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Ground source heat pumps (GSHPs) have been suggested to replace gas-based heating in urban environ-
ments to reduce greenhouse gas emissions and help to comply with the Paris Agreement. The emission
reduction from GSHP depends on the carbon intensity of the electricity generation mix. Moreover, grid
capacity may be limiting the introduction of these high-electricity demand GSHP systems. Photovoltaics
(PV) systems help to provide additional emission reductions for residential GSHP systems. Battery en-
ergy storage systems can reduce the peak demand and allow for more GSHPs within the low voltage
grid. We developed a techno-economic and environmental assessment model to quantify this impact of
PV and batteries combined with residential GSHP systems. Measured demand data of 16 dwellings with
GSHP and PV systems from the Netherlands were used. We show that PV can provide around 19% of the
GSHP demand, while batteries enhance this by 53% and reduce the peak demand by 45%. Greenhouse gas
emission of a GSHP with PV is reduced on average with 73 tCO,-eq, corresponding to a 80% reduction,
over a 30-year lifetime. Dwellings with only a GSHP system have a net present values increase of around
€ 275 per tCO,-eq of avoided emission. This is reduced to € 230 per tCO,-eq when PV and storage is
added to the system. Nevertheless, investment in GSHP systems today is not economically attractive for
many dwellings. A sensitivity analysis showed that policies should focus on increasing natural gas tariffs,
carbon taxation, investment subsidies or combinations of these routes to encourage sustainable heating.

© 2018 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

[1]. Emission reduction is largely dependent on the electricity gen-
eration mix in a specific country, GSHPs efficiencies and climate

In the European Union (EU), around half of the buildings are
provided with heat by fossil fuel boilers with an efficiency of 60%
or lower and were installed before 1992 [1]. For example, in the
Netherlands, 93.7% of the dwellings is heated using natural gas
resulting in 11.1% of the total Dutch CO, emissions [2,3]. In line
with the Paris Agreement, the Dutch government has set ambitious
goals to phase out gas boilers by 2050 and replace them with other
technologies to provide heat [4].

Ground source heat pump systems (GSHPs), also known as
ground coupled heat pumps, constitute a promising technology
to replace fossil based heating systems [5]. GSHPs generate heat
from electricity with high efficiencies and are seen as best avail-
able technology, especially in combination with renewable sources
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conditions [6-9]. Moreover, GSHPs can deliver flexibility such as
demand response services to the electricity system [10]. These ad-
vantages led to policies that support investments in GSHPs. For ex-
ample, in the USA a tax credit of 30% of GSHP investment costs
presently exists [11]. In the Netherlands, a variable subsidy based
on the installed GSHP capacity can be obtained [12]. In Europe,
around 100,000 GSHP units are annually installed [13]. In the USA,
over 560,000 units were installed by the end of 2014 [14].
Currently, the Dutch electricity generation mix is relatively car-
bon intensive (490 gCO,-eq per kWh), which lowers the emis-
sion reduction potential of GSHP [15]. Rooftop photovoltaic (PV)
systems are a worthwhile option to lower the electricity needs
from the grid. Consequently, greenhouse gas (GHG) emissions can
be lowered by avoiding electricity generation from fossil based
power plants [16]. The direct use of PV electricity (referred to
as self-consumption) is limited, due to a mismatch in time be-
tween PV production and electricity consumption. This can be in-
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Nomenclature

Abbreviations

AC alternating current

BESS battery energy storage systems
BOS balance of system

CAE cumulative avoided emissions
CF cash flow

CGB condensing gas boiler

CO, carbon dioxide

CO,-eq carbon dioxide equivalent

cor coefficient of performances

DC direct current

DHW domestic hot water

DPBP discounted payback period

EFE emission factor electricity
EPAR export peak to average ratio
EPC engineering procurement construction

GHGPBP greenhouse payback period

GSHP

ground source heat pump

HHV higher heating value

IPAR import peak to average ratio
IRR internal rate of return

NG natural gas

NPV net present value

O&M operation and maintenance
PV photovoltaics

SSR self-sufficiency ratio

Symbols & notations

At
TT cons

T feed-in
T ng

Creduction

CF Elec

Ele Cexport
E lecimport
GH Gactual

GHGavoided excl mfg

GH Gavoided
GH deelling

GHGE export
GHGE import
GHGnfg actual
GHG g BESS

GHG g s
GHGrngpy
GHGyfg reference
GHG g

GH Greduction

time step of 5min

consumption tariff [€ /Wh]

feed-in tariff [€ /Wh]

natural gas price [€ /G]]

cost reduction of actual system compared
to reference system [%]

cash flow from electricity [€]

cash flow from natural gas [€]

exported electricity [Wh]

imported electricity [Wh]

life cycle GHG emissions from actual sys-
tem [CO,-eq]

avoided emissions excluding emissions
from manufacturing [CO,-eq]

avoided life cycle GHG emissions [CO,-eq]
life cycle GHG emissions from a dwelling
perspective [CO,-eq]

emissions associated with exporting en-
ergy [CO;-eq]

emissions associated with importing en-
ergy [CO;-eq]

emissions from manufacturing the actual
system [CO,-eq]

emissions from manufacturing a battery
energy storage system [CO,-eq]

emissions from manufacturing a heating
system [CO,-eq]

emissions from manufacturing a PV system
[COz-eq]

emissions from manufacturing the refer-
ence system [CO,-eq]

emissions from manufacturing the total
system [CO,-eq]

reduction of life cycle GHG emissions [%]

GHG eference life cycle GHG emissions from reference
system [CO,-eq]

GHGsystem life cycle GHG emissions from an electric-
ity system perspective [CO,-eq]

IEss battery energy storage system investment
cost [€]

Iys heating system investment cost [€]

Ipy PV system investment cost [€]

Liotal total system investment cost [€]

Lecon economic lifetime [years]

n number of time steps

NGimport imported natural gas [G]]

NPV, ctual net present value of the actual system [€]

NPV eference net present value of the reference system

[€]

Pg discharge power discharged from the battery [W]

Pdemand GSHP power demand from GSHP [W]

Pemand power demand [W]

Pirectsc direct self-consumed PV power [W]

r discount rate [%]

t time step

y year

CoSt eduction cost reduction of the actual system com-
pared to reference system [%]

O&MpgEss operation and maintenance cost battery
system [€]

0&My;s operation and maintenance cost heating
system [€]

O0&Mpy operation and maintenance cost PV system
(€]

SSRpecific specific self-sufficiency ratio [%]

creased by using a stationary battery energy storage system (BESS)
that charges surplus PV electricity so that it can be used on later
moments. The electrification of heating and the use of energy
storage are highly recommended technologies to allow for more
intermittent renewable energy in the electricity system worldwide
[17,18].

The implementation of GSHPs could be restricted by the ca-
pacity of existing low voltage utility grid, due to the larger peak
demand of dwellings with GSHP [19]. BESSs are suitable for peak
shaving of the power demand and PV electricity production [20].
The latter application reduces potential energy losses due to PV
curtailment requirements [21]. Consequently, more PV systems and
GSHP systems can be installed on a local grid without expansion
requirements. This reduces the societal grid costs and helps the
profitability of BESSs [22]. Furthermore, less power generation ca-
pacity is required to meet peak electricity demand, especially for
colder winter months. These associated benefits may result in a
rapid deployment and cost decline of BESSs [23]. However, BESSs
have charging and discharging losses that result in higher system
emissions. These systems are only recommended if the share of
renewable electricity generation is a large share of the total elec-
tricity generation [24].

1.1. Literature review

Several studies assessed the technological, economical or en-
vironmental advantages of GSHP systems combined with PV
and storage. PV self-consumption of dwellings with GSHP sys-
tems show a clear seasonal effect, with significantly higher self-
consumption in summer months than in winter months [25]. A
GSHP control algorithm that used weather forecasts showed a lim-
ited increase of 7% in PV self-consumption for a Swedish building
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[26]. Another study using a residential dwelling from Switzerland
found that controlling a heat pump on the availability of surplus
PV power increases self-consumption with 1.5% [27]. Also, a few
percent lower self-sufficiency by PV electricity was found when
a heat pump was included for a residential dwelling in Germany
[28].

A German study developed a mixed linear programming model
to optimize size the PV system, thermal and battery storage for
residential dwellings with a heat pump [29]. It was found that the
optimal battery storage size is mainly determined by the electric-
ity demand and hardly influenced by the PV system size. Another
study presented a multi objective model to reduce the GSHP con-
sumption peak, using thermal storage and demand response for
residential buildings in Belgium [30]. They found that the peak de-
mand can be decreased with 2.5kW per building, at an estimated
capacity cost of 25 € [kW related to a lifetime of 25 years.

Combining a GSHP with a PV system was found to be a
preferred option from an energy and economical point, then
combining GSHP with a solar thermal collector. This is mainly be-
cause for each kWh of PV electricity produced, a multifold of heat
can be produced with a GSHP system [31]. A study modelling res-
idential heating options for buildings in Belgium found that GSHP
reduce annual emissions with ~ 1.5 tCO,. With the combination
of a PV system, the annual emission reduction was 0.6-0.9 ton
higher [32]. Also, higher CO, abatements cost were found for GSHP
than air source heat pumps [9]. When surplus PV electricity is con-
verted to heat using a GSHP and be exported to a district heating
grid, then larger PV system capacities are economic suitable [33].
Also conversion of surplus PV electricity to heat was a better en-
vironmental option than exporting the electricity to the grid. This
is related to the higher carbon intensity of district heating com-
pared with the electricity generation mix [34]. A study conducted
in the south of Spain compared 4 systems for provision of cool-
ing heating and power demand to building. A system including an
absorption chiller, an auxiliary heater, PV modules and solar ther-
mal modules showed the best performance from an economic and
environmental perspective [35]. Another study conducted in Italy
found a 70-80% reduction in primary energy when a GSHP system
is coupled with a PV system [36].

