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Abstract

The incentives for PV-systems in Europe is being gradually lowered or ended. This makes a higher level of self-consumption inter-
esting for owners of PV-systems.

Sweden has an incentive of 35% of the investment cost for PV-systems. Unfortunately not all consumers can get this incentive. There-
fore a high level of self-consumption will be necessary if the PV-systems are to be profitable in Sweden.

A reference system with two different energy storage technologies is investigated in this paper. One system with 48 kW h of batteries
and one system with a hot water storage tank where the electricity is stored as heat.

The research questions in this paper are:
Which storage system gives the highest level of PV electricity self-consumption?
Are the storage systems profitable with the assumptions made in this paper?
What are the levelized costs of electricity (LCOE) for the reference system with different storage system?
The system with batteries has a self-consumption of 89% of the annual PV-electricity output and the system with a hot water storage

tank has 88%.
The system with batteries has a levelized cost of electricity two times higher than the system with a hot water storage tank.

� 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Some countries in Europe have begun to phase out the
incentives which support the growth of small scale PV-sys-
tems for localized electricity production. This will shift the
focus from exporting as much of the PV-system electricity
to the grid to maximize the self-consumption in the
building.
http://dx.doi.org/10.1016/j.solener.2014.02.013
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In Sweden the incentive is 35% of the PV system instal-
lation cost but no net metering or feed in tariff system is
implemented. This makes self-consumption crucial in mak-
ing the investment profitable in a 15–20 year period in
Sweden.

Maximizing self-consumption is not an easy task for a
single family house in Sweden where the main part of the
electricity is consumed in the evening and winter. One
way of storing PV electricity is to install batteries or a
hot water storage tank and store the electricity as heat.
Earlier research on PV electricity self-consumption in resi-
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Nomenclature

Ai anisotropy index
Ct net cost of project for year t (€)
d annual degradation
EPt electricity price at year t

i inflation
Ib beam radiation on tilted surface
Ic investment cost (€)
Id diffuse radiation on tilted surface
IT total radiation on tilted surface

r nominal discount rate
Rb ratio of beam radiation on tilted surface
rr real discount rate
St PV-system yearly energy output (kW h)
T life time of the system (year)
t year t

(1 � cosb)/2 view factor to the ground
(1 + cosb)/2 view factor to the sky
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dential buildings has mainly been focused on grid issues,
electricity demand management systems and batteries as
can be seen in Castillo-Cagigal et al. (2011a), Purvins
et al. (2013), Williams et al. (2012) and to some extent on
self-consumption for residential buildings where energy
and/or economics for end consumers has been studied
(Castillo-Cagigal et al., 2011b; Nottrott et al., 2013; Riffon-
neau et al., 2011). No studies concerning PV electricity
stored as heat in a hot water tank has been found.

In Sweden new buildings are often equipped with some
form of heat pump for heat and hot water production
which means that the electricity demand is higher than
for a building equipped with a boiler or district heating.

In this article a reference building energy system which
was developed and analyzed in Thygesen and Karlsson
(2013) is compared with two modified reference systems,
the first is equipped with a battery system and the other
one is equipped with a hot water storage tank.

The building energy system and the different storage sys-
tems are simulated in Trnsys (Klein et al., 2010) which is a
transient simulation program.

The focus of this article is to answer the following
research questions:

Which storage system gives the highest level of PV elec-
tricity self-consumption?

Are the storage systems profitable with the assumptions
made in this paper?

What are the levelized costs of electricity (LCOE) for the
reference system with different storage system?
2. Methodology

The reference system developed and analyzed in
Thygesen and Karlsson (2013) is further developed and
different storage systems are added to the system. The
output from the simulation program are imported to a
spreadsheet program and further processed.

The reference system with storage systems added is sim-
ulated for two years in 3 min periods. This is done to get a
whole winter season simulated in the program. Only year
two are further processed and analyzed.

The battery system size is dimensioned based on the
findings in Thygesen and Karlsson (2013) and the heat
storage has the same volume as the domestic hot water
tank which is integrated in the ground source heat pump.
A parametric run is performed for the battery storage sys-
tems where the capacity of the storages is varied. This is
done so a sensitivity analysis with regards to storage capac-
ity, investment cost, discount rate and electricity cost can
be performed. The tank volume is optimal sized for the
simulated heat pump and therefore there will be no varia-
tion of the tank volume with regards to sensitivity analysis.

