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Abstract

Decentralized power generation in private homes, especially by photovoltaic systems, is already common
in Germany. The developments of batteries, both for electric vehicles (EV) and for stationary storage might
lead to a mass market for those batteries. In this paper we evaluate the economy of stationary battery stor-
age with photovoltaic system at home in the context of available EV and its integration level into the home.
Therefore, we use an optimization model with one year detailed operation planning and maximize the net
present value of the storage investment. We integrate restriction functions for the technical parameters of
the storage systems and limit EV availability and usage on the basis of German mobility studies for single
vehicles.

The results show, that an investment in a stationary battery system in combination with a photovoltaic sys-
tem is profitable in Germany under the assumptions considered. The observed high numbers of battery
cycles lead to strong requirements for battery lifetime, i. e. cycle stability and long calendar life time.
Therewith, Li-ion batteries are a promising technology. In combination with an EV, the net present value of
the stationary battery system is smaller when the EV is integrated into the home by controlled charging or
the vehicle to home (V2H) concept, which allows discharging into the home system. The size of the EV
battery, the availability at daytime and the load curve of the home are the main influencing factors for the

profitability of the battery system.
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In Germany the prices for small PV systems fell
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consume the generated electricity. Based on
smart charging at home, it will become easy to
self-consume the PV electricity through battery
charging of a battery electric vehicle (BEV) or
plugin hybrid electric vehicle (PHEV) on time.
Implementing even a bidirectional smart charg-
ing device for discharging stored energy into the
own home might support to increase self-
consumption and the profitability of the PV sys-
tem. When discharging the vehicle battery for
non-driving purposes, not only an unrestricted
provision of mobility services should be taken
into account but also an additional degradation of
the battery.

Furthermore, the lithium-ion battery prices are
assumed to fall in the next years due to higher
market volumes and production developments
[4]. Recently EV battery investment dropped to
380-500 €/kWh [7]. These will affect not only
the prices for EV but also the prices for lithium-
ion based stationary home battery storages.
Therefore, a possible market is seen for station-
ary battery storage (BS) to increase self-
consumption of PV. In Germany already more
than 1.3 million PV systems with over 32 GW,
are installed [1], most of these systems are in-
stalled on the roof of private homes.

In the paper, we analyze the interdependencies
between the storage capabilities of a stationary
battery and the storage capabilities of EV at
home. This includes controlled and uncontrolled
charging as well as discharging for home con-
sumption, also called vehicle to home (V2H).
The analysis is done in a techno-economic man-
ner. We consider a technical system setup and
their restrictions in combination with the eco-
nomic factors in an optimization problem.

First, we give an overview of our model used
including key formulas and data. Second, we
introduce the system configurations and the re-
sults. We conclude with a summary and outlook.

2 Modeling Overview

We use an optimization model to maximize the
net present value (NPV) of BS and PV system
including home power consumption. The target
function (1) includes therefore the investment in
BS and PV system. The BS investment is factor-
ized with a factor of cycle degradation (80 %
remaining capacity at end of life) and a factor for
accelerated lifetime degradation due to times
with high state of charge [8]. The underlying
interest rate is 5%. The yearly accounting in-
cludes costs for purchased electricity from the
grid, maintenance costs of the BS, degradation
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costs of the EV battery by V2H discharging and
earnings for PV feed-in. Not included are the in-
vestment and other costs of the EV, because it is
assumed as independent investment for mobility
reasons only.
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TBS,red 1

— BS (11 BS
= — Inv°>Cap®° (1 + [T5S )DegBS

— Invfv

+ Z([z —(Pf”"’ DT COg”'d)

“ ‘ LTBS,red 1 (1)
LTBS ) DegBS

— CoBSMIMCap + (1 +

—~ Z(Pf_g;}’ 2H DT €0%%9)
t,EV

+Z PPV,grid PV
(P i)