The literature illustrates that GSHP systems combined with PV
and storage show great potential for emissions reduction. Most
studies focus on a single or a few research topics, and a broader in-
tegrated study combing technological economic and environmental
impact was not found. These multidisciplinary studies are essential
for a better understanding of the broader impact of PV and stor-
age on GSHP systems. Furthermore, almost all studies use building
models to assess the impact of these systems, since measurement
data is difficult to obtain. If measured data was used, than only a
single or a few buildings were included in the studies. Therefore
the influence of real heating demand patterns is not well known.

1.2. Research aim

In our study, we present a broader integrated techno-economic
and environmental impact for residential dwellings with a GSHP
combined with PV and BESS. While most studies solely used a
single or modelled consumption timeseries, our research used 16
measured residential electricity consumption and PV production
timeseries with duration of 2-years at a 15 min time resolution.

We assessed the impact of 5 systems architectures by compar-
ing the systems with a reference case over the 30-years lifetime.
This reference case consists of dwellings with a condensing gas
boiler (CGB) and no PV or storage installed. A battery control strat-
egy was developed that aims to increase self-sufficiency and re-
duction of grid impact simultaneously. The economic impact was

assessed and we provide policy options to increase the economic
attractiveness of GSHP systems.

Avoided life cycle GHG emissions and payback periods for GHG
emissions were determined for each system and compared with
each other. The sensitivity of the electricity carbon intensity on
the avoided emissions was assessed. Furthermore, we compared
the results with surrounding western European countries. Conse-
quently, our results could be used as an indication of emission
reduction potential of GSHP combined with PV and batteries for
these countries. The obtained knowledge is valuable for a broad
range of users, from system owners, installers, distribution system
operators and policy makers.

2. Method

This research assessed the impact photovoltaic and storage on
residential dwellings using a techno-economic and environmen-
tal assessment model. First, electricity consumption and PV elec-
tricity production of 16 residential dwellings were measured and
selected based on data availability and reliability. Also remaining
model input parameters required were obtained from literature.
Next, a battery storage model was developed which increased PV
self-consumption and reduced the peak power on the local elec-
tricity grid. Then, technical, environmental and economic perfor-
mance of each system design was assessed over their lifetime. We
selected a 30-years lifetime based on the minimum expected life-
time or a renovation cycle of a residential dwelling [37]. Replace-
ment cost of system components with a lifetime shorter than 30
years were also included. Finally, a sensitivity study on the input
parameters was conducted. An overview of the used input data and
model steps with corresponding sections and chapters is shown in
Fig. 1.

2.1. Energy production and consumption time series

An overview of the PV electricity production and energy con-
sumption data selection is provided in this section. Also, key pa-
rameters containing statistics of PV electricity production and en-
ergy consumption from dwellings is provided. Further insights on
the time series and patterns are given in Appendix A.

Rooftop PV system production and residential electricity con-
sumption timeseries of 38 dwellings were measured in the Nether-
lands from 2013 until 2015. This was measured during the project
called Your Energy Moment which assesses the influence of dy-
namic tariffs on residential demand. Data of this project has been
validated and used in previous studies [38,39]. The electricity con-
sumption of the dwelling, the GSHP system and PV electricity pro-
duction were measured separately with a 15min time step. The
measured data from 1st of July 2013 until 30th of June 2015 was
selected to obtain a period of 2 years. Only timeseries with a data
availability of higher than 96% were selected. Furthermore, time
series were manually analysed on incorrect measurements which
reduced the dataset to 16 dwellings. Remaining missing data points
were refilled using data from a similar time moment of the first
available previous day or following day. As a result, each used
timeseries contains 70,080 data points.

The dwellings are detached and semi-detached family houses,
build in 2012, with highly insulated roofs, walls and windows,
which are representative for typically newly build houses in the
Netherlands. They contain PV systems that are oriented between
170° and 210° and have a module tilt of 10°. Further technical and
environmental performance statistics of the PV systems are pro-
vided in Fig A.1.

Each dwelling holds a GSHP unit with a nominal output of
4kW thermal. The GSHP provided the dwellings with three ser-
vices: space heating, domestic hot water (DHW) provision and
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Inputs time series
(see Section 2.1. &

Inputs model parameters
(see Table 1. &

Table 1
System input assumptions used in this study. The PV system, battery energy stor-
age system, ground source heat pump system, condensing gas boiler, and remain-

Appendix A.) Appendix B_) ing system input assumptions are separated by dashed lines. Replacement is de-
noted ad repl. and emissions for manufacturing and installation of system com-
ponents is denoted as mfg emis.

PV electricity generation PV system
Parameter Value Unit Sources
i Non GSHP dwelling demand | iBattery energy storage systemi PV system size 1 kWppy | MWhdemana ~ [21]
. i ! ; PV system degradation 0.5 %|year [43]
PV system cost 1200 € [kWp [44]
GSHP demand Ground source heat pump Annual O&M PV system 1 % of investement [45]
PV inverter lifetime 15 year [46]
f } Repl. cost PV inverter 100 € [KkWp [44]
Standby Cooling Condensing gas boiler PV mfg emis. (made in China) 1590 gC0,-eq | Wppy 147]
o PV mfg emis. (made in EU) 824 2C0Oy-eq | Wppy [47]
*—ﬁ Storage capacity 1 kWhggss /| MWhgemand [46]
P i Economic parameters Battery inverter rating 0.5 kW | kWhggss [48]
DHW éSPace heating; # of full cycle equivalent 5000 [49]
i ' Calendric lifetime 15 years [49]
; Environmental parameters Round trip DCn loss 922 % [48]
Heat demand Storage pack cost 200 € [kWh [50]
BOS + EPC BESS 300 € [kW [51]
Annual O&M BESS system 1 % of investement [45]
I I BESS system lifetime 15 year [46,52]
Repl. cost storage pack 100 € [KWh [23]
‘ Repl. cost battery inverter 100 € [kW [51]
. ) . Storage pack mfg emis. 110 gC0,5-eq | Whggss [53]
Energy model algorithm (see Section 2.2. & Appendix C.) BOS BESS mfg emis. 124 8C0,-eq | Wagsscap [47]
GSHP COP space heating 5.7 [40]
* GSHP COP DHW 19 [40]
GSHP system investment 14,000 €/ unit [9,54]
Calculation of techno-economic and environmental assessment GSHP investment subsidy 20 % [12]
parameter (see Section 2.3.) Annual 0&M GSHP system 50 € [55]
Heat pump system lifetime 20 year [9,55]
| Repl. cost heat pump 3600 € [ unit [9,56]
GSHP mfg emis. 1760 kg CO,-eq [ unit [7]
* * CGB eff. space heating 95 % [32]
P . CGB eff. DHW 85 % [32]
Results (see Chapter 3. & Sensitivity analysis (see CGB investment 1500 ¢ [ unit (4]
Appendix D.) Chapter 4. & Appendix E.) Annual O&M CGB 100 € [57]
CGB system lifetime 15 year [4]
Fig. 1. Overview of the techno-economic and environmental assessment model in- Repl. cost CGB 1500 € [ unit ) [4]
put data and model steps with corresponding sections and chapters. CGB mfg emis. 160 kg CO,-eq / unit (58]
Discount rate 2 %[year [59]
Natural gas tariff 21.84 € [/G] HHV [60]
cooling. The GSHP system power requirements of the space heat- Electricity cons. tariff 0176 € /kwh [60]
. . Electricity feed-in. tariff var. € [kWh [61]
ing are 1.1 kW and 1.8 kW for DHW production. The heat pumps Annual change NG tariff 05 % Iyear 62]
are connected to a closed loop vertical soil heat exchanger that Annual change elec. tariff 05 % Jyear 162]
was designed to achieve a relative high brine temperature of 4 °C. Emis. electricity grid (2016) 490 gC0,-eq [ kWh [15]
Dwellings are heated using low temperature floor heating (28 °C). Zero grid emissions in year 2050 [63]

Combined with the high brine temperature, this results in a coef-
ficient of performances (COP) of 5.7 for space heating. DHW pro-
duction requires a higher temperature (60 °C), which results in a
lower COP of 1.9 [40]. DHW is stored in 190L storage tanks, which
are refilled if reaching a lower water level. The GSHP can also cool
the inside temperature with a few degrees using the floor heating
system. Therefore, cool water from the ground source is circulated
through the floor heating system. If cooling is applied, the GSHP
uses ~ 0.15kW for the circulation pumps. In addition, the GSHP
system uses electricity for standby use.

The minimum and maximum GSHP power consumption for
each time step were measured. Consequently, we could separate
the GSHP consumption time series into four profiles for each func-
tion, based on the maximum energy consumption measured for
each time step. Electricity consumption below 0.08 kW was allo-
cated to standby usages. Consumption between 0.08 and 0.2 kW
was allocated to cooling use. The consumption between 0.2 and
14KkW was allocated to heating and above 1.2kW allocated to
DHW production. The heat demand was derived from the electric-
ity demand required for space heating and DHW production. The
natural gas demand was determined from the heat demand using
the efficiencies of the condensing gas boiler, which can be found
in Table 1.

Statistics of the residential electricity consumption and the
share of the GSHP functions are presented in Table A.1. Also the es-
timated natural gas consumption statistics are shown in Table A.2.
The two years measurement period was scaled to a 30-years pe-
riod by duplicating the 2 years period. We assumed no future
change in electricity consumption from the dwellings. More details
on the hourly, daily and seasonal fluctuation of the electricity con-
sumption are presented in Figs. A.2 and A.3. The winter months in
the used time period (December, January and February) had higher
temperatures than the long term average of 3.4 °C. The winter of
2013-2014 had an average winter temperature of 6 °C and the
winter of 2014-2015 had an average temperature of 4.1 °C. The
overall temperatures for 2014 and 2015 were respectively 11.7 °C
and 10.9 °C compared to a long term-average of 10.1 °C [41]. So-
lar radiation during the used time periods was also a few percent
higher [42].

2.2. Model input assumptions and explanation

The model assumed input values to determine the technical,
environmental and economic performance of the assessed systems.
An overview of the model input assumptions for the various sys-
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tem components is shown in Table 1. A detailed explanation of
theses model assumptions is given in Appendix B.

