicles and enabled by the deployment of
smart meters, capacity-based tariffs are already being tested in some
countries, e.g., France, Belgium, Austria and Sweden [44,45]. In this
study, a capacity-based tariff is modelled as 9.39 USD/kW,/month,
while ensuring that the original overall electricity bill remains un-
changed. This is achieved after reducing the volumetric component of
the double tariff by 20%. Table 1 provides all the relevant tariff data
depending on the bill structure.

3.2. Optimization modeling
We propose a daily schedule optimization (starting at midnight) of

the PV-coupled heat pumps (see Fig. 1). Every optimization was run for
one year and then the results are scaled over a time period of 30 years,
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Table 2
Heating system characteristics depending on the building type with identical
heated floor area of 140 m? for a two stories single-family house.

Heat Pump SFH15 SFHA45 SFH100
Required heat at the design point [kW] 2.4 4.9 10.6
Supply temperature at the design point 35 35 50
[°C]
Temperature difference at the design point 46 46 61
[K]*
Generated heat demand at the design point 4 4.8 9.7
[kwrh]
HP Thermal capacity [kWp] 4 6 16
Working fluid 410a 410a 410a
Maximum electric demand at the design 1.7 2 6.6
point [kWy]
Backup heater [kWt;,]b 2 4 4
Space heating storage system SFH15 SFHA45 SFH100
Type of storage Existing®  Existing  New‘
c
Specific capacity of the heat release of 40000 40000 6300
storage [kJ/K]
Maximum AT [K] 1.5 1.5 10
Active building storage capacity based on 60000 60000 63000
possible temperature difference [kJ]
Equivalent water capacity @ 10 K AT [1] ~ 1500 ~ 1500 1500
DHW storage system SFH15 SFHA45 SFH100
Maximum AT [K] 20 20 20
Storage capacity based on temperature 16800 16800 16800
difference [kJ]
Water capacity [1] 200 200 200

@ The design point was used to size the heat pump, using IEA methodology
[13].

> An electric backup heater with a COP of 1 is used to meet the peak heat
demand, especially when there is simultaneous DHW and space heating
demands.

¢ An existing space heating storage refers to an active heat building storage,
which is directly coupled to the heating system, i.e., the thermal capacity of the
heating system (radiator or underfloor heating), contrary to the passive building
storage which refers to the heat storage capacity of the activatable building mass
(which is not considered in this study) [49].

d' A new storage refers to a technical storage, which is the name given to a heat
storage unit that is installed in the building as an additional device [49].

corresponding to the lifetime of the PV system [46]. We consider re-
placements for all the components of the system (see SI Section 5 for
more information). The open-source Linear Programming model
developed by Pena-Bello et al. [34] is extended in this study to couple
heating with heat pumps in combination with heat storage and elec-
tricity storage. We model eight PV-coupled heat pumps with and
without thermal and electricity storage (see subsection 3.2.4) using the
open-source programming language Python. To formulate the optimi-
zation problem, we use the Pyomo package [47], a Python-based opti-
mization modeling language and to solve the scheduling optimization
problem we use CPLEX, an optimization software package developed by
IBM. The model can be found in githubhttps://github.com/alefunxo/B
ASOPRA _HP. Perfect forecast is assumed for electricity and heat de-
mand, PV generation and wholesale prices in order to determine the
maximum economic potential regardless of the chosen forecast strategy.
The objective function is the minimization of the electricity bill which
also includes a power-based component if a capacity-based is included,
as is indicated in Eq. (1).

Energy—based tariff

. t
C = min § i—0 (Egrid,'ﬂimporr, - EPV—gridl 'ﬂexpm‘f,> + (Pmax—da_v'”capacinf'PS)
= —_—

Power—based tariff

(€Y
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Here, the energy-based tariff is given by Egiy [kWh] which is the
electricity drawn from the grid; mimpor, is the import price (i.e., retail
price, in USD/kWh,); Epy_giq, [kWhe] is the PV-electricity exported to
the grid; and 7., is the export price (in USD/kWh,;, assumed to be the
wholesale price in this study). All these variables have the sub-index i
representing every time step (corresponding to 15-min) from O up to 96
per day (represented by t). The capacity-based tariff is given by Ppax—day
[kW], which is the maximum power required from the grid throughout
the day; Zcqpaciry is the capacity-based tariff (in USD/kW,;/day); and PS is
a boolean variable which indicates the presence of the capacity-based
tariff (to enable demand peak shaving). The objective function is sub-
ject to various technical and energy system-related constraints which are
presented hereafter. The model validation can be found in Section 6 of
the SIL

3.2.1. Heat pump modeling

We model a bivalent heat pump, comprising an air to water heat
pump and an electric backup heater connected in series to meet all
heating requirements when the heat pump cannot meet them due, for
instance, to under-sizing or to extremely low temperatures. The char-
acteristics of the heating system as a function of the type of house are
presented in Table 2. The sizing of the heat pump as well as the speci-
fication of the supply and return temperatures follow the methodology
presented by the IEA [31] and are presented in the Section 2 of the SI. A
detailed list of model parameters and variables is presented in Table A.2.

From a modeling perspective, the heat pump is virtually split into
two parts which separately provide space heat and DHW. By analogy
with real heat pumps, the two virtual parts cannot work at the same time
and operate at different outlet temperatures. Egs. (2)-(5) describe the
heat pump constraints. The constraint of electricity demand is shown in
Eq. (2), where Ey, is the electricity required by the heat pump, while
EPV—hp,- [kWhel], Ebatt—hpl [kWhel] and Egﬁd—hp,- [kWhel] are the PV elec-
tricity supplied to the heat pump, the battery and the grid, respectively.