The battery model is based on a model developed by
Shepherd. The Shepherd model which describes the battery
in terms of different voltages, ohmic resistance, fractional
depth of discharge and discharge current is the most used
battery model and in this paper a modified model that also
can describe battery behavior at low currents are used
(Klein et al., 2010).

Different models for calculation of radiation on sloped
surfaces can be chosen in Trnsys. In these simulations the
calculation of the radiation on sloped surfaces is performed
with the Hay and Davies model (Hay and Davis, 1980) as
shown in Eq. (1). In Hay and Davies model the diffuse radi-
ation consists of an isotropic and a circumsolar part. It
does not however handle horizon brightening.

IT ¼ ðIb þ Id � AiÞ � Rb þ Id � ð1� AiÞ

� 1þ cos b
2

� �
þ 1� qg �

1þ cos b
2

� �
ð1Þ

The second part of Eq. (1) is the isotropic part and
describes the diffuse part that is evenly distributed over
the sky dome and the first part of the equation is the cir-
cumsolar part which describes the diffuse radiation coming
from the suns direction.

The meteorology data including the solar radiation is
taken from Meteonorm version 7 (Remund et al., 2013).
2.1. Levelized cost of electricity

The levelized cost of electricity calculations is based on
the net present value method which discounts the invest-
ment and operations cost to the same reference year. The
levelized cost of electricity is calculated for the reference
system with the different storage systems in accordance
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with Eq. (2) which can be found in Branker et al. (2011)
with one difference. The start time is set to year one and
therefore the initial investment cost, IC, must be inserted
in the equation. To put it simpler the total costs of the
system during its lifetime divided by the total PV output
during the lifetime gives the levelized cost of electricity in
€/kW h.

LCOE ¼ IC þ
PT

t¼1ðCtÞ=ð1þ rrÞtPT
t¼1St � ð1� dÞt=ð1þ rrÞt

ð2Þ

The cost given by Eq. (2) is the average cost per kW h
electricity during the lifetime of the system.

The real discount rate is calculated in accordance with
Eq. (3) and is 2.36% and the lifetime of the system is set
to 30 years. The inflation is based on the average Swedish
inflation during 1992–2011 (Statistics Sweden, 2012a) and
the nominal discount rate is assumed to be 4%. As can
be seen in Eq. (3) the real discount rate is the nominal rate
divided with the inflation.

Every 15 years the inverter is replaced and the battery
system is replaced every 7 years and the calculations are
not taking the 35% Swedish incentive in account. The PV
modules have an annual estimated degradation of 0.5%.
This estimation is based on the findings in Ndiaye et al.
(2013) and Kaplanis and Kaplani (2011).

rr ¼
1þ r
1þ i

� 1 ð3Þ

The investment cost of 2660 €/kWp is based on the
national report from IEA-PVPS task 1, 2012.

In this paper the levelized cost of electricity will be com-
pared with the Swedish assumed annual net present elec-
tricity cost during a 30 year period to evaluate the
studied systems profitability.

The annual net present electricity price calculation is
given in Eq. (4).Z T

t¼1

EP t � ð1þ rrÞ�t
=T ð4Þ
3. Building energy system

The building and its technical installations have been
described in detail in Thygesen and Karlsson (2013). In this
article the systems will be described briefly. All main
components of the different configurations can be seen in
Fig. 1.

The simulated building is a one story energy effective
building located in Västerås, Sweden and equipped with a
3 kW ground source heat pump for the supply of heat
and domestic hot water and a roof mounted PV-system
for electricity production and a heat recovery ventilation
system.

The living area of the building is 138 m2 and four people
lives in the building. U-values for the buildings different
components are specified in Appendix A and data on the
PV-system is in Appendix B.
Total building load is the sum of the heat pump electric-
ity consumption, the ventilation heat recovery electricity
consumption, the electrical heater electricity consumption
and the household electricity. Total annual electricity con-
sumption is 10,260 kW h of which domestic hot water and
heating accounts for 3250 kW h and household electricity
for 5155 kW h.

4. Photovoltaic-system

The PV-system has an installed peak power of 5.19 kW.
The polycrystalline modules are oriented to the south and
have a tilt of 70�. The system is unaffected by shading at
all times.

The reason for the high tilt angle is to reduce the output
during summer and increase it in fall and autumn. A draw-
back with this approach is that the total annual output is
smaller than from a system with optimal tilt which affects
the profitability of the system. Total annual output from
the system is 5060 kW h or 975 kW h/kWp.