The dwellings had no BESS installed, therefore we modelled
the battery energy storage behaviour. An AC (alternating current)
coupled lithium-based PV-battery storage system was assumed. AC
coupled systems are very suitable to retrofit existing PV systems
with storage, and are widely used in literature [46]. The behaviour
of the BESS was modelled using a novel algorithm aimed for two
applications simultaneously: increase in self-consumption and re-
duction of grid impact. Self-consumption was enhanced by storing
surplus PV energy to use this on later moments. Grid impact was
reduced by peak shaving of the imported and exported peak. The
novelty of this algorithm is to predict the annual peak shaving po-
tential by including the expected self-consumption enhancement.
This potential depends on the used battery capacity and battery
inverter rating.

This algorithm was written in Python (v3.5) and uses electric-
ity production and demand profiles of the dwellings. The battery
charge and discharge flows were simulated for 30 years using a
time step of 5min. This time step was used to obtain a good ac-
curacy of battery storage capacity degradation. Battery degradation
consists of cycle degradation and calendric degradation and was
determined annually. The diminished storage capacity was sub-
tracted from the original storage capacity for each year. After 15
years the battery storage is replaced and the capacity is set back
to the full storage capacity. The used battery degradation model
is explained in detail in a previous study [64]. Perfect forecasts
of the PV energy production and the electricity consumption pat-
terns were assumed. These were used to predict the moments to
charge or discharge the battery storage system and consequently
reduce the power impact on the local grid. An overview of the en-
ergy model algorithm with the description and explanation of the
model steps is presented in Appendix C. Furthermore, the model
is clarified using two days as example, graphical supported by
Fig. C.1.

2.3. Calculation of assessed parameters

2.3.1. Calculation of self-sufficiency and grid impact

The self-sufficiency ratio was used to assess the impact of the
PV self-consumption. The self-sufficiency ratio indicates the share
of electricity demand (Pgemang) that is fulfilled by direct or indirect
PV self-consumption. The direct self-consumption consists of PV
produced power which is directly used in the dwelling (Pgjrectsc)-
The indirect self-consumption contains power that is discharged
from the battery and delivered to the dwelling (Pg gischarge)- The
self-consumed power is aggregated over the total lifetime of the
system from the first time step of the first year (t = 1) until the
last time step of the final year (t.,q), with a 5 min time step see
Eq. (1).

Lend
Z (PdirectSC,t + PBdischarge.t) - At
SSR = =1 (1)

Lend
Pdemand,t At
t=1

The specific self-sufficiency ratio (SSRypecific) indicates the share
of electricity consumption of each of the four GSHP functions that
could be fulfilled by the direct or indirect self-consumption. The
GSHP self-consumed power was divided into four temporal sub-
sets (Tg), based on moments with power demand for each GSHP
function. This self-consumed power was aggregated and divided
by the electricity consumption of each function (Pgemang, Gshp, t) S€€

Eq. (2).
Zr (PdirectSC.t + PBdischarge,t) - At
telp
SSRypecific = 2)
specific Z Pdemand.GSHP.t At (
teTr

The impact of the grid was assessed using four parameters. The
maximum import power peak and export power peak to the grid
(Pg) over the lifetime of the system was determined. This peak is
a valuable indicator for distribution system operators to assess the
impact of the residential system on their network. The other two
parameters are the import peak to average ratio (IPAR) and export
peak to average ratio (EPAR). The IPAR is defined as the ratio be-
tween the maximum import power peak and the average imported
power from the grid. The export peak to average ratio EPAR is de-
fined as the maximum exported power to the grid and the aver-
aged exported power. These parameters are an indicator for the
variability and magnitude of the power flows on the network, see
Eq. (3).

Import peak = Max(Ps ¢ < 0) (3a)
Export peak = Max(Ps ¢ > 0) (3b)
IPAR — Import peak (30)

n

1Y (P <0)
=1

EPAR — Exrllnort peak

% - (Per>0)
t=1

(3d)

2.3.2. Calculation of investment attractiveness

The investment attractiveness of each system depends on the
initial investment cost of a system (I, ) and the annual cash flows
(CFs) over the lifetime of the systems. The investment cost depends
on the expenses for the heating system (Iys), the cost of the PV
system(lpy) and investment cost of the storage system (Izgss), see
Eq. (4). The cost of the PV and storage systems depends on the
installed system capacities.

Irotal = Ins + Ipv + Iggss (4)

The total cash flow depends on the annual (y) energy cost from
natural gas and electricity. The cash flow from natural gas (CFyg)
depends on the imported natural gas (NGjmport) and the natural gas
tariff (wyng). The cash flow of electricity (CFge.) depends on the
imported electricity (Elecimpore) and exported electricity (Elecexport)
and the consumption tariff (77 cons) and the feed-in tariff (7 feeq.in)-
The operation and maintenance cost (O&M) cost contain the cost
of maintaining the installed heating system (O&Mys), PV system
(O&Mpy), and battery storage system(O&Mpgss). We assumed a
constant O&M cost factor over the lifetime. The total annual cash
flow is the energy cash flows plus the O&M cash flow, see Eq. (5).

fend

Elecimport = Z PG,t (53)
t|P;<0
Lend
Elecexport = Z PG,t (Sb)
t|P;>0
CFNG = Nc‘importv.y “7ING, Y (5C)

CEjec = (Elecimportvy - Teons, ¥) — (EleCexport, ¥ * Wreed-ins ¥) (5d)
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O&M = 0&Mys + O&Mpy + O&MgEss (5e)

CF,y = Chyg + Chgjec + O&M (5f)

The attractiveness of the investment in the system architec-
tures was evaluated using the net present value (NPV), cost re-
duction, internal rate of return (IRR) and discounted payback pe-
riod (DPBP), defined according Eq. (6). The NPV gives a perspec-
tive of the current value by including the future risk and returns
of the investment. The NPV provides an absolute number that can
help in the decision process for the system selection of dwelling
owners. A positive NPV represents a feasible investment, while a
negative NPV shows an unwise investment. The future risk and re-
turn is included with the discount rate (r) and used to calculate
the diminishing value of future returns over the economic lifetime
(Lecon) of the system. The NPV was calculated by subtracting the
reference NPV (NPV eference) Minus the actual NPV (NPV,cy,). The
reference NPV included cash flows and investment cost from the
reference case, and the actual NPV included the cash flow and in-
vestment cost of the analysed system architecture. The cost reduc-
tion (Creduction) iS the relative reduction in NPV of the actual sys-
tem compared cash flow to the reference system. The IRR gives an
indication of the discount rate required to obtain a feasible invest-
ment. This was obtained by solving the discount rate with an NPV
identical to zero. Thus the IRR shows the influence of the discount
rate on the investment. The DPBP presents the time period until an
economic investment is recovered. This was found by solving the
year in which the NPV is identical to zero. System payback periods
are frequently used in the residential PV and GSHP market, there-
fore DPBP was selected as an economic indicator. A maximum life-
time of 50 years was included in the mathematical solver. We in-
cluded lifetimes longer than the economic lifetime of the systems
to give a clear depiction of the DPBP diversity.

L
econ CF’ y

NPVieference & NPVjcryal = Z m — liotal (6a)
y=0

NPV = NPVieference — NPVictual (Gb)

NP Vreference — NP Vactual

C ion = 6¢

reduction NPVreference ( )
IRR = {r where NPV, 1 ==0 (6d)
DPBP = {r where NPV,y ==0 (6e)

2.3.3. Calculation of avoided GHG life cycle emissions

The life cycle emissions of each system mainly depends on two
emissions categories. The first category are emissions released dur-
ing manufacturing and installation of the specific system com-
ponents (GHGp,). These emissions are from the heating system
(GHGpggps), PV system (GHGpgpy), and battery storage system
(GHGnggpess)- Emissions from PV systems manufactured in China
were selected since more than half of PV module globally are cur-
rently produced in China [65]. The emissions from the heating sys-
tem are per unit, emissions from PV per kWp capacity and BESS
per kWh storage capacity, see Eq. (7).

GHGmfg = GHGmfg Hs + GHGmfg pv + GHGmfg BESS (7)

The second category contains emissions associated with the im-
ported energy (GHGgimporr) and potential avoided emissions due to
the exported energy (GHGgexpore). The emissions associated with

imported energy consist of the emissions from electricity imported
and emissions from natural gas combustion. Emissions from im-
ported and exported electricity are calculated by multiplying the
annual electricity import and export with the average annual emis-
sion factor of electricity (EFE). An annual linear reduction from the
current emission factor towards zero for a certain future year was
assumed. The emissions associated with exported electricity de-
pend on the exported electricity multiplied by the annual emission
factor, see Eq. (8). Emissions from the natural gas consumption
were included when a system contained a CGB to provide space
heating and DHW. A emission factor of 50.93 kg CO,/GJ HHV was
used to obtain the emissions from natural gas consumption.

Yend
GHGEimport = ZEleCimportry : EFE,y (8&)
y=1
Yend
GHGEexport = Y _, (EleCexport, ¥ - EFE, ¥) + (NGimport, ¥ - 50.93) (8b)
y=1
A larger share of renewable PV production capacity could re-
sult in PV feed-in limitations. Moreover, exported PV produced by
the dwellings could replace other renewable sources and these fu-
ture marginal GHG emissions of the electricity systems are difficult
to predict. Therefore, we assessed the avoided life cycle GHG emis-
sions using two system boundaries: from an electricity system per-
spective (GHG system) and from a dwelling perspective (GHGgwelting)-
In the first perspective, all exported PV electricity is allocated
to replace emissions from electricity generated by other sources.
From the dwelling perspective, exported PV electricity does not ac-
count for additional avoided emissions, see Eq. (9).

GHGgystem = GH Gmfg + GHGg import — GHGE export (9a)

GHdeelling = GHGmfg + GHGEimport (Qb)

The avoided emissions (GHG,yiqeq) are defined as the difference
in emissions of the reference system (GHGeference) and the actual
system (GHG,y,) architecture. The reference system contains a
CGB for heating demand that has similar standby consumption as
the GSHP. Also the reference system included the emissions from
import electricty and natural gas. The reduction is defined as the
ratio between the avoided emissions and the reference emissions,
see Eq. (10).