The resulting optimized NPV implies the best
charging and discharging scheduling of the storage
devices based on their technical capabilities, which
are implemented in the model. For each time step
the power balance of the home energy system has
to be ensured (2).
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The resource scheduling is done for one whole
year in time steps of a quarter hour. The principle
of the resource scheduling for maximum self-
consumption is every year the same. Only the
different solar radiation values would change.
Therefore we use test reference years (TRY)
[12]. The resource scheduling of one year is
therefore assumed for all 20 years of the period
of use that is considered for calculating NPV.
The model includes further equations that charac-
terize the problem by given constraints and de-
pendencies. We do not present them in this paper
in detail, but shortly describe their relevance in
the following. The equations are available upon
request by the authors. The home electricity de-
mand is integrated with a fixed load curve by real
metered loads. The PV generation is given by
historical solar radiation (DWD 2004) and an
annual energy production. The self-consumption
is limited by the load for home and charging
processes. The EV is modeled based on real sur-
vey data out of the German Mobility Panel for
conventional vehicles (MOP, [5]). It includes
data of vehicle use for one complete week which
is assumed for our analysis as typical for the
whole year. Special trips (e. g. holiday) are not
included as we assume another mode (e. g. rental
car, aircraft, train). For smart charging upper and
lower boundaries for the state of charge (SoC)
are given (cf. [6]). Between those, the charging
and discharging process is possible - limited by
the available charging infrastructure and maxi-
mum charging power. The charging power for
both battery devices is limited by a function
PEhaT9e (50C), which reduces the charging power
for high SoC (linear decrease above 75 % SoC).
The stationary BS is limited by a lifetime of
7,000 cycles and 20 years. The calendar life time
is reduced for high SoC according to [8] and
included in the target function. Also self-
discharging (0.02/month) and a minimum charg-
ing gap (0.05 P/Ppom) by the transformer output
curve is considered. The SoC is calculated for
each time step by an energy balance equation
including charging efficiency of 0.94.

With this model we have a mixed integer prob-
lem characterized by up to approx. 600 thousand
variables.

2.1 System Configurations

The evaluation of the economic efficiency based
on the net present value of the PV system and the
stationary battery system (BS) is possible with
three model configurations (cf. Tab. 1) that are
optimized one after another.
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Table 1: system configurations concerning PV and BS

photovoltaic stationary
identifier system battery system
A | Non - -
B | PV X -
C | PV&BS X X

The integration of an EV has great influence on the
whole system. To compare the interdependencies
between EV charging and discharging and the
stationary BS four configurations are evaluated:

. V2H “Vehicle to Home” means that
EV is completely integrated into the home
including controlled charging and dis-
charging into home system

Il.  EVopt controlled (or smart) charging
(no discharging) of the EV is integrated

Ill.  EVstart charging of the EV starts always
instantly after arriving at home
IV.  EVno noEV available

In total we have twelve configurations of the sys-
tem that can be compared. The integration of
PHEV is possible, too. For this analysis we only
included BEV in order not to increase complexity.
Due to the reduced battery size of PHEV the re-
sults differ from those of BEV.

These configurations might not be mixed up with
scenarios that define the parameters of the system
components and prospections for future (e. g. elec-
tricity prices).

In order to consider the strong differences of home
load curves and EV charging, the model is run
with 50 different home load curves [11] and EV
data [5].

2.2 Reference Scenario

We use one reference scenario for all system con-
figurations. The period considered starts in 2016
and includes 20 periods until 2035. The electricity
price is set to 25.1 ct/kwWh in 2011 and extrapolat-
ed by an increase of 3 % per year [9], which was
true for the last years in Germany.

The investment for a small PV system is set to
1,904 €/kWp by 2012 [1] and extrapolated by
-12 % per year. In last six years the prices declined
approx. 15 % per year [1]. We do not assume earn-
ings for PV feed-in according to EEG (German
Renewable Energy Act) but fix 4 ct/kWh over all
periods, which is less than current market prices at
European Energy Exchange (EEX).