5. Storage systems

The selected types of storage technologies are lead acid
batteries and hot water storage tank. The reason for
selecting this type of storage is that lead acid batteries are
a well-known, mature and widespread technology and
many heating systems in small buildings in Sweden consists
of a hot water storage tank.

5.1. Battery system

The simulated battery system consists of several second-
ary valve regulated lead acid batteries connected to a charge
controller and an inverter. The regulator controls the flow of
electricity in four different ways. The first way is that all PV-
electricity is fed to the batteries, the second way is that part of
the PV-electricity is fed to the building load and the rest is fed
to the batteries, the third way is that a part is fed to the build-
ing load a part is fed to the batteries and the rest is fed to the
electricity grid and the fourth way is that all electricity is fed
to the electricity grid. In this way the building load can be
supplied with electricity from the batteries, the PV-system
and the electricity grid at the same time.

The total capacity of the system is 48 kW h and the
depth of discharge is limited to 50%. The battery system
nominal voltage is 12 V.

The valve regulated lead acid battery type with a gelled
electrolyte is one of the most common lead acid battery
types in renewable energy systems today. In this battery
type the liquid electrolyte is mixed with silica to get a gelled
electrolyte. The advantages with this battery type are that it
is maintenance free and have a relative low cost in relations
to other battery technologies. The disadvantages are
amongst others that it should not be stored discharged
for longer periods of time and that it is sensitive to high
temperatures.



Fig. 1. System schematic.
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A battery system with a capacity of 48 kW h would be
able to store one day surplus of PV electricity. This is
because the maximum daily surplus of the PV-system is
approximately 24 kW h and the battery can only put out
24 kW h because of the depth of discharge restriction.

A battery size of 48 kW h is chosen according to the find-
ings in Thygesen and Karlsson (2013) which shows that a
system with at least daily net metering is profitable. Net
metering can be described as a metering system where the
electricity grid is acting as the battery and in this case has a
capacity to store one day of PV electricity. Therefore the bat-
tery system is able to store one day of PV electricity output.

The battery system is charged by the electricity from the
5.19 kWp PV-system when the building load is lower than
the PV-output and will discharge as soon as the building
load is greater than the contribution from the PV-system
and the battery depth of discharge is above 50%.

The lifetime of the batteries is assumed to be 1700 full
cycles down to a depth of discharge of 50%. This assump-
tion is based on data sheets from manufacturers of valve
regulated lead acid batteries.

The investment cost of lead acid batteries is estimated to
be 225 €/kW h (Helder et al., 2013).
5.2. Hot water storage tank

The hot water storage tank in the simulated system is a
225 l double jacketed tank with an inner volume of 185 l.
The tank is equipped with an electrical heater placed at
the bottom of the tank below the heat pump in- and out-
take ports.

5.2.1. PV electricity controller

The controller has current transformer clamps installed
at the incoming grid supply cable and on the cable from the
inverter. The controller is continuously monitoring the
building load and PV electricity output via the CT
clamps.

The electrical heater is then connected to the controller
which switches it to on if the PV electricity output is larger
than the building load and switches it off if the output is
smaller than the building load or zero or if the temperature
in the top of the tank has reached 95 �C. PV overproduc-
tion is only feed to the grid if the PV production is higher
than the building load and the temperature in the tank is
above 95 �C.

The cost of the controller is 350 € which is an average
price based on five different commercial available products.

5.3. Total cost of electricity in Sweden

The total cost of electricity in Sweden is divided into two
parts. These parts are the electricity price and the electricity
grid cost. The electricity price consists of the electricity
price itself, an electricity tax and a value added tax. The
grid cost consists of the grid fee and value added tax.
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During the period 2001–2011 the electricity price itself
increased by an average of 4.7% each year and the electric-
ity tax increased by an average of 4.3% (Statistics Sweden,
2012b).

The average electricity price for a 30 year period in rela-
tions to annual price change can be seen in Fig. 2. This fig-
ure is used in the sensitivity analysis presented in
Section 6.4.

6. Results

6.1. Reference system

The solar energy fraction of the reference system is 28%
and the solar electricity self-consumption is 56%.Total
annual need for purchased electricity is 7350 kW h.

Levelized cost of electricity for the reference system is
0.16 €/kW h. This means that the average price of the
electricity saved and feed into the grid need to be above
0.16 €/kW h if the system is to be profitable. As can be seen
in Fig. 2 the annual average electricity change over a
30 year period needs to be just above 1.5% with the chosen
assumptions. When the electricity price change is just
above 1.5% the average electricity price over 30 years is just
above 0.16 €/kW h. The average electricity price is calcu-
lated with the net present method as shown in Eq. (4).