GHGavoided = GHGreference - GHGactual (103)
GHG ;i

GHG - ' 1avoided 10b

reduction GHGreference ( )

The GHG payback period (GHGPBP) is an indication of the time
period to offset the additional emissions from manufacturing and
installation of the actual system (GHGfg actual) cOmpared to the
reference system (GHGyfg reference)- The avoided emissions exclud-
ing the emissions from manufacturing (GHG,ygided excl mfg) from the
reference system and the actual system were determined for each
year. These were calculating according to Eq. (8) and Eq. (9), ex-
cluding the emissions from manufacturing. The GHG payback pe-
riod was found by selecting the time step for which the cumulative
avoided emissions excluding manufacturing (CAE) are identical to
the extra emissions due to manufacturing, according Eq. (11)

y=end
CAE,y = Z GHGayoided excl mfg — (GHGrnfgactual - GHGrnfgreference)
y=0
(11a)
GHGPBP = {y where CAE,y ==0 (11b)
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Fig. 2. Distribution of the self-sufficiency ratios for the four system configurations
(a) and distributions of specific self-sufficiency ratios for each of the heat pump
functions (b). The impact of power flows from the electricity grid is shown by the
import peak distributions (c) and the import peak to average ration (d). The im-
pact of power flows to the grid is presented by the export peak (e) and the export
peak to average ratio (f). The left part of the violin plot shows the distribution of
a PV system only and the right part of the distribution with a storage system. Dis-
tributions are shown for a 30-year lifetime. Mean values of distributions of the 16
dwellings are indicated by solid lines, and the 25% and 75% percentiles by dotted
lines.

3. Results

This section provided the technical, economic and environmen-
tal impact of the GSHP systems combined with PV and storage.
The results of each individual system was visualized using violin
plots [66]. This type of graphical illustration gives a quick indica-
tion of the distribution of results obtained from each dwelling and
system. The results are presented for normalized PV system capac-
ities of 1 kWp for each MWh of annual electricity consumption
and battery storage capacities of 1 kWh per MWh annual consump-
tion. Technical, economic and environmental impact of smaller and
larger PV system sizes and battery storage capacities are presented
in Appendix D.

3.1. Self-sufficiency ratio and grid impact

SSR distributions of dwellings and their specific GSHP functions
are visualized using violin plots in Fig. 2 (a) and (b). PV systems
with GSHP show an average SSR of 25%, with a range between

21% and 31%. Adding BESSs increases this SSR on average with
18% point, ranging from 39% until 49%. Dwellings without GSHP
show a higher SSR of 31% on average for PV only and 49% with
BESS. Clearly, adding a GSHP reduces SSR. This is simply due to
the fact that PV production occurs mainly in the summer months,
whereas most GSHP demand consumption occurs during colder
winter months (see Figs. A.2 and A.3).

Each of the specific heat pump functions shows a different con-
tribution to the SSR (Fig. 2 (b)). Cooling demand shows the largest
specific SSR of which 53% directly is provided by the PV system.
This number can be increased to 94% when a storage system is
added. The SSR of space heating is limited to 9% in case of PV only
and 14% when a storage system is used, since most space heating
occurs during colder winter months. DHW is temporarily stored in
a tank and therefore DHW production has a demand side manage-
ment potential. The average SSR of DHW increased by 12% with
storage and by 23% with twice the storage capacity, see Fig. D.1.
Based on these numbers, we estimated that a quarter of DHW pro-
duction has the potential to be shifted to moments with excess PV
electricity. This will increase the direct self-consumption of DHW
production and reduce the storage requirements for batteries. In
total, 19% of the GSHP consumption can be provided by direct PV
electricity and an additional 10% by BESS.

The influences of the systems on the electricity grid are pre-
sented in Fig. 2 (c)-(f). Dwellings with GSHP have an average
0.8 kW higher import peak than dwellings without GSHP, how-
ever the maximum peak demand of the GSHP system is 1.8 kW.
Hence, power peaks from GSHP are not occurring at the same mo-
ment as power peaks of remaining dwelling appliances. Deploy-
ing BESS systems leads to an average reduction in import peak
of 45% for dwellings with GSHP and of 30% for dwellings without
GSHP. Dwellings with GSHP systems show an average reduction of
import peak to average ratio from 15 to 11 when BESS are used.
The reduction of exported peak PV power is around 38% for both
dwellings with and without GSHP. Export peak to average ratio are
reduced from 3.3 to 2.1 when storage was included in the system.
Larger storage capacities lead to larger reduction of the import and
export peaks, see Fig D.2. Also shown here is that on average 0.09%
of the total charged energy was pre-charged to reduce peak de-
mand and only 0.04% of discharged energy was pre-discharged to
store future PV peaks. Furthermore, SSR are 0.07% lower due to
the peak shaving application. Moreover Fig D.2 shows the impact
of three potential PV feed-in limitations. These results show that
BESS have a large potential in enabling more GSHP and PV systems
on existing low voltage grids.

3.2. Investment attractiveness

The investment attractiveness for 16 dwellings and 5 systems
architectures is presented in Fig. 3. A large distribution range in
net present value is shown for dwellings with a GSHP, highly influ-
enced by the dwellings heat consumption. The GSHP system shows
a net present value range from € —1.6-103 to 6-103, with a mean
of ~ € 1100. 7 of the 16 dwellings with solely a GSHP system have
a negative NPV. A PV system combined with GSHP results in a pos-
itive average NPV of € 5.7-103. A BESS reduces the average NPV
around € 1100, showing that investing in storage is not profitable.

The average cost reduction of a PV system with GSHP is larger
than for only a PV system. However, highest internal rate of re-
turns are shown for PV systems only, with an average of 7.5%. The
investment in a GSHP system is two to three times larger than the
investments in a PV system. Consequently, the internal rate of re-
turn is higher for solely a PV system than for a PV system with
GSHP. The GSHP systems show an average IRR of 2.6% and GSHP
systems with PV an average of and 4.2%. Discounted payback pe-
riod of GSHP systems are between 18 to 37 years, whereas solely
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Fig. 3. Distribution of net present value (a), cost reduction (b), internal rate of re-
turn (c) and discounted payback period (d) for 16 residential systems. Five system
configurations are presented, explained in the figure legend. Mean values of distri-
butions are indicated by solid lines and the 25% and 75% percentiles are indicated
by dotted lines.

PV systems show an average of 12 years. Distribution range for
DPBP by only GSHP is substantially larger than the distributions
seen from only a PV system. The revenue of GSHP is caused by
the avoidance of natural gas consumption and is highly dependent
on the occupancy and behaviour of the residents as well as the
dwelling properties. The DPBP decreases with larger PV system or
BESS capacities (see Fig. D.3.)

3.3. Avoided life cycle GHG emissions

Distributions of avoided life cycle GHG emissions, GHG emis-
sion reduction and GHG payback periods are presented in Fig. 4.
Avoided emissions from an electricity system perspective show a
relative large distribution spread, especially for systems with GSHP.
Avoided emissions of GSHP systems are between 30.6 and 59.2,
with an average of 42.4 tCO,-eq for the 16 dwellings. Systems with
PV have an average of 72.7 tCO,eq, demonstrating that PV sys-
tems contributes with 30.3 tCO,eq, on average of avoided emis-
sions. Avoided emissions are larger for dwellings which include
a GSHP due to the larger PV capacities. BESS systems lower the
avoided emissions from an electricity system perspective, mainly
caused by charge and discharge losses. The higher avoided emis-
sions by storage are caused by the higher SSR of 10%. Larger PV
system capacities have more avoided emissions from an electric-
ity system perspective, see Fig. D.4. Emissions are reduced by 47%
using a GSHP and 80% with the use of a PV system. GHGPBP are
lowest for a GSHP system only with 2.5 years of time required to
offset the invested emissions from manufacturing and installation.
All system configurations have an average GHGPBP below 6 years
from a system perspective.

Avoided emissions were also determined from a dwelling per-
spective, which only includes emissions avoided within a dwelling.
This perspective is currently not realistic since surplus PV elec-
tricity can be exported to the grid without limit, and is shown
purely as a theoretical indicator. Avoided emissions show an av-
erage of 44.3 tCO,-eq for GSHP with PV, and an additional 7.3 t
when storage is included. The higher avoided emissions by storage
are caused by the higher SSR of 10%. Larger PV system capacities
have more avoided emissions from an electricity system perspec-
tive, but less avoided emissions from a dwelling perspective, see

(a) Elec. system perspective  (b) Dwelling perspective

Avoided [tCO32-eq]

GHG reduction [%]

(e) (f)

GHGPBP [years]

—1 GSHP + PV
PV [=] PV +BESS

— | GSHP + PV + BESS

Fig. 4. Distribution of avoided life cycle system emissions (a) and (b), emission re-
duction (c) and (d) and GHGPBP (e) and (f) for 16 residential systems. The left
columns shows the distribution from an electricity (Elec.) system perspective and
the right columns show the distribution from a dwelling perspective. Mean values
of distributions of the 16 systems are indicated by solid lines, and the 25% and 75%
percentiles are indicated by dotted lines.

Fig. D.4. Also, the GHG reduction from the dwelling perspectives
are lower and the GHGPBP from this perspective higher.

3.4. Techno-economic correlations with avoided emissions

Observable correlations between technological or economic pa-
rameters with the avoided life cycle GHG emissions parameters are
given in Fig. 5. The contribution of the PV system to the avoided
life cycle GHG emissions from a dwelling perspective is shown us-
ing the self-sufficiency ratio. A clear linear trend is observed be-
tween the SSR and the avoided GHG emissions by a PV system. A
minimal SSR of 22% is required to obtain net positive emissions.
For SSR >22%, avoided emissions from a dwelling perspective in-
crease with ~ 80 gC0O,-eq per Wp for each percentage point SSR.