Current prices of EV batteries are lower than
500 €/kWh [7] and even prices at 200 €/kwWh [11]
are published. In contrast the prices given in the
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first German market overview of 21 stationary
battery systems with Li-ion batteries [10] result
in an average price at 2,790 €/kwh (STDV
896 €/kWh) for usable battery capacity installed.
As this market is in the first market stage and
will grow fast, the prices are expected to fall
rapidly. Therefore we assume 600 €/kWh for the
investment of the stationary battery system. The
market overview [10] shows an average calendar
lifetime of the systems by 19.7 years and 5,000
full cycles. Partial cycles are less degenerating.
Therefore we assume 7,000 equivalent full cy-
cles.

The sizing of the BS is done according to a small
approximation tool for battery sizing. There we
evaluated an optimal battery size with a factor of
0.422 by the total yearly electricity consumption
(e. 9.0.422-3.0 MWh, =1.27 kWh).

3 Results

In all cases the aim is to maximize self-
consumption of the PV self-generated electricity,
because electricity from grid is more expensive.
The more flexible the power loads are, the more
self-consumption is possible. In our model, the
home consumption is assumed to be fix. With
demand response (DR) it would be possible to
shift loads of some home appliances [6]. As the
effectiveness is unclear [12], we do not consider
DR in the following. Here the flexible elements
within the system are BS and the EV controlled
charging or V2H-concept with controlled charg-
ing and discharging to home.
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Figure 1: Power load of home and EV divided into
power sources; V2H (exemplary home, spring)
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Especially the charging of the EV has much influ-
ence on the load of the homes (cf. Fig. 1). One
phase charging with maximum 3.5 kW is realized
only, though it is responsible for the high load
peaks. In Germany, the common three phase
charging allows even a load of up to 22 kW. Fur-
thermore the electricity demand of the EV is often
in the same dimension as all home appliances to-
gether.

In Fig. 1 the load curve of an exemplary home is
displayed and the EV is fully integrated in the
home energy management. Discharging from EV
(green) is replacing more electricity from grid than
the discharging from the smaller stationary battery
storage (blue). In this example only one period in
the night, the electricity was taken from the grid.
The self-consumption to charge the BS is not dis-
played in Fig. 1.

The strong influence of EV integration into the
home is more obvious in the results of NPV given
in Tab. 2. In the second column the average NPV
of all 50 analyzed stationary battery systems is
given'. The three right columns show the share of
positive NPV of the analyzed system components.
We differentiate here for a single PV system in-
vestment, a single stationary battery system (BS)?
investment and a combined system investment
(PV&BS).

Table 2: net present value and share of positive invest-
ments for PV and BS system

NPV in share of analyzed homes
average with positive NPV for
BS PV BS PV&BS
V2H 24 € 98 % 50% | 100 %

EVopt 549 € 98 % 94 % 100 %

Evstart | 1,042€ | 68% | 100% | 90 %

EVno 862 € 42% | 100% | 64%

In the configuration without EV (EVno) the BS is
in any evaluated home a positive investment. An
EV at home without integration (EVstart, instant
full charging) makes the investment of the BS even
better, because of the higher energy consumption
and a changed load curve. When we integrate the
EV into the home with controlled charging
(EVopt) or with discharging into home system
(V2H), the investment of the BS is getting less

! The NPV of the BS is calculated by the difference
of the combined NPV for PV&BS (configuration C)
and the NPV auf the sole PV system (B)

2 In this case we assume that the PV system is already
present and not considered in the NPV.
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attractive. For V2H only 50 % of the evaluated
homes would have a positive investment.

The investment of the PV system is in nearly all
cases positive, when high storing capacities are
present to increase self-consumption. In the con-
figurations of EVstart and EVno the single PV
system is in many cases not positive. But in com-
combination with BS the combined system is in
20-32 % more homes profitable. For an integrat-
ed EV, the combined system is profitable in all
cases, but only for one home analyzed the BS
makes the PV investment profitable.