Ehp, = EPV—/zp‘ +Eban—hpi +Egrid—/1p, (2)

The thermal power of the heat pump (Py,, in kWy) (to meet the
demand load or store heat) must be lower or equal to the maximum
thermal power output (Ppy_max—t, [kWg]) at each time step (Eq. (3))

Py, <Pip—max—ih; 3)

Eq. (4) defines the relationship between the electricity supply and
heat generation, where Ey,, [kWh,] is the electricity consumption of the
backup heater; Qx,p,hsi [kWhg,] and th,shi [kWhy,] are the heat provided
by the heat pump to the heat storage and directly to the space heating
load, respectively. The COP, defined as the relationship between the
heat flow (kW) provided by the heat pump, and its electrical power
consumption (kW,) (the COP is therefore dimensionless), is calculated
at each time-step as a function of the outdoor temperature and the
supply temperature using a lookup table from a recognized heat pump
manufacturer (see Section 3 of the SI [48,49]).

th—hs, if heat storage '
Eyp,-COP;+Epy,, = ()]
i i .
Ohp—si; Otherwise

Thermal mass and inertia of buildings can be substantial, e.g.,
allowing to keep the indoor temperature at comfort level for up to 6 h
out of 24 h [33,50]. Thus, there is a delay between the thermal supply
and demand as a function of outdoor temperature and thermal resis-
tance [50]. Making use of the thermal inertia of buildings, the heat
pump does not need to be perfectly aligned to heat demand as long as the
total heat supplied within two hours matches the total demand within
the same period [51]. Eq. (5) mathematically expresses the thermal
inertia (or flexibility) of 2 h (8 blocks of 2 h represented by the sub-index
i), where Quoq, [kWhi1, Qup g, [kWhe] and Qg [kWhiy]] are the space
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Fig. 2. A schematic representation of the four heating system configurations used in this study, regardless of the use of battery storage.

heating demand, the heat supplied by the heat pump for space heating
and the heat supplied by the heat storage for space heating, respectively.

)

ss1 Z Q,S,Sh,_ if heat storage

) Py
. i=8:j
Z Q/nadl - 8- +1)

e Z th,:,,( otherwise
i=85
wherej € [0,7)andi € [0,95] 5)

3.2.2. Modeling of heat storage

Hot water tanks for space heating and DHW are modeled as perfectly
mixed with a homogeneous temperature (T; [K]). Egs. (6) and (7)
present the change of heat content in the tanks as a function of time
(AQm [kWhy1) depending on the heat balance determined by the inlet
flow from the heat pump (th,,m), the heat flow delivered to the demand
load (Qpag [kWha), including both space heating and DHW, and the
heat losses through the surface area to the surroundings (Qi_oss
[kWhs]). The amount of thermal energy charged into the heat storage
(Qs; [kWhy]1) is given in Eq. (8) by the difference between the temper-
ature of the heat storage at time i (T, [K]) and the supply temperature
(Tsupply, [KD), multiplied by the mass and the specific heat of water.

AQm, = th—hs, - Qm—sh, - Qlos‘xflx, (6)

A.Qm, = (Tz:, - TIS,,])'mIX’Cp,\ (7)

st, = (Tls;

Moreover, hot water tanks for DHW and space heating operate be-
tween minimum (Typy, [K]1) and maximum (Tappy, +Toge [K]) tem-
perature levels and they are characterized by losses (Quss_is, [kWh]), as
presented in Egs. (9) and (10). Here, U, [kW - m~2 - K '], A, [m~2] and
ATy, [K] are the heat storage’s U-value, surface, and the difference of
temperature (between the heat storage and the set-point temperature),
respectively. The minimum temperature of the hot water tanks is con-
strained by the supply temperature (T, [KI; see Table 2). Further-
more, the maximum temperature is given by the supply temperature
plus the offset temperature (i.e., AT [K]; see Table 2). It is assumed that
the heat storage for space heating provides heat at the supply temper-
ature (T, [K]), while the DHW tank, provides hot water at 50 °C.

- Tmppl,v,) M5~ Cpyg 8)

T?upplyl < Tz.s < Tmpp[v, + T()_[[&et (9)

O towy = Ui Ay AT, (10)

For DHW, the same equations as above apply, assuming a dedicated
heat pump and a water tank of 200 [, according to the standard con-
sumption of 50 [ per person and per day for a single-family house, as
defined in the Swiss norm SIA 385/2 [52]. For space heating, a 1500 [
hot water tank is assumed for the SFH100. As for the SFH15 and SFH45,
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Table 3
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Various PV-coupled heat pump and storage configurations assessed in this study. Note that in all cases a 4.8 kW, PV system is included and a heat pump of 4 kW, 6
kW, or 16 kW, provides space heating (and in some cases DHW) for the SFH15, SFH45 and SFH100, respectively. In the cases where DHW is not provided with a heat
pump, an external fuel-based boiler is assumed (outside the scope of the model presented in this study).