Another clear correlation is shown between the net present
value and the total avoided emissions from a system perspective.
The NPV increases with ~ € 275 for each additional ton of avoided
tCO,-eq. Around 40 tCO,-eq should be avoided to obtain benefits
from emissions reduction. Dwellings with a GSHP system plus PV
and storage show an NPV increase of around € 230 for each ad-
ditional ton of avoided tCO,-eq. Complementing these dwellings
with storage shows a comparable slope. Dwellings with PV show
a NPV increase of ~ € 180 for each ton of avoided emissions.
This is decreased to € 170 when storage is added. These numbers
show that avoiding emissions with PV systems obtain lower bene-
fits as avoiding emissions using GSHP systems per tCO,-eq. How-
ever, PV systems show only positive NPV values, whereas GSHP
system needs a minimum of avoided emissions to obtain a posi-
tive NPV number.

Discounted payback periods are decreasing with avoided emis-
sions. Dwellings with GSHP systems only show a decrease of 0.7
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Fig. 5. Correlation of self-sufficiency ratio on the avoided life cycle GHG emission
by PV systems from a dwelling perspective (a), and correlation of net present value
(b) and discounted payback period (c) on the total avoided emissions from a system
perspective. Correlations are shown for 16 residential dwellings. Note that a similar
horizontal axis is used for subplot (b) and (c).

year for each tonne. The dwellings with the largest avoided emis-
sions of 58 tCO,-eq show the lowest DPBPs of 18 years. GSHP sys-
tems with PV and storage have a DPBP reduction of ~ 0.25 year
per tCO,-eq. Dwellings with PV only show a decrease in DPBP of
0.03 year per ton tCO,-eq, or 12 days.

4. Sensitivity analysis
4.1. Discounted payback period sensitivity

A sensitivity analysis of five input parameters on the DPBPs of
GSHP systems and GSHP with PV and with PV + storage is pre-
sented in Fig. 6. Dwellings with only a GSHP system need an in-
crease of 1.2% per year in natural gas tariff to obtain DPBP <30
years for all dwellings. Higher electricity tariffs lead to higher
DPBP and are even sharply increase when these changes are above
2%. Yet, the impact of higher electricity tariffs is greatly reduced
when a PV system is added to the dwelling. The value of self-
consumed energy increases with higher electricity tariffs, there-
fore PV systems obtain more revenue. This is even more reduced
when a battery storage system is added due to the increased self-
consumption. Consequently, the DPBP of GSHP with PV and BESS
are only slightly increasing with higher electricity tariffs.

A CO, taxation on the used electricity and gas consumption of
around € 70 per tCO, reduces the DPBP <30 year for all dwellings.
An additional 11% cost reduction results in similar DPBP. This is a
realistic cost reduction for the future GSHP mass market scenario
[56]. Yet, an increase in the discount rate, from 2% to 3%, results

in an average DPBP to 33 years. In general, the PV and PV battery
systems decrease the DPBPs of the overall system.

Two extended sensitivity analyse on the DPBPs are given in
Appendix E. First, the combined impact of natural gas tariffs and
electricity tariffs is presented. For example, it is shown that for
dwellings with a GSHP, a 1% increase in both electricity tariff and
natural gas tariff will keep the average DPBP between 25 and 30
years. Furthermore, lower electricity tariff are positive for GSHP
payback periods but negative for PV and battery storage payback
periods. Consequently, GSHP combined with PV and storage level
out the influences of higher or lower electricity tariffs. Second,
the combined impact of a change in GSHP investment subsidies
with a change of natural gas tariff, electricity tariff, CO, taxa-
tion or discount rate is shown. This shows that a combination
of GSHP investment subsidy with a decreasing natural gas tar-
iff, or increasing CO, taxation shows a steep reduction in DPBP.
For example, an additional 10% additional subsidy and a € 65/
tonne CO, will reduce the average DPBP for GSHP systems to
20 years.

4.2. Avoided life cycle GHG emissions sensitivity

Avoided system emission depends on the carbon intensity of
electricity from the grid. This intensity is expected to decrease in
the next decades due to a larger share of renewable electricity gen-
eration capacity. Yet, the gradient of this decrease depends on pol-
icy and technological development. We assessed the impact of this
reduction by assuming a linear reduction of 2016 GHG emissions
to zero emissions for a given year, presented in Fig. 7. A faster de-
crease in emission intensity results in lower avoided emissions by
PV and BESS, but more emissions are avoided using a GSHP. From a
dwelling perspective, the emissions due to manufacturing of solely
a PV system are not recouped before 2040. A sixth scenario was
added which presents the impact of a PV system made in the EU.
In this case, the emissions due to PV system manufacturing are
already recovered by 2029, due to the lower emissions during pro-
duction of PV in the EU compared to China [16].

5. Discussion

This research assessed the techno-economic and environmen-
tal impact of GSHP systems combined with PV and storage. We
showed that PV systems contribute to one fifth of the total GSHP
electrify demand. Battery energy storage reduces the GSHP impact
on the local grid. Also GSHP systems can greatly reduce the life cy-
cle GHG emissions of dwellings by replacing natural gas-fired boil-
ers.

5.1. Comparison with previous studies

PV self-sufficiency ratios are comparable as found in previous
studies [23,24,69]. Thus, the models used in these studies are rep-
resentative for real applications. We found that investment attrac-
tiveness of systems is highly dependent on the total avoided life
cycle GHG emissions. An NPV increase of € 275 per tCO,-eq was
observed for GSHP systems, which are in a similar range as found
previously [9]. At least 40 tCO,-eq of life cycle GHG emission
should be avoided to obtain a positive NPV for these systems. With
a PV and storage system, the NPV decreases to € 230 per tCO,-eq.
No comparable studies were found which assessed this combined
influence.

Results on the environmental impact are comparable with pre-
vious studies that investigated avoided emissions using GSHP sys-
tems from German, Belgium or the UK. These countries have sim-
ilar climate and dwelling conditions as the Netherlands. We found
that GSHP systems reduce life cycle GHG emissions between 18
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Fig. 7. Avoided life cycle GHG emission averaged over the 16 dwellings of an elec-
tricity system perspective (solid lines) and dwelling perspective (dotted lines), de-
pended on the year in which the GHG electricity reach zero and assuming a linear
reduction from 2016 onwards. The top horizontal axis shows the corresponding av-
erage annual emission reductions in percentage. A sixth option (PV made in EU)
was added to visualize the impact of PV manufactured in the EU. The markers in-
dicate the reference scenario values.

and 56% compared to a natural gas boiler. This corresponds to an-
nual avoided emissions ranging between 1 and 2 tCO,-eq for GSHP
systems. These results are comparable with previous studies that
investigated savings for Germany, Belgium or UK [6,7,9]. If PV is
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Fig. 8. Avoided life cycle emissions using electricity grid emissions factors of four
Western European countries. Light colours represent avoided emissions from the
dwelling perspective and darker colours from a system perspective. Used emis-
sion factors for Germany, United Kingdom and France are 514, 275 and 38 gCO,-eq
for each kWh, respectively [67]. Also, we assumed a 10% larger PV production for
France and kept remaining model parameters similar [68].

added to the systems, than an additional 1 ton of avoided CO,-
eq emissions can be achieved, similar as found before for Belgium
[32].

We did not find studies that assessed emission reductions from
GSHP systems combined with PV and storage. A large share of heat
demand in dwellings is provided by fossil fuels in France, Germany
and United Kingdom. This heat demand can be fulfilled by GSHP
systems [1]. Therefore we provide a first indication of this poten-
tial for these countries, shown in Fig. 8. This shows that United
Kingdom and France would have respectively 22% and 45% more
avoided emissions for GSHP systems respectively, compared to the
Netherlands.
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Yet the impact of solely PV is lower, with even negative emis-
sions for France due to the large share of nuclear electricity gen-
eration. However, if we would assume that PV systems were pro-
duced in Europe, then the PV system footprint per kWh would be
almost similar as the emission factor of France, see Fig. A.1. Conse-
quently, negative emissions would be reduced to —1.1 t of CO,-eq.
Moreover, Germany has a higher electricity tariff of ~ 0.30 € for
each kWh [70]. This results in higher electricity costs for GSHP but
also larger revenues from PV and BESS systems. We analysed the
impact of this tariff and found that a solely GSHP system would
be far from profitable. However, GSHP with PV and storage would
have a lower DPBP than presented in our research.

5.2. Implementation challenges

Dwellings used in this study use low temperature floor heat-
ing, resulting in highly efficient GSHP operation and thus avoid
more emissions compared to using a conventional dwelling heat-
ing system. Existing dwellings must be renovated and insulated
to a certain level to effectively use a GSHP system [71]. Sufficient
ground area and proper subsurface characteristics should be avail-
able for the ground heat source [72]. As a result, for densely popu-
lated urban areas, other heating systems could be more beneficial
from an environmental and economic perspective. For example,
heating using solar water heating, bio gas combustion or district
heating systems are excellent alternatives [73]. Moreover, sufficient
roof area should be available to install the PV system. The assumed
PV systems sizes for the dwellings with GSHP are between 3.5 and
7.8 kWp. Assuming a 0.2 Wp/m? capacity factor, the required roof
area are between 17.5m? and 39m2. This could be a limitation
in densely populated areas. Nevertheless, 2 million dwellings in
the Netherlands are detached or semi-detached, that have a high
prospective to install GSHP with sufficient roof space for a PV sys-
tem. The annually avoided emissions for all these dwellings would
be 4.8 Mt, reducing the total annual CO, emissions with 2.9% in
the Netherlands [3].

Other cost reduction options excluded in this research are also
available. The decrease of power flows by BESS could potentially
reduce grid connection cost, yet a flexible or dynamic capacity tar-
iff structure should be available to obtain monetary benefits [74].
In addition, BESS revenues can be increased by provision of energy
arbitrage or frequency control restoration [75]. Also, collaborative
planning and investing in PV, storage and GSHP systems is highly
recommended to decrease cost.