6.2. Reference system with batteries

With the 48 kW h battery system the annual self-con-
sumption of the system is increased from 56% or
2900 kW h in the reference system to 89% or 4600 kW h.
This gives a total annual need for 5660 kW h of purchased
electricity.
Fig. 2. Installed battery capacity in
Only 14 kW h is annually exported to the electricity grid
and the battery system losses are 11% or 546 kW h. The
losses are not included in the above 4600 kW h.

The solar energy fraction of this alternative is 44.5% and
the levelized cost of electricity is 0.4 €/kW h.

The simulation shows that the battery system will be
subjected to 220 full charge/discharge cycles per year which
gives an estimated lifetime of just below 8 years. Fig. 3
shows the self-consumption fraction in relations to the bat-
tery storage size i.e. the part of PV electricity used in the
building in relations to installed battery size. This figure
indicates that the most efficient battery system must be
smaller than 10 kW h for this system. As can be seen in
the figure the self-consumption fraction increases linear
to 10 kW h and this means that all kW h of battery capac-
ity contribute to the same amount of self-consumption i.e.
all battery capacity is used as optimal as possible. After
10 kW h the incline of the line in the graph is decreasing.
This means that the battery capacity larger than 10 kW h
contribute less to the self-consumption when compared
with the battery capacity installed up to 10 kW h i.e. the
additional battery capacity is not used optimal in regards
to increasing self-consumption.

A 48 kW h system has a state of charge of 100% during
14 h during a year and a 10 kW h system has a state of
charge of 100% charge during 310 h.

If the reference system was fitted with a 10 kW h battery
system the levelized cost of electricity would be
0.21 €/kW h and the self-consumption of the PV electricity
would be 74% or 3810 kW h. This means that 790 kW h
more of electricity is feed into the electricity grid with the
smaller battery system. This also means that the cost for
increasing the self-consumption with 790 kW h from
3810 kW h to 4600 kW h is 9675 €. This should be put in
relations to self-consumption.



Fig. 3. Installed battery capacity in relations to PV electricity self-consumption.
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relation to the investment cost for the 10 kW h battery sys-
tem which is 2250 €.

6.3. Reference system with hot water storage tank

PV electricity self-consumption in the system with the
hot water storage tank is 88% or 4555 kW h and the differ-
ence between hot water storage tank losses in the reference
system and in this system is 175 kW h. This can be related
to the increased hot water temperature due to the increased
storage of energy in the tank hence the PV electricity losses
due to storage is 3.4% or 175 kW h and is not included in
the 4555 kW h of self-consumption. The solar energy frac-
tion of this system is 44.4%.

Annual need for purchased electricity is 5700 kW h.
In this system configuration 12% or 605 kW h of the PV

electricity is exported to the grid.
The levelized cost of electricity for this system is

0.2 €/kW h.

6.4. Sensitivity analysis

Sensitivity analysis should always be performed when
using the LCOE method. This is because the model is sen-
sitive to changes in the discount rate and investment cost.

The sensitivity analysis suggest that the investment cost
for the reference system must be below 1800 €/kWp if the
system is to be profitable with the used assumptions. The
systems with a battery storage is not profitable even with
an investment cost as low as 50 €/kW h battery capacity
as seen in Fig 4.

Fig. 4 describes the LCOE, on the y-axis for two battery
system sizes and battery investment costs per kW h
installed battery capacity on the x-axis.
A sensitivity analysis of the discount rate and the differ-
ent studied systems configurations shows that it needs to be
1% or below if the reference system is to be profitable. The
battery system cannot be profitable by lowering the dis-
count rate as seen in Fig. 5.

The average electricity price need to be 4.5% or above
and the real discount rate needs to be 2.0% or below during
the lifespan of the system if the 10 kW h battery system is
to be profitable. The 48 kW h system is not profitable even
with a electricity price change of 5% and a real discount
rate of 0%.

Of the analyzed parameters it is concluded that changes
in the investment cost of the system has the highest impact
on the levelized cost of electricity.

6.5. Summarized results

Table 1 summarizes the result for all the different system
alternatives and Fig. 6 displays the self-consumption
level for the reference system and the different storage
technologies.