Space heating tank size [1]

DHW tank size [I] Corresponding heating system

Configuration DHW provision with HP

No storage (Baseline scenario) No —
Tank DHW Yes 100°
Tank SH No 1500”
Tank SH and DHW Yes 1500 b
Battery No -
Battery and Tank DHW Yes 100 a
Battery and Tank SH No 1500 b
Battery, Tank SH and DHW Yes 1500 b

- Fig. 2a
200 Fig. 2b
- Fig. 2¢
200 Fig. 2d
- Fig. 2a
200 Fig. 2b
- Fig. 2¢
200 Fig. 2d

@ Values for SFH15/SFH45/SFH100 respectively.

b SFH15 and SFHA45 use the existing building storage (underfloor heating) which is considered equivalent to this size of water reservoir with a AT of 10 K. SFH100

uses a tank of the stated size for space heating.

underfloor heating allows to use the concrete of the floors and the
heating water content as heat storage (i.e., existing building storage),
thus, we do not consider any additional cost, since this feature is
inherent to well insulated and retrofitted houses. This building storage is
modeled as a tank of 1500 l with 10 K of AT (equivalent to a 9520 [ water
tank with 1.5 K of AT). The cost of the hot water tank for space heating is
66 USD/kWh (with a AT of 10 K) while for the DHW hot water tank the
cost is 132 USD/kWh (with a AT of 20 K) [53]. Since the optimal storage
size is mainly determined by the PV size [53], and since we pre-define
the nominal PV capacity with the Swiss median for all scenarios and
for all houses, no other tank sizes are considered. Furthermore, specific
heat and U-values of 0.36 W-m™2-K! and 1.16 Wh-I! . K
respectively are assumed for the tanks. The characteristics of the heat
storage are shown in Table 2. In the cases where heat storage for space
heating is not considered, a small buffer for space heating (100 I) is
included regardless of the building type to ensure provision of both
DHW and space heating (see Fig. 2b and d).

3.2.3. Electricity storage modeling and other constraints

Electricity storage with batteries is assumed to be integrated with the
PV-coupled heat pumps using a DC—coupled topology since it is more
affordable and efficient than AC—coupled topologies [54]. We use a 7
kWh, NMC-based battery, which is the benchmark lithium-ion tech-
nology at the moment, with a pack cost of 335 USD/kWh,; of nominal
capacity, 5000 cycles at 93% depth-of-discharge and a round-trip effi-
ciency of 89% [55]. A maximum charge and discharge rates of 0.4-C are
assumed (i.e., the battery can be completely charged or discharged in
2.5 h). A bi-directional inverter is used to charge the battery from the
grid and to exploit ToU tariffs and its cost is assumed to be 600 USD/
kW, [54]. In the cases without electricity storage, we consider a PV-
inverter with a cost of 190 USD/kW,; [54].

The battery model, which includes ageing, and accounts for the
electricity balance, the efficiency losses in the bi-directional inverter and
power constraints for the battery, as well as the characteristics of the
converter and the inverter, has been derived from a previous publication
and presented in Section 4 of the SI [34]. Eq. (11) presents the constraint
for demand peak-shaving, where Pg4, [kWh] is the power drawn from
or injected to the grid at any timestep and Ppqx_dqy [USD/kWh] is the
daily maximum power required from the grid. PS is the boolean flag
indicating the presence of a capacity-based tariff (as in Eq. (1)).

Py <Puas-aw ¥ i if PS=True an

3.2.4. System configurations

Eight PV-coupled heat pump configurations are compared in this
study. In the baseline scenario, electricity and heat are provided using a
PV-coupled heat pump without electricity or heat storage (see Fig. 2a).
In this scenario, the existing storage of the SFH15 and SFH45 (i.e., the

underfloor heating inherent to the house heating system), is disregarded
to allow a direct comparison with the SFH100 (where the existing
storage is very small, since it only consists of the radiators with a ca-
pacity below 100 0). In the configuration “Tank DHW” (see Fig. 2b),
DHW is provided by the heat pump through a directly coupled tank
while a small buffer for space heating is also considered (i.e., 100 0), in
order to avoid the simultaneous use of the two virtual heat pumps (i.e.,
modeling purposes). For DHW provision without heat pumps, we as-
sume another (non-electric) device, such as a gas boiler which is, how-
ever, not included in this analysis. In the configuration “Tank SH”, heat
storage for space heating is considered; for the SFH15 and SFH45 the
underfloor heating is used as storage, whereas for the SFH100 a water
tank with similar capacity is assumed (equivalent to 1500 [ with 10 K
AT, see Fig. 2c). A fourth configuration referred to as “Tank SH and
DHW?” includes DHW provision and heat storage for both space heating
and DHW (see Fig. 2d). Furthermore, the same configurations including
a battery are considered (see Table 3). In all cases, the space heating
demand is provided in rather conservative blocks of 2 h (contrary to
cases where higher blocks of flexibility are considered, e.g.,
[30,51,56,57]), giving an additional degree of flexibility to the system
without compromising the thermal comfort. On the contrary, DHW is
provided on-demand.

3.3. Distribution grid upgrading

The hosting capacity of distribution grids is being challenged by the
addition of PV and heat pumps, together with electric vehicles. When
this limit is reached, the distribution system needs to be upgraded. PV
technology creates reverse power flow, potentially resulting in voltage
violations and overloading of the distribution lines, while heat pumps
increase the peak electricity demand [9]. The cost of distribution grid
reinforcement depends on the location, e.g., the type of urban setting,
for Switzerland, a recent study finds costs between 51-213 USD/kW,, for
PV additions, and between 46-1385 USD/kW for heat pumps additions
by 2035 [9]. Therefore, important investments are needed into distri-
bution grids to enable the penetration of these technologies, which could
be passed on to the consumers [58]. At high PV penetration, additional
flexibility is required to supply PV electricity on-demand and keep the
grid stability [58], with energy storage being a key flexibility provider as
discussed in this study.