5.3. Limitations and further research

Our research has several limitations that could affect the find-
ings. We used data of 2 years thereby including the relative colder
winter period of the beginning of 2015. However, future winters
are expected to be warmer due to global warming [76]. This would
lower heating demand, and therefore slightly reduce the invest-
ment attractiveness of GSHP systems. Moreover, annual electricity
prices and emission factors were assumed, but future residential
energy tariffs could change every 15 min due to an increased share
of variable renewable energy generation.

It is expected that emission factors from power generation will
have a higher variability due to the larger share of renewables.
Avoided emission of PV systems could be lower when power of
these systems will not replace fossil fuels. Consequently, storage
is required to keep avoiding emissions, and could even increase
avoided emissions. Especially, when battery storage systems could
discharge energy to the dwelling on moments when a large share
of fossil fuel fired power plants are in the power generation mix.
Therefore new battery control strategies should be developed that

include the marginal emissions factors. Future research should fo-
cus on the role of marginal emissions factors and dynamic tariffs.

6. Conclusion

This study assessed the technical, economical and avoided life
cycle GHG emissions of GSHP systems with PV and battery energy
storage. We used measured data of 16 dwellings and assessed the
performance over a 30-year lifetime.

Dwellings with a PV system show a SSR of around 31%, while
the use of a GSHP system reduces this to 25%. PV can supply 19%
of the total GSHP demand, while this can be increased to 29% us-
ing battery energy storage. Moreover, storage reduces the peak de-
mand with 45% of dwellings with a GSHP, which enables more
GSHP systems on the low voltage grid. The investment attractive-
ness for dwellings with a GSHP shows DPBPs between 19 and 34
years. PV and storage have significant lower DPBPs helping to re-
duce the overall systems DPBP.

Avoided life cycle GHG emissions from GSHP systems are be-
tween 31 and 59 tCO,-eq for the 16 dwellings. The NPV increases
with € 275 per tonne of avoided emissions. Adding a PV system to
the dwelling increases the average avoided life cycle GHG emis-
sions with 30 tCO,-eq. Also, this lowers the NPV increase per
tonne of avoided emissions to € 230. Battery energy storage only
avoids emissions from a dwelling perspective. Therefore, storage is
currently not recommended to reduce emissions since all PV elec-
tricity can be exported.

The sensitivity study provides recommendations to improve the
investment attractiveness of GSHP systems. Policies should focus
on higher natural gas tariffs or include CO, taxation to encour-
age less natural gas use and switch to GSHP systems. Also, ad-
ditional GSHP investment subsidies combined with these policies
show promising results to obtain economic feasibility investments
in GSHP system.
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Appendix A. Input time series statistics

Technical and environmental performance statistics of the PV
systems over the assessed lifetime are shown in Fig A.1. Used PV
system capacities for dwellings without a GSHP have an average
capacity of 3.3 kWp, varying between 1.7 and 4.9 kWp. Dwellings
with GSHP have an average capacity of 5.9 kWp. The annual spe-
cific yield of the systems ranges between 791 and 886 kWh per
kWp, with an average of 853 kWh per kWp. Note that this perfor-
mance includes a 0.5% annual degradation. The PV systems show a
good performance which is comparable with other Dutch PV sys-
tems [68]. GHG emissions are on average 67 gCO,-eq per kWh for
PV modules manufactured in China and 37 gCO,-eq per kWh for
PV modules manufactured in Europe.

Statistics of residential electricity consumption and contribution
of the GSHP functions are given in Table A.1. Annual average elec-
tricity consumption without GSHP is 3139 kWh, which corresponds
to the average consumption of Dutch households [77]. The electric-
ity consumption shows a relative large range, between 1557 kWh
and 4727 kWh. This is mainly influenced by the household ap-
pliances and composition. Dwellings with GSHP show an average
electricity consumption of 5920 kWh. The contribution of a GSHP
shows a more narrow distribution, from 1933 kWh to 3760 kWh.
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Fig. A.1. Technical and environmental statistics of the PV systems used in our study. The distributions show the PV system sizes for dwellings without a GSHP (a) and with
a GSHP (b) using bins of 0.5 kWp. Distributions of annual average specific yield over a 30-year lifetime of the systems are shown in (c) with bins using bins of 25 kWh per
kWp. Distributions of GHG footprint of PV systems are given for systems made in China (d) and PV made in EU (e) using bins of 1 gCO,-eq per kWh.
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Fig. A.2. Average stacked daily energy consumption of the 16 dwellings. The daily energy consumption of the 16 dwellings was selected from 1st of July 2013 until 30th of
June 2015. The ground source heat pump consumption is separated into space heating, domestic hot water production, cooling and standby consumption.

GSHPs contribute to an average of 48% of the total electricity de-
mand, ranging between 35% and 60%. The largest share of the
GSHP consumption is used for space heating with an average of
27%. Cooling and standby consumption shows smallest shares of
respectively 1.7 and 2.6%. The GSHP consumption is mainly influ-
enced by space heating consumption, which has the largest range
between a minimum share of 17.1% and a maximum share of 41.1%.

The estimated natural gas consumption for DHW production
and space heating is shown in Table A.2. 17% of the natural gas
consumption is used for DHW production and 83% for space heat-

Table A1l

Annual electricity consumption statistics of the 16 dwellings included in
this study. The absolute values are given in the left columns and the
shares of the total is given in the right columns.

Average Max Min

[kWh]  [%] [kWh]  [%] [kWh]  [%]
No GSHP 3139 524 4727 654 1557 39.8
Standby 150 2.6 212 41 97 1.2
Cooling 97 17 200 3.8 1 0.0
DHW 910 15.1 1944 248 434 11.2
Space heating 1623 28.1 2270 411 1223 171
GSHP 2780 47.6 3760 60.2 1933 34.6
Total 5920 100 7824 100 3491 100
Table A2

Annual natural gas consumption statistics for the 16 dwellings
used in this study. The absolute values are given in the left
columns and the shares of the total is given in the right columns.

Average Max Min

G (% Q1 1% Q1 (%
DHW 73 17.3 156 351 35 11.5
Space heating  35.1 827 490 885 264 649
Total 424 100 58.1 100 304 100

ing. The total annual natural gas consumption is between 30 and
58 GJ, with an average of 42 GJ. This corresponds to an annual nat-
ural gas demand of 1490 m3, which agrees with the average natural
gas consumption of Dutch households [77].

The average stacked daily energy consumption of the 16 resi-
dential dwellings is shown in Fig A.2. The conventional electric-
ity consumption is relative constant with an average of ~ 9kWh.
The energy consumption for space heating shows a high volatil-
ity, related to the outdoor temperature. Cold winter days have the
most significant impact on the variation in daily electricity con-
sumption of the dwellings. Besides, the winter months of 2015 re-
quired more space heating than the winter months of 2014, due
to lower temperatures. This shows the relevance of using multiple
year consumption data for this type of research.

Distributions of hour of the day and monthly electricity de-
mand from the 16 dwellings and from the specific GHSP functions
are shown using a violin plot in Fig. A.3. Conventional electricity
consumption shows a clear trend with higher consumption dur-
ing daytime and peaks between 5 until 6 pm. The consumption of
the GSHP shows a clear increase of consumption over all hours.
The average standby consumption shows a small increase during
daytime, indicating that the GSHP is less used for other functions
during these moments. The cooling demand shows a decrease dur-
ing daytime, and increases during night-time when residents are
sleeping. Also, the dwellings are highly insulated and therefore the
heating of the dwellings by the environments encounters a time
lag. DHW and space heating have an order of magnitude higher
demand than the standby and cooling consumptions. DHW elec-
tricity demand shows a low consumption during the night, and
peaks in the morning and evening hours, mainly caused by show-
ering. Space heating shows high demand during the night and de-
creases and low during daytime. The distribution range of electric-
ity consumption for space heating and DHW is highly dependent
on the dwelling and its residents.
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Fig. A.3. Hour of the day (a), (c) and (e) and monthly (b), (d) and (f) electricity consumption distributions shown using violin plots. The distributions are split up in a left
violin and a right violin, for example the top plots (a) and (b) show the conventional electricity demand at the left part of the violin and heat pump electricity demand
patterns at the right part of the violin. The distributions contain the consumption of the 16 dwellings. Mean values of the distributions are marked by solid lines, and the

25% and 75% percentiles are indicated by the dotted lines.

The conventional consumption is quite constant over the
months, whereas the heat pump consumption shows a seasonal
effect. Higher consumption is seen by the cooling demand in the
summer months, whereas space heating shows peaks in winter
months. Standby consumption shows a small increase in the sum-
mer month, caused by the lower utilization of the heat pump sys-
tem for other functions. The DHW demand shows a small increase
of demand during winter months. The majority of electricity de-
mand is caused by space heating which increases the overall de-
mand of GSHP system in winter months.

Appendix B. Explanation model input assumptions

This section provided an additional explanation of the input pa-
rameters used, also shown in Table 1.

B.1. PV system assumptions

Currently, net-metering policy is in place for residential PV sys-
tems. This policy enables system owners to offset the cost of elec-
tricity from the utility with their own generated PV electricity.
Consequently, most system owners installed a PV system capacity
that is able to cover the annual electricity consumption. Therefore,
the installed PV system size was set to 1 kWp for each MWh of an-
nual electricity consumption [21]. The electricity production of the
PV system was reduced with 0.5% per year by PV system degrada-
tion [43]. PV system costs of 1500 € /kWp were assumed, includ-
ing all components and installations [44]. In the Netherlands, value
added tax (21%) of the PV system investment can be reclaimed,
which results in a net investment cost of 1200 € /kWp. Annual
maintenance cost (O&M) were set to 1% of the PV system invest-
ment costs [45]. The PV inverter is replaced after 15 years [46]. Re-

placement cost of the PV inverter are 100 € /kWp [44]. Emissions
from manufacturing PV systems with multi crystalline silicon mod-
ules were expected to be 1590 gC0O,-eq for each Wp when made in
China, and 824 g CO,-eq for each Wp when made in Europe [47].
Emissions from PV produced in Europe are significantly lower due
to lower emission intensity of the European (ENTSO-E) electricity
mix.

