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Abstract

Background: In the context of the German energy transition, the number of domestic households covering part of
their electricity consumption from their own photovoltaic system is constantly increasing. Some even use battery
storage systems to store excess power for later use, which increases the degree of self-sufficiency and, according to
the providers of such systems, should yield financial advantages for the so-called prosumer.

Methods: We used the Prosumer-Oriented Total Cost of Ownership method to analyse the financial possibilities for
prosumers under German market conditions, and thus determined the economically optimal solution for different
domestic household sizes. In order to obtain realistic results, we applied real data covering the weather (relevant for
the generation of electricity), consumption patterns, investment and operating costs, prices and revenues. If
behavioural aspects are set aside and pre-requirements (e.g. sufficient roof space) are met, our model provides
guidance for investors and policy-makers alike.

Results and conclusions: Our research shows that it is financially advantageous for all household sizes to operate
the largest photovoltaic system possible for them (up to 10 kW,). By contrast, our results show that the investment
in a battery storage system does not pay off even when government subsidies are taken into account. Regardless
of the size of the selected battery storage system and all other influencing variables, the financial advantages of
such a system do not materialise, although a battery storage system does substantially increase the self-sufficiency

rate.
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Energy transition

Background

Introduction

The transition of the German energy system is a huge chal-
lenge for policy-makers and is absolutely necessary if emis-
sions are to be reduced. However, this transition cannot be
successful unless a broad participation of energy producers
and energy consumers is achieved and their efforts are well
coordinated and aligned with each other [1-3].

In 2009, the European Parliament already enacted the goal
of a 20% improvement in energy efficiency by 2020 com-
pared to 1990 [4]. It also “endorsed a mandatory target of a
20% share of energy from renewable sources in overall
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community energy consumption by 2020 and a mandatory
10% minimum target to be achieved by all Member States
for the share of biofuels in transport petrol and diesel con-
sumption by 2020, to be introduced in a cost-effective way”
[4]. For a long time now, Germany has been regarded as the
leader of the energy transition. Even the German expression
“Energiewende” has been adopted worldwide. In 2010, the
German Federal Ministry for the Environment, Nature Con-
servation and Nuclear Safety focused on a more decentra-
lised renewable energy generation and consumption with a
better integration of renewable energy systems (RES) in the
energy mix.

To facilitate this, the development of the electricity grid
was identified as a mandatory factor—both in terms of cap-
acity (installing the new lines needed as well as adapting
already installed ones to changed needs) and quality (such as
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making the grid more efficient by avoiding losses). These ef-
forts should be accompanied by an expansion of energy stor-
age systems [5]. Hence, the German government has
involved citizens of Germany in large incentive programmes.
In 2010, photovoltaics (PV) only generated 9% of the elec-
trical energy but incurred 40% of the incentive costs [5]. Al-
though the European Commission had determined PV as a
leading-edge technology with high potential for exports in a
very competitive global market [6], electricity generation with
PV had only reached 6.1% in Germany by 2017 [7]. Follow-
ing the IPCC Special Report Global Warming on 1.5C, PV
solutions for prosumers with increasing self-sufficiency will
become more important [8]. Despite these high ambitions
and even though some authors attest the German energy
transition as “the core of a comprehensive strategy to redirect
Germany onto a future-oriented and sustainable path” [9],
Germany will not only fail its own climate goals but also its
European obligations [10]. In fact, it is very likely that
Germany will also fail to meet the target set in the coalition
agreement of generating 65% of its energy from RES by 2030
[11]. Even though the transition of the German energy sys-
tem in general is not the focus of this study, the change to-
wards a bottom-up market structure involving prosumers
will accelerate the energy transition on the whole [1].

The share of decentralised generated electricity, often at
the locations where it is consumed, will increase. These
decentralised generation entities, in particular prosumers, will
have to be integrated into the future grid in order to support
the system’s stability and efficiency [12]. Figure 1 illustrates
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the current top-down model of the electricity supply on the
left side, while new participants and multi-level exchange
structures will arise in the future (right side). The European
Parliament supports the goals of lowering the connection
costs and ensuring an equal treatment of consumers in rural
and city areas [4]. Since energy generation in a bottom-up
market model is a ground-breaking change, the new situ-
ation for consumers and prosumers needs to be evaluated fi-
nancially [14]. However, not only will the electricity market
change because of this new model, but direct current (DC)
generation (PV), the need for energy storage and new con-
nection technologies will also fundamentally affect the elec-
tricity market.

In this paper we examine the disruptive and new market
player—“the prosumer” [13]—and evaluate the different sce-
narios of production, storage and self-consumption with a
focus on the financial consequences and based on real data.