3.4. Techno-economic indicators

We use four important indicators to analyze trade-offs between
prosumer benefits and grid impacts for the various system configura-
tions: levelized cost, electricity peak flow, self-consumption rate and
self-sufficiency rate. The levelized cost of meeting the electricity con-
sumption, including the various energy services of the house, namely
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Fig. 3. Boxplots (N = 549) of the levelized cost of meeting the total electricity consumption, including space heating, hot water (if indicated) and all appliances, for
all configurations depending on the combination of applications and the type of house. The line in the middle of the box and the number above the box represent the
median LCOE. The box spans the first quartile to the third quartile, and the whiskers extend up to 1.5 times the interquartile range from the top or bottom of the box.
PVSC stands for PV self-consumption, DLS for demand load shifting and DPS for demand peak shaving. Note that low values of LCOE are beneficial for the consumer.

space heating, hot water (if indicated) and all appliances, LCOE [USD/
kWhy]. It is calculated as shown in Eq. (12), as the sum of the CAPEX
(including replacements) and operational expenditures (OPEX) consid-
ering the lifetime of the different technologies (PV, heat pump, tanks
and battery), and divided by the total electricity demand E;q1demand,
which encompasses the original electricity demand for appliances and
lighting plus the heat pump electricity consumption [59]. A discount
factor, 1, is used to account for the time value of money, the risk asso-
ciated with the project and the inflation.

Tl T -

SO Bttt

(1+n)

The different cost of constructing the buildings (SFH15, SFH45 and
SFH100) or of retrofitting them to the corresponding thermal charac-
teristics are not considered. For prosumers, we also use as indicators the
self-consumption (SC), which is the share of on-site PV generation that is
used to cover the local electricity demand (including the heat pump) and
self-sufficiency (SS), which is the share of local demand (including ap-
pliances, lighting, and heat pump) that is covered by the on-site PV
generation as shown in Egs. (13) and (14).

LCOE =

N
Z,’:Q (EPV—zmal—zlemand + EPV—I;HU)

SC = 5
Zx;oEPV

13)

N
Zi:() (EPV—mml—demand + Eball—load)
N
Zi:UEmmI—dem{md

Here N refers to the system lifetime (30 y); Epy_totai—demand 1S the share
of PV generation that directly meets local electricity demand; Epy_pq is
the share of PV generation that is charged into the battery; Epy is the
total PV generation; and Epg;_ 1044 is the amount of electricity discharged
from the battery to cover local electricity demand. We graphically
visualize these two indicators in an energy matching chart, which is a
type of graph that shows the matching between PV generation and de-
mand for different types of buildings (see Fig. 5) [60]. To analyze grid
impacts, we finally consider the peak power flow which is defined as the
maximum between imports from and exports to the grid [28].

SS = 14

4. Results

We present the results in three steps as a function of the thermal
characteristics of the houses. Every building type (i.e., SFH15, SFH45
and SFH100), was matched with 549 electricity profiles (i.e., a total of
1647 profiles). Then, the optimization was run throughout a full-year
and the results were scaled over a time period of 30 yr corresponding
to the lifetime of the PV system. First, we display boxplots comparing
LCOE and peak flows per building type for each configuration with and
without demand peak shaving (i.e., with and without the inclusion of a
capacity-based tariff). Secondly, we display an energy matching chart to
analyze self-consumption (SC) and self-sufficiency (SS) depending on
the type of storage, namely batteries and hot water tanks (with and
without DHW provision). Likewise, the LCOEs and peak flows are
plotted in order to get an understanding of the trade-offs between pro-
sumer benefits and grid impacts. To highlight statistically significant
differences across the results, we perform a Shapiro-Wilk test to prove
non-normality of the results [61], followed by a paired Wilcoxon test
with Holm procedure to control the family-wise error rate, to determine
if two or more sets of pairs are different from one another in a statisti-
cally significant manner [62]. All tests results are presented in Section 9
of the SI. The statistical analyses were performed in R (R Core Team)
[63]. We use kW, and kW, to refer to electricity and heat respectively.

4.1. LCOE

Fig. 3 displays the levelized cost of meeting the total electricity
consumption for the three building types and eight configurations. Four
major observations can be made. First, the LCOE of SFH15 (which cor-
responds to the Swiss Minergie-P or German Passivhaus) are signifi-
cantly higher (p —values<0.001) than for SFH45 (modern building from
the years 2000-2010) or SFH100 (renovated building from before 1980
or a building from 1980-1990), in particular, when DHW provision is
not considered. For example, the difference between the median values
of SFH15 and SFH100 reaches 0.17 USD/kWh,,; for a PV-coupled heat
pump connected to a battery and in the presence of a capacity-based
tariff. The reason for these differences is twofold, on one hand the spe-
cific CAPEX and on the other hand, the electricity consumption of the
heat pumps leads to very different electricity demand depending on the
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Fig. 4. Boxplots (N = 549) of the peak flow defined as the maximum peak power, considering import from and export to the grid, for all configurations depending
number of storage applications (PVSC is PV self-consumption, DLS is demand load-shifting and DPS is demand peak-shaving with a capacity-based tariff) and the type
of house (SFH15, SFH45 and SFH100). For comparison, the original electricity load, without PV generation or heat pump is also displayed (No HP & No PV). The line
in the middle of the box and the number above the box represent the median peak flow. The box spans the first quartile to the third quartile, and the whiskers extend
up to 1.5 times the interquartile range from the top or bottom of the box. The dashed red line represent the median of the classic electricity load distribution.
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Fig. 5. Energy matching chart to analyze self-consumption (SC) and self-sufficiency (SS) for a PV-coupled heat pumps as a function of the type of storage, namely,
none (baseline case), heat storage for space heating alone, heat storage for space heating and with DHW and finally, with only a battery. The configurations presented
here include a capacity-based tariff in the electricity tariff. The big black circle, square and diamond represent the median by type of house.