7. Discussion and conclusions

The levelized cost of electricity is a simple method for
assessing different systems production cost for electricity
production. On the other hand it is not a good model for
assessing if a system is profitable. For that the method
has to be supplemented with the assumed future electricity
cost when purchasing and selling electricity and the level of
self-consumption.

The high tilt angle of the PV system gives a lower annual
electricity yield which affects the profitability of the system.
The reason for having a high tilt angle is to lower the yield



Fig. 4. LCOE in relations to investment cost.

Fig. 5. LCOE in relations to real discount rate.

Table 1
Summarized results.

System alternative LCOE (€/kW h) Self-consumption fraction (%) Solar energy fraction (%)

Reference system 0.16 56 28
Reference with battery (48 kW h) 0.4 89 44.5
Reference with storage tank 0.2 88 44.4
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during summer and be able to install larger systems with-
out having overproduction in the system. This also gives
slightly more PV electricity in fall and spring when com-
pared to a system with optimal tilt.
A system that stores PV electricity in the form of hot
water is almost as effective as a battery system when it
comes to maximizing the self-consumption and limits the
import of electricity to the grid. A battery system with a



Fig. 6. Self-consumption in the different system configurations.
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capacity of 48 kW h has a levelized cost of electricity that is
two times higher than for a system with a hot water storage
tank but the two systems has almost the same level of self-
consumption. It is however thermodynamically question-
able to convert electricity directly to heat. The electricity
should for example be used to power different machines
and lights.

There is one problem with combining heat pumps that
produce hot water for heating and domestic hot water pro-
duction with other systems that also produce hot water.
Heat pumps utilize energy from air, ground or water
sources which means that only approximately 1/3–1/5 of
the energy needed to heat a building and domestic hot
water consists of purchased energy. This means that a large
part of the PV electricity stored in the tank saves energy
taken from the ground.

Because of this the electricity output from for example a
PV system that is used to directly heat water via an electrical
heater only saves the energy purchased for operation of the
heat pump. If the PV electricity output is 1 kW h for exam-
ple and this is used for heating water the purchased energy
saved in the building energy system is 0.33–0.20 kW h.

This affects the profitability of the system and needs to
be taken into consideration.

In this paper no consideration has been taken to the fact
that the batteries are subject to long periods of a low state
of charge. This promotes sulfation and negatively affects
the battery life (Linden and Reddy, 2011). If taken into
consideration the electricity grid would have to supply elec-
tricity for charge during periods of low or no PV electricity.
This would negatively affect the amount of purchased elec-
tricity in the building energy system.

The fact that only 14 kW h of electricity is annually
exported to the grid gives a good indication that the battery
system works as expected and that the sizing is right from
an energy perspective.

Analysis of the simulation data shows that the self-con-
sumption of the PV electricity per kW h of battery storage
starts to decline at 10 kW h as shown in Fig. 2. This means
that a system larger than 10 kW h becomes less efficient, in
regards to self-consumption per kW h of battery storage,
than smaller systems. This also means that the revenues
increase slower per kW h with more than 10 kW h of bat-
tery storage. This is because of the selling price for the elec-
tricity is far lower than the price when a consumer
purchases electricity. So even though the sizing seems to
be right it is questionable to install systems larger than
10 kW h from a techno-economic point of view.

A lead acid battery system is unable to be profitable with
the used assumptions and that is mainly because of the
short lifespan and the relative high price.

The conclusion of this work is that the battery system
gives the highest level of self-consumption but also has
the highest levelized cost of electricity. The hot water stor-
age tank is not far from the battery system when it comes
to the level of self-consumption and has a levelized cost of
electricity more than two times lower than the battery
system.

Another conclusion is that the lifespan of lead acid bat-
teries is too short in relations to the battery investment cost
for battery systems to be profitable.
8. Further work

The reference system with the hot water storage tank
will be further studied and an alternative where the heat
pump is controlled so it is in operation when there is PV
electricity surplus instead of the electrical heater will be



Table A1
U-values for the different building components used in the simulation.

Building component U-value (W/m2, K)

Ceiling 0.106
Outer walls 0.102
Ground floor 0.103
Windows 0.81

Table B1
Data for PV-system.

Maximum power per module 230 W
Tilt angle of modules 70�
Open circuit voltage 36.9 V
Voltage at maximum power point 30.2 V
Short-circuit current 8.31 A
Current at maximum power point 7.62 A
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studied. The system model will in the future be validated
against a laboratory system at Mälardalen University.
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