B.2. Battery energy storage system assumptions

The battery energy storage capacity was set to 1kWh for each
MWh of annual electricity consumption, based on previous re-
search on optimal storage system designs for residential dwellings
[46]. A commonly installed battery inverter rating of 0.5kW per
kWh of storage capacity was used [48]. Thus, two hours are re-
quired to completely charge the battery capacity from 0% until
100%. The battery state of charge (SOC) range was set between 0%
and 100% of the battery storage capacity, so the full capacity po-
tential could be assessed. A constant battery (direct current) DC-DC
efficiency of 96% was assumed for battery charging and discharg-
ing, almost similar as the commercial available Tesla Powerwall
[48]. The battery inverter efficiency curve from SMA Sunny Boy
Storage was used to model the AC-DC and DC-AC conversion [78].
A BESS standby consumption of 0.1% of the rated inverter power
was assumed. A battery cycle lifetime of 5000 full equivalent cy-
cles and a calendric lifetime of 15 years were used based on a pre-
vious study [49]. We expected battery storage pack cost of 300 €
/kWh and storage balance of system (BOS) and EPC (Engineering,
Procurement, and Construction) costs of 200 € /kW [50]. Annual
maintenance cost (O&M) were set to 1% of the investment cost of
battery energy storage system [45]. The battery inverter and bat-
tery cells are replaced after 15 years [46]. Replacement cost of the
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battery inverter is assumed 100 € /KW [44]. Replacement cost for
the battery energy storage pack are 100 € /[kWh, based on learn-
ing curves [23]. For the production of Li-lon battery energy storage
systems 110 gCO,-eq for each Wh of Li-lon storage was selected
[53]. 124 gCO,-eq was used for the production for each W of bat-
tery inverter, based on production requirements for a PV inverter
[47].

B.3. Ground source heat pump system assumptions

A constant coefficient of performances was assumed based on
the relative constant temperatures of the ground sources. A COP
for space heating of 5.7 and a COP of 1.9 were assumed based on
the technical specification of the heat pump [40]. The largest cost
component of a 4kW GSHP is the drilling and installation of the
vertical ground loop, which is estimated at € 6000 [54]. The EPC
cost is expected to be € 4000. The cost for the heat pump are es-
timated € 1000 for each kW of nominal thermal output, thus euro
4000 for a 4kW thermal unit [9]. This results in a total of a GSHP
of € 14,000 for the 4kW unit. Heat pump systems in The Nether-
lands are subsidized depending on the thermal power and system
type [12]. The investment subsidy for this system is € 2800, which
is similar to an investment subsidy of 20% of the total GSHP in-
vestment. Annual maintenance costs for GSHP are estimated 50%
lower than the maintenance cost of CGB systems, specifically 50
€ [55]. The lifetime of the heat pump is expected 20 years [9,55].
We expect that future heat pump costs will be reduced with 10%
and that no subsidies can be used for the replacement of a heat
pump. This results in heat pump replacement costs of 3600 € per
unit [56]. Emissions for manufacturing, transportation and installa-
tion of the 4kW GSHP are estimated to be 1760 kg of CO,-eq per
unit [7].

B.4. Condensing gas boiler assumptions

The efficiency of the condensing gas boiler depends on the re-
quired temperature of the heated water. These requirements are
set similar as the temperatures delivered by the ground source
heat pump system, specifically 28 °C for space heating and 60 °C
for domestic hot water. Corresponding efficiency are 95% for space
heating and 85% for domestic hot water [32]. The efficiencies
are based on a higher heating value of Dutch natural gas of
35.17 MJ/Nm3 [79]. The cost of the reference residential CGB are €
1500 [4]. CGB have a lifetime of 15 years and a similar replacement
cost of € 1500 was selected. The CGB requires annual services cost
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of € 100 which is estimated based on the average service contract
in the Netherlands for 2015 [57].

B.5. Remaining systems assumptions

Costs of replacing components that are not mentioned above
were included in the maintenance costs, as well as the EPC cost of
replacing components. We assumed no salvage value for the sys-
tem components. Also, we expect that emissions from manufac-
turing are 25% lower for the replaced components, except for the
GSHP system. For this component we assumed 440 gCO,-eq per
unit since only the heat pump is replaced.

A discount rate of 2% was selected based on the currently low
interest rates [59]. The consumption tariff was set to 0.178 € /kWh,
based on the average household retail prices for electricity from
2014 until 2016 [60]. The net metering policy in the Netherlands
is currently in place and probably will be replaced with a feed-in
premium by 2020. This feed-in premium will be gradually reduced
from 0.12 € /kWh in 2020 to 0 € [kWh by 2036 [61]. Next to the
feed-in premium, residential consumers will receive a fee based
on the wholesale electricity price. We assumed that this is sim-
ilar as the expected wholesale electricity price. A linear increase
from 0.032 € /kWh in 2020 until 0.044 € /[kWh in 2030 was as-
sumed, based on the wholesale market prices projections for 2030
in the Netherlands [80]. From 2030 onwards, we assumed a 0.5%
increase for this wholesale electricity price. The natural gas con-
sumption price was set to 21.84 € /GJ based on the average house-
hold retail prices for natural gas from 2014 until 2016 [60]. An
0.5% increase in gas and electricity tariffs was selected due to ad-
ditional energy taxes for supporting investments of renewable en-
ergy generation [62]. An average CO, emissions intensity factor of
490 gC0,-eq per kWh for 2016 was used [15]. A linear reduction of
CO, emissions to zero in the year 2050 was assumed based on the
Dutch energy agreement for sustainable growth [63]. The emission
factor for natural gas is 56.6kg CO,/G] using a low heating value
of 31.65MJ/Nm? [81]. In this research we used the high heating
value, thus the emission factor was converted to correspond with
the HHV. This results in an emission factor of 50.93 kg CO,/G]J.

Appendix C. Detailed energy model algorithm explanation

The used energy model algorithm is explained with a schematic
overview, shown by Fig. C.1. Before the model algorithm is exe-
cuted, the power export limit (Pg ) and power import limit (Py)
were defined. These are pre-defined limitations for exporting and
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Fig. C.1. Schematic overview of the energy model algorithm and the battery storage model steps.
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Fig. C.2. Example of the behaviour of the battery control strategy for two summer and two winter days on a residential dwelling with GSHP, PV and battery storage installed.
The left graphs (a), (c) and (e) show the strategy for two days in the summer and the right graphs (b), (d) and (f) for two days in the winter. The top graphs (a) and (d)
show the forecasted PV production (Ppyrc) and electricity consumption (Pprc) with the predicted import and export power limits. Besides the electricity consumption of the
GSHP (Pgsyp) is shown. The middle graphs (c) and (d) displays the actual battery state of charge and the reserved state of charge for the imported and exported electricity.
The bottom graphs (e) and (f) shows the power flows to the grid (positive) and from the grid (negative). In addition, the battery charge (negative) and discharge (positive)
power flows and the pre-charged power flows are given. The annual electricity consumption of this dwelling is 5.23 MWh. A PV system size of 5.23 kWp and a battery

storage capacity of 5.23 kWh with an inverter capacity of 2.62 kW were used.

importing power respectively to and from the grid. These limits de-
pend on the maximum peak shaving capacity of the battery stor-
age systems. This depends on the used battery inverter rating and
the battery storage capacity. The inverter rating determines the
maximum height of the peak that can be shaved. The storage ca-
pacity determines the maximum duration of the peak that can be
shaved. The PV peak power and peak demand that could be stored
by BESS was calculated for each day of a year. This calculation in-
cluded pre-charging of energy to the battery to shave the demand
power peak on a later moment. Also pre-discharging of energy to
shave the PV production power peak was included. The power ex-
port and import limits were determined from the maximum PV
peak and peak demand that could be stored.

Each model time step starts with the assessment or surplus of
PV power is available or power demand from the building is re-
quested, see grey rectangle with dashed lines. The difference be-
tween PV power and electricity demand is given by (Ppet). If more
PV electricity is produced than consumed in the dwelling, then the
power difference will be compared with the power export limit.
When the power difference is larger than the export limit, then
the potential SOC for the next time step (Egpo) is determined.
This depends on the current and expected charge potential for the
next time step. The potential battery SOC is compared with the
battery SOC reserved to charge the PV peak power that is larger
than the export limit (Eggg). The reserved amount of charged
or discharged energy is limited by the maximum battery SOC
(Egmax) and minimum SOC (Eg in), as well by the battery inverter
rating.

If the potential SOC is higher than the reserved SOC for PV
peak charging, then the battery will only charge the PV peak dif-

ference. Else, the battery inverter will charge all surplus PV elec-
tricity. If Ppot is smaller than (Pg), then the battery SOC reserved
for PV peak charging is compared with the current SOC (Egcy,).
When the current SOC is larger, then the battery is discharged
until the current SOC is similar as the reserved SOC for PV peak
charging.

When more electricity is consumed than produced by the PV
system, then Py is compared to the power import limit (Py).
When this limit is smaller, then the potential SOC for the next
time step is determined, which in this case depends on the cur-
rent and expected discharge potential. The potential SOC is com-
pared with the battery SOC reserved to discharge the peak demand
(EgriL)- If the potential SOC is lower than the revered SOC, then the
battery will only discharge the peak demand. Else, the battery in-
verter aims to discharge all required electricity. If Ppot is smaller
than Py, then the battery SOC reserved for load peak discharging
is compared with the current SOC Eg,. When the current SOC is
below the reserved SOC level, then the battery is pre-charged until
the reserved SOC is reached. If the current SOC is larger than the
reserved SOC level, then the model assesses or pre-discharging is
required to charge PV peaks on later moments. This is conducted
when the solar elevation (Ggpy) is >0 and if the current SOC is
larger than the revered SOC for PV peak charging Eggg. The model
time step ends with an action to charge, discharge or do nothing.
Afterwards the algorithm continues to the next time-step, back to
the assessment of Ppot.