Table 3: share of self-consumption and life-cycle

usage
share of self- share of life-
consumption [%] | cycle usage [%]
PV PV&BS PV&BS
V2H 57 65 84.0
EVopt 46 59 83.9
EVstart 28 44 98.8
EVno 23 38 96.0

The higher the self-consumption, the more attrac-
tive is the investment in a PV system (cf. Tab. 2
and Tab. 3). In none of the analyzed system con-
figurations the generally proclaimed 70 % self-
consumption for homes with BS was reached in
average. That is remarkable, as an optimization
problem should reach higher self-consumption
rates than simulation algorithms. In average, the
BS increases PV self-consumption by 8 to 16 %.
Already high rates due to controlled charging of
the EV reduce the possibilities of the BS.
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Figure 2: NPV of BS by life-cycle usage with EVopt

In all system configurations the average share of
life-cycle use is high (cf. Tab. 3). For the case of
controlled EV charging (EVopt) in Fig.2 the
connection of NPV and life-cycle usage is obvi-
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ous. Each item represents the result of one home.
This result is coherent with the assumption, that
high cycle numbers increase profitability of the BS
investment.

In Fig. 3 an example of battery usage based on the
state of charge (SoC) is given. We see a daily cy-
cle but short times of high SoC. This is compre-
hensible, because high SoC reduce calendar life
time of the battery.
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Figure 3: State of Charge of the stationary battery; V2H
(exemplary home, spring)

The profitability of PV system and stationary BS is
investigated further. Fig. 4 shows the NPV both of
the PV and the BS system. The dependencies be-
tween the investment of a PV system and BS seem
to be complex. The shape of the points in Fig. 4 is
more like a cloud than a straight line. Further anal-
ysis is needed to understand the dependencies.
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Figure 4: NPV of PV and BS with V2H

NPV of BS in EUR

Looking at the impact on the grid an exemplary
load curve of a home can give a first impression.
Fig. 5 shows grid load in the case with stationary
BS and with the possibility for EV to discharge
into home and without both. Though the controlled
charging of the EV can consume much of the PV
generation during day time, at some point the bat-
tery is full and the self-generation is fed-in the
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grid. With sufficient stationary battery capacity
this can be prevented.

Discharging of both, the BS and the EV, allows
also during night time to be independent from the
grid for most hours. Only during some times the
grid connection is necessary. But in these cases
also maximum power rates are needed (cf. Fig. 5
at Tuesday night). For reducing maximum power
rates from grid additional regulations or incen-
tives are necessary.
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Figure 5: grid load with or without battery storage;
V2H (exemplary home, spring)

Further strong influences that are not shown in
the figures are seasons and the sun radiation
which influences electricity earnings from the PV
system.

4 Conclusion

In this contribution we analyze the interdepend-
encies of electricity home storage between elec-
tric vehicles (EV) and stationary battery systems
(BS). We use an optimization model for maxim-
izing the net present value (NPV) of the BS. The
NPV of the EV is not regarded, as we assume
that the main purpose of the EV is mobility. The
NPV of the PV system is however investigated,
as the self-consumption rate strongly influences
the profitability. As the market for BS in Germa-
ny is in its first stage, we analyze investments in
the year 2016.

We show that in Germany the PV system alone
and without the Renewable Energy Act (EEG)
payments, is not profitable in any case. In com-
bination with a BS more systems are profitable.
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Batteries are used whenever possible to substitute
power from grid in any system configuration. The
self-generated power from PV is used especially
for charging. Even the calculated degradation costs
of the vehicle battery are lower than the price rate
of the electricity supplier. Therefore, power con-
sumption from the grid is reduced to a minimum.
Integrating both, the EV and a stationary battery is
less economical in most cases. Vehicle to home
but also controlled charging have in general more
impact to increase self-consumption of PV genera-
tion, than a small stationary battery, that is less
economical in those cases. Especially when the EV
charging is not controlled but starts immediately
after arriving at home, a stationary battery is useful
and has a positive NPV in most cases.

Therefore, we recommend including the invest-
ment in an EV with a controlled charging possibil-
ity or a BS when investing in a home based PV
system in Germany in order to increase the profit-
ability of the system. Further research is necessary
in the parallel optimization of BS size, EV pres-
ence and PV system.
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