thermal envelope of the building, with medians of 8120 kWh,;, 3420
kWh,; and 2260 kWh,; p.a. for the SFH100, SFH45 and SFH15, respec-
tively (see Section 7 of the SI). Secondly, DHW provision, which ac-
counts for around 1300 kWh,, p.a. of heat pump electricity consumption,
reduces significantly the LCOE (p —values<0.001) regardless of the type
of house. Furthermore, the better the thermal insulation of the house,
the higher the impact of DHW on the LCOE. For instance, the median
LCOE value is reduced by 0.05 USD/kWh,,, 0.11 USD/kWh,; and 0.17
USD/kWh,; for a PV-coupled heat pumps assisted with thermal storage
for space heating and DHW in SFH100, SFH45 and SFH15, respectively,
compared to the baseline (without storage).

Thirdly, the use of batteries significantly increases the median LCOE

values by up to 0.08 USD/kWh, relative to the baseline
(p —values<0.001), mainly as a consequence of the CAPEX of the battery.
Finally, the inclusion of a capacity component in the retail tariff (to
enable demand peak shaving) entails a significant increase of the LCOE
(p —values<0.001) for houses with high thermal standard due to the
lower impact of the volumetric component of the electricity tariff on the
costs. The median increases of LCOE values due capacity-based tariffs
are 0.05 USD/kWh,;, 0.03 USD/kWh,; and 0.01 USD/kWh,,; for SFH15,
SFH45 and SFH100, respectively.
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Fig. 6. LCOE vs peak flow for a PV-coupled heat pumps as a function of the type of storage, namely, none (the baseline case), heat storage for space heating alone,
heat storage for space heating and with DHW and finally, with only a battery. The configurations presented here include a capacity-based tariff in the electricity tariff.

The big black circle, square and diamond represent the median by type of house.

4.2. Peak flow

Fig. 4 displays the peak flow depending on the system configuration
and the type of house. Three major observations can be made. First, the
peak flow is significantly higher (p —values<0.001) in houses with poor
thermal envelope (SFH100), compared to houses with high (SFH45) and
very high thermal performance (SFH15), which is a direct result of the
heat pump capacity. For instance, the median of the peak flows across all
configurations for SFH100 with (without) the capacity-based tariff are
9.1 kW (12.1 kWy), 5.3 kW, (6.5 kW,;) more than for SFH15.

Secondly, heat pump operation has only a rather small impact on the
peak flow of SFH15 and SFH45, thanks to their envelope quality. Heat
pumps only have a peak power of 1.7 kW, and 2 kW, respectively,
which is lower than the median peak of the original demand for appli-
ances and lighting (4.8 kW, see the case “No HP & no PV” in Fig. 4).
Furthermore, the peaks of the original demand and the heat pump are
not simultaneous. In contrast, for renovated old houses (SFH100), the
heat pump peak power (6.6 kW) strongly impacts the peak flow,
doubling the original demand for appliances and lighting.

Fig. 4 also shows that the impact of the type of storage depends on
the thermal characteristics of the house and the presence of a capacity-
based tariff. Batteries slightly reduce (increase) the peak flow by 0.8
kW, (1.3 kW), depending on whether a capacity-based tariff is in place
or not (this result is statistically significant, with p —values<0.001). In
poorly insulated houses, heat storage slightly reduces (increases) the
peak flow by 1.2 kW,; (0.7 kW,;) depending on the capacity-based tariff.
With batteries as energy storage, the peak flow of PV-coupled heat
pumps varies very strongly depending on whether the electricity tariff
includes or not a capacity-based tariff, decreasing by 1.2 kW, and
increasing by 2.6 kW, respectively, regarding the base case (no storage),
with differences being statistically significant, with p —values<0.001 in
both cases.

4.3. Graphical comparison electricity and heat storage

We compare electricity and heat storage, first in terms of self-
consumption and self-sufficiency (Fig. 5), and secondly in terms of
LCOE and peak flow (Fig. 6), assuming that a capacity-based tariff is
included in the electricity tariff.

Fig. 5 shows a limited increase in the median values of self-
consumption (2-6%) and self-sufficiency (3-4%) for the inclusion of a
hot water tank for space heating only (represented with a black circle,
square and diamond according to the type of house) for the three types
of house (despite being statistically significant, with p —values<0.001).
When a heat pump is used to provide both space heating and DHW, the
increase in self-consumption is high (13-16%) and moderate for self-
sufficiency 6-9%) (values are statistically significant, with
p —values<0.001). On the other hand, adding a battery to the PV-coupled
heat pumps leads to important increases in self-consumption (15-16%)
and self-sufficiency (11-29%), for the three types of house (statistically
significant, with p —values<0.001). Values for other configurations are
shown in the SI Section 8, and similar patterns can be observed.