The changes to the German energy system are a good ex-
ample of a politically induced technological change process
[15]. To get its citizens involved, the German government
provided an incentive for the generation of electrical energy
from privately owned PV panels with up to 0.507 € per feed-
in kilowatt hour as regulated by the Erneuerbare-Energien-
Gesetz (EEG—Renewable Energy Law) [16, 17]. In addition,
the government also introduced incentives for local storage
systems, such as reduced interest rates for loans when invest-
ing in battery systems, to ensure a reliable energy source and
rules for self-consumption to relieve the grid [5]. In this vein,
we also take into account different discount rates for
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investments in the generation of electricity from renewable
resources [18, 19]. These incentives for the generation of
local electricity, storage and self-consumption support a
bottom-up model for the energy transition and create the
need for integrated intelligent management systems and cus-
tomer obligation. Thereby, the reward for self-consumption
is implicit in its nature. Consumers who consume their self-
produced electricity do not have to buy it from the electricity
supplier. Hence, the consumer saves 029 € per kilowatt
hour, which is higher than the remuneration of the net feed-
in tariff of 0.12 €/kWh. This leads to an overall saving
through self-consumption of 0.17 €/kWh (0.29-0.12
€/kWh). Figure 2 shows those areas which require new man-
agement structures [14]. These new structures could also be
implemented on the low-voltage level. Prosumers can offer
(part of) the needed storage and generation capacities. By re-
locating the generation of electricity, a relocation of the cor-
responding electricity services is also required. Thus, the
need for new electricity services will increase with a growing
share of RES, whereas the conventional generators who de-
livered most of the energy in the past will disappear. Thus,
the decentralised generation entities have to be integrated
into the energy system. Figure 2 indicates which areas of the
electricity grid are affected and, in particular, which special
services are required for relocation towards decentralised
and small entities, such as prosumers.

Due to governmental subsidies and as Fig. 3 shows, in-
stalled PV power rose dramatically from 2000 to 2016 [20]
even though installing a PV system comes with high initial
costs [14]. These costs can mainly be attributed to invest-
ment costs as planning and approval costs are very low in
Germany. Subsidised PV systems generate revenues over
time. Even when incentives, such as guaranteed feed-in re-
munerations, are lower, investing in PV panels can still be at-
tractive due to the opportunity to consume self-produced
electricity, meaning that electricity does not have to be
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purchased with an average price of 0.2916 €/kWh (based on
3500 kWh/year consumption [21, 22]).

Most of the savings of self-produced electrical energy
result from the elimination of costs for distribution, lev-
ies and taxes. These are taxes (55%) and network charges
(25.7%) and also surcharges for purchase and distribu-
tion (19.3%) [21]. Furthermore, fees for grid stability and
ancillary services can be avoided [23].

The goal of this paper is to determine the financial feasibil-
ity of privately owned PV-based electricity generation under
the specific market conditions in Germany and by consider-
ing the capacities of PV systems. “Specific market conditions”
refers to electricity prices and, in particular, to feed-in tariffs
and regulations. Regarding household electricity prices, Ger-
many’s are the highest in Europe [24]. Regarding the feed-in
tariffs and regulations, there are numerous variations in Eur-
ope [25]. Germany has a relatively high feed-in tariff, which
is guaranteed over a time period of 20years for private
investors in PV panels. We worked with real data (so-called
HO standard load profile) for an average German household
and the data set of global radiation for Aachen (a city in
western Germany) to calculate PV-based electricity produc-
tion. In terms of PV system attractiveness Aachen is similar
to many other cities in Germany because of its latitude and
because of global radiation it is in the medium range within
Germany. Furthermore, we calculated the economic feasibil-
ity of storage systems by taking the subsidised German feed-
in tariff, market prices for battery energy storage systems
(BES systems) as well as for PV panels, and an average elec-
tricity price of 0.29 €/kWh into account. Since the electricity
price is largely made up of taxes and levies, the variable share
of the generation cost per kilowatt hour is relatively small.
Following that, the variances for the average electricity price
is low.

With different scenario analyses, we computed the hourly
electricity production, self-consumption, battery charge
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status and grid balance. Based on these values we determined
the relevant cash flows. The net present value (NPV) and the
resulting annuity were calculated using a total cost of owner-
ship (TCO) model for 20 years, covering the typical usage
period for PV panels in Germany. As mentioned, we used
the HO profile as our underlying consumption pattern of pri-
vate households. Although it can be stated that a smart use
of electricity within the household can increase the self-
sufficiency rate or the efficiency of energy use [26], behav-
joural studies show that consumers do not always react ra-
tionally [27-29]. Hence, the HO profile aims to realistically
reflect current consumption patterns.

Literature review

Existing literature has already analysed BES for private en-
tities. Owing to the widespread challenges that the so-called
prosumer model generates, the structured investigation of
the different model options and the analysis of their eco-
nomic feasibility appear to be necessary. To calculate the
profitability of an integrated PV-BES system, one should con-
sider as many aspects as possible. Table 1 includes an over-
view of the relevant literature which has analysed the
different perspectives of the prosumer model for private cus-
tomers. We have also analysed papers which consider PV-
and PV-BES-systems from a financial perspective. Tables 1
and 2 show the methods and the assumptions made to gen-
erate viable results. In Table 2, we only list such papers
which provide explicit values. However, no comprehensive
approaches have been implemented yet. Therefore, in this
article we go beyond the currently available literature and
combine a PV and a BES, while also taking into account

technical restrictions and evaluating the system from a finan-
cial point of view by applying a prosumer-oriented TCO
model (TCOp).