The model behaviour for a summer and a winter day is graph-
ically explained in Fig. C.2. The 13th of June has a larger fore-
casted PV production than a forecasted electricity consumption.
Consequently, battery storage capacity is reserved to charge the
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excess PV power peak, visualized by the reserved capacity to re-
duce the exported peak power (Egggr). To obtain this reserved
capacity, a small amount of storage is discharged to the grid in
the early morning around 6.00. Consequently PV peak produc-
tion is used for charging and stored in the battery. The battery
is fully charged at 15.00, and discharged later in the evening and
night. The 14th of June has less PV production forecasted, there-
fore a lower amount of capacity is reserved for PV peak shaving.
No electricity from the grid was used during these two summer
days.

The winter days show a different consumption pattern with
significantly higher electricity consumption by the GSHP, mainly
used for space heating. A demand power peak is forecasted around
12.00 on 14th of December. Consequently, battery energy storage
is required to supply this demand peak. The battery storage is pre-
charged on 13th of December to provide the peak demand of the
next day. The small amounts of PV produced electricity are directly
used or stored.

Appendix D. Impact of PV and storage capacity
D.1. Self-sufficiency impact

Self-sufficiency ratios and specific self-sufficiency ratios for
smaller and larger PV systems and storage capacities are shown
in Fig. D.1. Self-sufficiency ratios are increasing with larger PV sys-
tem capacities. A higher SSR is observed for dwellings without a
GSHP than dwellings with a GSHP. The influence of the individual
demand pattern on the SSR decreases with larger PV system ca-
pacities. Furthermore, the distribution range increases due to the
larger influence of the demand patterns on the SSR. Battery energy
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storage results a larger increase in SSR for bigger PV systems than
for smaller PV systems. A 1kWh storage system increases the SSR
with 14% for a 0.5 kWp PV system with GSHP. This increase is 20%
in SSR for a 1.5 kWp PV system with GSHP. Larger storage sizes,
of 2kWh per MWh of annual demand, increase only the SSR of PV
systems with a capacity of 1 or 1.5 kWp.

The specific self-sufficiency ratio of space heating is rela-
tively low compared to the other GSHP consumption components.
PV production occurs mainly in the summer months, whereas
most space heating demand request occurs in the winter months
(Fig. A.3). A 1kWh storage system does not show a slightly im-
provement of the SSR. Specific SSRs for domestic hot water are
significant larger than space heating and go up to 58% with a 1.5
kWp PV system and a 2 kWh storage system. DHW production oc-
curs largely during evening hours, which makes storage ideal to
improve SSR. Cooling demand occurs in the summer months, and
thus shows the highest specific SSR. Also, cooling reaches the high-
est specific SSR when storage is deployed.

D.2. Grid impact

The impact of smaller and larger storage capacities on the max-
imum import peak, maximum export peak, import peak to av-
erage ratio and export peak to average ratio are shown Fig. D.2.
Also three other indicators are presented. The pre-charged percent-
age shows the ratio of energy that is charged in the battery used
for demand peak provision to the total charged energy. The pre-
discharged percentage shows the ratio of energy used to discharge
the battery for PV peak storing to the total discharged energy. The
curtailment loss ratio (CLR) is an indicator of the share of PV en-
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Fig. D.1. Distribution of the impact of PV and battery energy storage on the self-sufficiency of the dwellings and the specific GSHP functions, shown using a violin plot.The
distributions of dwellings without a ground source heat pump and with ground source heat pump are shown in the top row (a)-(c). The distributions are shown for three
PV system sizes, and scaled with the annual electricity consumption. Specific self-sufficiency ratios are given for the domestic hot water and space heating (d)-(f) and for
standby, cooling and the total GSHP consumption (g)-(i). Mean values of distributions of the 16 systems are indicated by solid lines, and the 25% and 75% percentiles by
dotted lines.
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Fig. D.2. Distribution of the influence of battery storage capacities on lowering demand power peaks from the grid and reducing PV peaks to the grid. The reduction of the
demand peak on the grid is given by the import peak (a), import peak to average ratio (b), pre-charged ratio (c). The reduction of the PV system peaks on the grid is shown
using the export peak (d), export peak to average ratio (e), pre-discharged ratio (f). The impact of storage on the curtailment loss ratios for potential feed-in limitations are
shown for a 0.1 kW/kWp feed-in limit (g), a 0.2 kW/kWp feed-in limit (h) and a 0.5kW/kWp feed-in limit (i). Distributions are shown for dwellings without and with a heat
pump. A normalized PV system size of 1 kWpp, for each MWhgemang Was selected. Note that the battery storage capacities are not equally dispersed.

ergy which cannot be exported due to a potential future feed-in
limit. This is the PV energy above a certain feed-in limit divided
by the total produced PV energy. The PV feed-in limit is given in
kW per kWp of installed PV capacity.

With a 2kWh storage capacity, the import peak for dwellings
without GSHP is reduced to an average of 2.8 kW and with a GSHP
to 3.1 kW. The reduction using a 1kWh storage capacity is larger
for dwellings with GSHP than dwellings without, yet the opposite
is shown for smaller and larger storage sizes. For smaller storage
sizes, the absolute storage size for systems with a GSHP are larger,
hence more peak demand can be shaved. For larger storage sizes,
the peak demand reduction of dwellings with a GSHP is already
reaching a limit. This limit is due to the width of the peak, which
is increasing significantly when the peak is further reduced. IPAR
for dwellings without a GSHP is greatly reduced with storage, from
15.0 with no storage to 8.1 with 2kWh of storage. Dwellings with
a GSHP show a smaller reduction, from 8.1 to 3.8. The pre-charged
distribution shows an average value of around 0.3% for a 2kWh
storage capacity.

The export peaks are reduces in a similar way for both
dwellings without and with a GSHP. A remarkable increase in EPAR
from a 1kWh battery to a 2 kWh battery is observed for dwellings
without GSHP. Larger storage capacities reduce the peak PV power,
but also reduce the average exported power, since more electric-
ity is used for self-consumption. If the average power is reduced
more than the peak power, then a higher EPAR occurs. A sig-
nificantly higher percentage of a 2kWh battery storage capacity
is pre-discharge for dwellings with GSHP than dwellings without
GSHP. Dwellings with GSHP have a relative higher storage capac-
ity since their electricity consumption is larger. Consequently, more
energy is still stored in the battery before the next morning, es-

pecially in the summer months with relative low night consump-
tion from the GSHP. As a result, more electricity is pre-discharged
which is required to obtain empty storage capacity for PV peak
charging.

The curtailment loss ratios are shown for three potential PV
feed-in limitations. CLR are higher for dwellings with a GSHP then
systems without. The most restricted feed-in limit (0.1 kW/kWp)
shows an average PV energy loss of 40% without GSHP and 45%
with a GSHP. With a 2 kWh storage capacity, this can be reduced to
17% and 22% for respectively dwellings without and with a GSHP.
Moreover, with a feed-in limit of 0.5 kW per kWp, a 2 kWh storage
capacity can almost completely abolish the potential curtailment
losses.

D.3. Impact on discounted payback periods

The impact of smaller and larger PV system and battery stor-
age capacities on the discounted payback periods is presented in
Fig. D.3. DPBPs for dwellings without GSHP are in increasing with
PV system size when no storage is used. Dwellings with GSHP
show a slight reduction in average DPBP with an increase of PV
capacity. The results also show that storage systems are not prof-
itable under all scenarios. If a storage system is added, then it
should be designed based on the installed PV capacity. If the PV
system size is relative small, then an oversized storage capacity
will greatly increase the DPBP.

D.4. Impact on avoided life cycle GHG emissions

The avoided life cycle GHG emissions from an electricity sys-
tem perspective and dwelling perspective for smaller and larger PV
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consumption.

system and storage capacities are presented in Fig. D.4. Avoided
emissions from an electricity system perspective increase linearly
with larger PV system capacities, but also show a small decrease
with bigger storage capacities. Emissions from a dwelling perspec-
tive show a different behaviour. When no storage is included,
then larger PV systems lead to a reduction of avoided GHG emis-
sions. With storage, the largest emission reductions are obtained
with a 1 kWp PV system. This is especially visible for a 2kWh
storage capacity per MWh demand. Smaller PV systems have a
higher direct self-consumption, therefore the avoided emissions
with self-consumption by storage are lower. Larger PV systems
have much more electricity production resulting in more stor-
age and avoided emissions. However, these larger PV systems (2
kWp) also have higher emissions from manufacturing, which re-
sults in lower net avoided emissions compared to a 1 kWp PV
system.

Appendix E. Extended sensitivity analysis on the discounted
payback period

The combined impact of a change in natural gas tariff and a
change in electricity tariff is presented in Fig. E.1. A combined in-
crease in electricity tariff and decrease in natural gas tariff results

in a rapid increase of DPBP. An annual increase of 1.4% in elec-
tricity tariff shows an average DPBP of the GSHP of 35 years. Yet,
a 2.2% annual increase in natural gas tariff decreases the aver-
age DPBP of the GSHP of 20 years. The change in electricity tar-
iff has a lower influence on dwellings with only a PV system than
for dwellings with PV and storage. The average DPBP of the lat-
ter system will be lower than 15 years with an electricity tar-
iff increase of 2.9% per year. The value of self-consumption in-
creases with higher electricity tariffs, thus the revenues of storage
are higher. Lower electricity tariff are positive for GSHP payback
periods, but negative for PV and battery storage payback periods.
Consequently, GSHP combined with PV and storage level out the
influences of higher or lower electricity tariffs, as can be seen in
subplot (c).

The influences of a higher GSHP investment subsidy combined
with four other parameters are shown in Fig. E.2. The combina-
tion of a higher GSHP investment subsidy and a decrease in natu-
ral gas tariff show a strong reduction in DPBP. For example, a 10%
increase in subsidy combined with a natural gas tariff increase of
1.3% results in average DPBP of 20 years. Also, the combination
with CO, taxation is promising to obtain lower DPBP. With a sig-
nificantly increase in investment subsidies, higher discount rates
and electricity tariffs become feasible to obtain DPBP below 25
years.
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