Fig. 6 shows a graphical comparison of the LCOE and the peak flow
by type of house for the different types of storage added to the PV-
coupled heat pumps. The inclusion of heat storage for space heating
marginally reduces the LCOE for SHF15, SFH45 and SFH100 by 0.03
USD/kWh,, 0.03 USD/kWh, and 0.02 USD/kWh,, respectively
(p —values<0.001). More importantly, heat storage allows to maintain
the peak flow at the same levels as the baseline case and even helps to
reduce it by 1.2 kW, in inefficient houses (SFH100). When DHW is
added as demand load, the LCOE decreases further by 0.16 USD/kWh,,,
0.08 USD/kWh,; and 0.07 USD/kWh,; for SHF15, SFH45 and SFH100,
respectively. However, the median peak flow in the older house is
pushed to 9.6 kW, above the baseline median value (which excludes
DHW, see Table 3), while in the more efficient houses the median peak
flow remains at the same level.
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On the other hand, the addition of a battery leads to an increase of
the median LCOE between 0.04-0.08 USD/kWh,; depending on the type
of house (statistically significant, p —values<0.001). However, a battery
decreases the peak flow if a capacity-based tariff is present, with a me-
dian peak reduction between 0.8-1.2 kW, depending on the type of
house (p —values<0.001).

5. Discussion

Our results highlight some of the challenges, and opportunities
associated with the decarbonization of the heating sector in the context
of decarbonization. First, installing heat pumps without retrofitting the
thermal envelope markedly increases (up to twice) the peak flow in
poorly insulated houses (i.e., SFH100). This increase is a direct conse-
quence of the size of the heat pump required to supply the heat demand.
Furthermore, the provision of DHW using heat pumps and electric
backup heaters entails even a higher peak flow in poorly insulated
houses. Consequently, thermal retrofitting does not only help to reduce
carbon dioxide emissions and to increase comfort levels [2,64], but also
to reduce grid stress.

Thermal retrofitting would reduce investments on distribution grid
upgrading due to PV and heat pump penetration. In Switzerland,
indicative costs of grid upgrading under a conservative scenario of PV
penetration (4.2 GW,,) reach up to 0.49 billion USD, while they amount
to 0.78 billion USD for 6.4 GW, of installed heat pump capacity [9].
However, two main obstacles have to be overcome. First, the low ret-
rofitting rate of 1% p.a. has to be increased. Secondly, a large investment
is also needed for energy retrofitting. For instance, retrofitting houses
which are originally not well insulated (SFH100) to very high insulation
standards (SFH15) costs around 730 USD/m? [65,2], i.e. 100.000 USD
for a standard single-family house of 140 m? as considered in this study.
Overall, the cost to improve the thermal performance of all the SFH in
Switzerland is around 35 billion USD [66]. These are very high values
for the house owners and may be subject of subsidies from the govern-
ment, but interestengly, an economic saving potential of more than 50%
for the Swiss residential building stock has been proved [65]. Never-
theless, the extent of the economic saving potential for the distribution
grid (avoidance of grid upgrade) remains an open question, which
should be subject of future work.

We find that the implementation and design of capacity-based tariffs
are fundamental to limit the grid impacts associated with the perfor-
mance of PV and heat pumps, as well as batteries charging from the grid
(i.e., performing demand load shifting). Capacity-based tariffs provide
price signals for prosumers to reduce their peak flow, which can help to
defer distribution grid upgrades and to recover a portion of network
costs [45]. On the other hand, policy makers and regulators need to
carefully design such capacity-based tariffs in order to avoid costly
household bill expenditures [45]. We acknowledge that although
capacity-based tariffs have been widely applied for large consumers,
their application has so far been more limited for residential customers.
However, there are some first pilot projects and demonstrations, e.g., in
the Netherlands, France, Italy Finland and Spain [67-69]. Their imple-
mentation for residential consumers is now being suggested following
the penetration of PV, air conditioning, heat pumps and electric vehi-
cles. As shown in this study, the performance of these various technol-
ogies modify the electricity demand profile and in particular, increase
the peak demand, which may lead to to voltage issues, and overloading
of lines and transformers [70-72].
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It is important to highlight that energy storage can be a two-edged
sword, reducing or increasing the peak flow depending whether a
capacity-based tariff is present or not. When capacity-based tariffs are
included, batteries allow to reduce the peak flow, even below the case
without neither PV nor heat pump, in houses which are well and very
well insulated. In houses which are poorly insulated, batteries also
reduce the peak flow below the baseline scenario (i.e., without storage)
as long as DHW is not met using electricity (i.e., an additional non-
electric heat generator is used to meet DHW). Our results show a
similar pattern for heat storage for space heating, however, heat storage
reduces the peak flow less markedly, even with high capacity-based
tariffs (see SI Section 10). The beneficial effect of heat storage could
be increased by increasing the offset temperature and/or by allowing
further flexibility, beyond the two hours-blocks assumed in this study.
However,larger tanks, under the same conditions (PV size of 4.8 kW,
two hours-blocks and 10 K of temperature difference) would only in-
crease self-consumption and self-sufficiency by 1 percent point, while
the peak flow remains steady and the LCOE increases by 0.01 USD/kWh,;
(see SI Section 7). The peak flow is mainly determined by the PV export
in well insulated houses, whereas the peak demand is predominant in
poorly insulated houses. This explains why the peak flow in well insu-
lated houses is not reduced below the threshold determined by the PV
nominal capacity unless PV curtailment is implemented.

The supply of DHW by heat pumps (around 1300 kWh,; p.a.) is highly
beneficial for an investment of a PV-coupled heat pumps since it
considerably reduces the LCOE (up to 0.17 USD/kWh,;) and increases
the self-consumption rate by more than 10%, while incurring in a
relatively small extra capital investment (960 USD). Conversely, DHW
supply implies an increased peak flow in poorly insulated houses
(SFH100). As an important finding, the use of batteries enables a sig-
nificant increase in self-sufficiency and self-consumption, by up to 16%
and 29%, respectively. However, the still high cost of batteries increases
the LCOE markedly (up by 0.08 USD/kWh,;). Thus, battery cost reduc-
tion is urgently needed to pave the way towards win-win situations for
prosumers and the grid, in particular for well insulated houses. Finally,
access to low financing costs (i.e., reflected by the discount factor) is key
to reduce the burden on prosumers who invest on low carbon technol-
ogies to decarbonize the heating sector, followed by subsidies to reduce
the upfront cost of carbon-free technologies.

Our study proposes a robust framework to quantify the impacts of
storage technologies on PV-coupled heat pumps and the proposed model
is rich in technology details. However, it is not without limitations,
which in turn call for future research. Our methodological approach
includes some simplifications such as the assumption of a steady state of
the buildings’ thermal performance and of perfectly-mixed water tanks.
More detailed thermal modeling of both buildings and hot water tanks
would have increased the computation time markedly. Daily schedule
optimization could restrict heat storage flexibility and its economic case,
but on the other hand, a longer optimization windows increases the
forecast uncertainty, in particular of demand peaks. Forecast strategies
(perfect forecast is assumed in this study), together with alternative
optimization windows (midnight to midnight is assumed in this study)
may cut down the peak flow reductions and increase LCOE values. We
assume a rather limited thermal inertia of buildings implying that the
heat supply must match the heat demand every 2 h . In contrast, more
flexible hot water tanks (larger size, higher temperature levels and
stratification) and houses could boost the role of heat storage. However,
we argue that extra thermal inertia and its associated flexibility (e.g., 24
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h) may not be representative for the entire building stock, in particular
for houses with poor envelope quality, calling for further empirical ev-
idence. In addition, we use a representative size of energy storage (both
electricity and heat) for comparability reasons, whereas alternative sizes
may modify the trade-offs between prosumer benefits and grid impacts
(inclusion of sizing in the optimization could hence lead to different
findings). Importantly, the design of future electricity tariffs including
ToU and capacity-based components calls for further interdisciplinary
research to tackle energy justice [45]. Future research can also include
electric vehicles and use our open-source optimization model with
different locations with temperate climate and fast diffusion of PV and
heat pumps.

6. Conclusions and policy implications

This study analyzes the trade-offs between prosumer benefits and
grid impacts for PV-coupled heat pumps, providing space heating and
domestic hot water for residential buildings characterized by different
thermal performance. We also compare electricity and heat storage
based on existing time-of-use tariffs and capacity-based tariffs.

Importantly, we find that energy retrofitting is very effective (up to
50% smaller peak flow in well insulated buildings) for decreasing the
grid impacts of heating electrification. Consequently, policy measures
incentivizing building retrofitting are beneficial not only for the owners
and tenants, in terms of improved thermal comfort and lower heating
bills, but also for distribution grid operators that may defer (or
completely avoid) upgrades. Secondly, we recommend the following
steps to increase the share of PV self-consumption and self-sufficiency,
based on our techno-economic results, in houses with a PV-coupled
heat pumps: first, to supply domestic hot water; secondly to install
heat storage; and lastly, to use a battery.

Thirdly, the implementation and design of capacity-based tariffs are
fundamental to relieve grid impacts from PV, batteries and electric
heating with heat pumps. Based on our results, we conclude that heat
storage reduces the levelized cost of meeting the electricity consump-
tion, in particular when heat pumps are used for space heating and
DHW, while it allows high self-consumption (30-39% comparable with
batteries). On the other hand, both heat storage and batteries are found
to be a two-edge sword, since they can either increase or decrease the
peak demand depending on the presence of capacity-based tariffs. Based
on representative sizes (i.e., 7 kWh,; battery and 1500 [ hot water tank),
we conclude that batteries are more effective than heat storage in
increasing the self-sufficiency of houses with PV-coupled heat pumps.

However, decarbonizing heating demand using local PV supply
enabled by storage is still costly (i.e., the cost of meeting the electricity
related to the various energy services of the house, including space
heating, hot water and all appliances is in the range of 0.55-0.71 USD/
kWh,)) and therefore, appropriate policy incentives are needed. In order
to be economically efficient, research and innovation policy should be
designed in a way that reduces societal cost. Based on our analysis, we
recommend that policy should support research and incentives on levers
which simultaneously maximize prosumer benefits and minimize their
grid impacts, such as building energy retrofitting, energy storage and
capacity-based tariffs.
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Appendix A

Table A.1
Values selected for the technical and economic assessment of PV-coupled heat
pumps supported by electricity and heat storage.

Component Units Value Reference
PV size [kwW] 4.8

PV lifetime [years] 30 [46]
PV module cost [USD/kW] 1032 [46]
PV Balance of plant cost [USD/kW] 240 [46]
PV Installation costs (labour costs) [USD/kW] 514 [46]
PV Installation costs (other costs) [USD/kW] 163.5 [46]
PV O&M [USD/kW] 103 [46]
PV inverter cost [USD/kW] 190 [73]
PV inverter lifetime years 15 [73]
Inverter efficiency % 94 [17]
ILR p.u. 1.2 [74]
Charge controller efficiency % 98 [17]
Bi-directional inverter cost [USD/kW] 600 [54]
Bi-directional inverter lifetime years 15 [73]
Battery pack cost [USD/kWhy]1 335 [55]
Battery balance of plant cost [USD] 2000 [75]
Battery O&M [USD/kW] 0 [55]
Battery round-trip efficiency % 89 [55]
End of life (EoL) % 70 [17]
HP lifetime [years] 20 [53]
HP module cost [USD/kW] 1650 [53]
HP Installation costs [USD/kW] 2200 [53]
HP O&M % of CAPEX p.a. 1.1 [53]
Hot water tank lifetime [years] 20 [53]
Hot water tank cost @ 10 K AT [USD/kWhy1 66 [53]
Hot water tank cost @ 20 K AT [USD/kWhy1 132 [53]
Hot water tank Installation costs [USD/kWhy1 0 [53]
Hot water tank O&M [USD/kWhy,1 0 [53]
Discount factor %/a 4 [17]
EUR to USD rate p-u. 1.1
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Table A.2
List of model parameters and variables.

Modeling parameters Name Units Modeling variables Name Units
Converter efficiency Heony % PV generation fed to the load Epv-_toad kWhy
Inverter efficiency Niny % PV generation exported to the grid Epy_grid kWhy
Inverter rating Py kw PV generation injected to the battery Epy_par kWhy
Battery Efficiency Npart % PV generation curtailed Epv_curt kWhy
Maximum discharge power Prax—dis kw Energy lost due to converter efficiency Eloss—conv kWhyg,
Maximum charge power Priax—char kw Total energy lost due to bi-directional inverter efficiency Ejoss—biny kWhy
Battery nominal capacity sl kWhyg PV energy lost due to bi-directional inverter efficiency Ejoss—pviny kWhy
Battery lifetime N years Grid energy lost due to bi-directional inverter efficiency Eioss—gridiny kWhy,
Battery maximum state of charge SOCpax % Battery energy lost due to bi-directional inverter efficiency Eloss—battiny kWhy
Battery minimum state of charge SOChin % Energy lost due to battery efficiency Eoss—batt kWhy,
Retail prices Timport USD/kWh,; Energy drained from the battery Egis kWhy,
Export prices Texport USD/kWh,, Energy injected to the battery Echar kWhy,
Capacity tariff Teapacity USD/KkW Energy delivered from the battery to the load Epart—toad kWhy,
Feed-in limit Piimic % Energy imported from the grid to the battery Egrid—bait kWhy,
Combination of applications [PVCT, PVSC, DLS, DPS] Boolean array Energy imported from the grid to the load Egrid—toad kWhy,
Load demand Ejpad kWhg; Energy drained from the grid Egri kWhy,
PV generation Epy kWhyg; State of charge SOC; %
Space heat demand (SH) Qioad kWhy, PV generation fed to the HP for SH Epy_pp kWhy;
Domestic heat water demand Qdhw kWhy, PV generation fed to the HP for DHW Epy_pw kWhy,
Nominal power of the HP Pup, kw Energy from the battery fed to the HP for SH Eparr—tp kWhy
Coefficient of Performance COP; - Energy from the battery fed to the HP for DHW Epatt—pw kWhy,
Temperature minimum of SH tank Tisuin K Energy from the grid fed to the HP for SH Egria—mp kWhy,
Temperature maximum of SH tank Tismax K Energy from the grid fed to the HP for DHW Egrid_tpw kWhy,
Temperature minimum of DHW tank Tiswrin K Thermal energy in the SH tank Qs kWhy,
Temperature maximum of DHW tank Tiswmer K Thermal energy in the DHW tank Qusw kWhy,
U-value SH tank Uy kWi m ™ 2K 1 Thermal energy lost in the SH tank Quosses, kWhy,
U-value DHW tank Utsw kW*m~ 2K ! Thermal energy lost in the DHW tank Quossesisy kWhy,
Surface SH tank Ags m? Thermal energy flow from SH tank to SH Qis—sh kWhy,
Surface DHW tank Agsw m? Thermal energy flow from DHW tank to DHW Qusw—dhw kWhy,
Specific heat SH tank fluid Cpy kWh*kg™~1*K~ ! Thermal energy supplied by the HP to the SH tank —ts kWhy,
Specific heat DHW tank fluid Cer kWh*kg™~1*K~ ! Thermal energy supplied by the HP to the DHW tank Qrpw—tsw kWhy,
Mass SH tank fluid Mg kg Thermal energy supplied by the HP SH demand Qrp—sh kWhy,
Mass SH tank fluid Mesy kg Temperature of the SH tank Ts K
Configuration [Batt, heating, ts, DHW] Boolean array Temperature of the DHW tank Tis K
Optimization time framework t minutes - Maximum power drained from the grid Progx—day kw
Temporal resolution At fraction of hour Power related to any energy parameter P, = E,/At kw

Appendix B. Supplementary data

[8] Wang Z. Optimizing the Grid Integration of Distributed Solar Energy [PhD
dissertation]. Virginia Commonwealth University. Virginia Commonwealth
University; 2018. [Accessed on 12/01/2021] https://pdfs.semanticscholar.org/

Supplementary data associated with this article can be found, in the
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