According to Tables 1 and 2, in the existing literature there
are various investigations in the fields of PV and BES and
their financial aspects. However, some work is limited to the
consideration of PV systems only [31, 33, 37]. Other research
which also considers PV and BES models focusses on coun-
tries and markets outside Germany, such as Australia [30],
Italy [32, 34], Sweden [44] and UK [42]. Moreover, previous
studies usually only consider one single household size [36]
or assume (partially) already installed systems [39]. Many
studies work with linearised prices for assets and services,
whereby such a procedure does not reflect exactly the condi-
tions for a potential prosumer.

In addition to models from scientific studies, there is also
software available which can be used to calculate the eco-
nomic viability of various clean energy projects, such as
RETScreen [45], which is produced by the Canadian govern-
ment. There are some scientific publications that use this
software for their investigations. However, a deeper analysis
of this tool is not possible, since publications from recent
years that disclose the concrete calculations of the underlying
model are not available. Based on the existing research, our
contribution is the following: In our model, we provide an
improved granularity regarding input data such as generation
and consumption profiles, and we use exact prices for assets
and their financing as well. Furthermore, we have adapted
our model to the regulatory conditions in Germany, and we
calculate the annuities, which a prosumer can easily compare
with his or her monthly payments.
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Table 1 Prosumer literature review

# References Business Economic Technical PV BES Description
administration
Other TCO
1 Akter et al. [30] X X X X - Solar photovoltaic units and battery energy storage systems

- Levelised cost of energy along with reductions in carbon dioxide
emissions and grid independency

« In Australia
2 Bertolini et al. [31] X X X « Impact of a PV system for micro-grids
3 Bortolini et al. [32] X X« Economic model for grid-connected PV and BES system in ltaly
4 Comello and X X + Economic efficiency of PV in the U.S.
Reichelstein [33] + Remuneration system
5 Cucchiellaetal. [34] X X X . Profitability of PV systems
- profitability of energy storage in a mature market in Italy
6  Kamankesh and X X X « Optimising the management of the grid with high share of RES and
Agelidis [35] V2G
7 Kaschub et al. [36] X X X .« Developments of battery storage technology with PV
« Generation mix of utilities, use of the distribution grid, and electricity
price
8 Klise et al. [37] X X X + TCO for PV systems in the US.
- Discounted cash flow
9  McDowall [38] X X X . Significance of BES for the autarchy of micro-grids
10 Naumann et al. [39] X X X« Costs and revenues for BES
« Techno-economic model for revenues
11 Rosen and Madlener X + Changes in market regulations
[40] « Enable trading of energy for prosumers
12 Rylatt et al. [41] X X + Market model
« Prosumer is embedded in an aggregator structure
13 Uddin et al. [42] X X X .« Photovoltaic systems integrated with lithium-ion BES
«In UK
14 Vosoogh et al. [43] X X X X X+ Optimising the energy flow in a microgrid
15 Zhang et al. [44] X - Three different types of BES
« In Sweden
Table 2 Data analysis from the literature
#  Author Interest rate per Opportunity costs of Inflation per  Electricity price  Feed-in Lifetime PV Lifetime BES
year (%) capital (%) year (%) (ct/kWh) remuneration (ct/ (years) (years)
kWh)
1 Akter et al. [30] 4 - - 22 - 25 10
2 Bertolinietal [31] 5 16 20and 25 -
3 Bortolinietal. [32] - 5 3 20 4 25 25
4 Comello and 75 10-135 11-28 30 -
Reichelstein [33]
5 Cucchiella et al. 3 5 2 20 19 20 20
[34]
6 Kaschubetal [36] 1 - 2 295 35 20 20
7 Klise et al. [37] 11.1 25 -
8 Naumann et al. [39] 4 - 2 30 12.56 20 12.5
9 Uddin et al. [42] - - - - - - 5

10 Zhang et al. [44] - - - - - 25 25
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To do this, the application of the TCOp concept is
very suitable. The TCO method analyses activities and
related cash flows within an investment’s useful lifetime
[46]. It has a broad scope and also includes pre-purchase
costs, for instance [47, 48]. This comprehensive ap-
proach distinguishes the TCO from other comparable
methods [49].

To investigate a long-term investment such as in a PV-
BES-system, the TCO concept is particularly suitable because
it is designed to be activity-based and it informs the entity—
in this case the prosumer who owns the PV-BES-system—
about the economics of past, current and future decisions
[47, 50]. Furthermore, the TCO concept is logical and easy
to understand, especially as it focuses on the total cost of an
investment [46]. TCO shifts the focus from the purchase cost
to the total cost and is therefore more suitable for making in-
formed decisions [51]. This means that TCO is not only a
purchasing tool but also a philosophy [47] which helps a pur-
chaser to understand the real costs of buying a particular
good from a particular supplier [46, 47]. In this case, the
paper provides objective information for those customers
who want to become prosumers by investing in a PV and/or
a BES-system. Furthermore, the TCO concept allows the
user to understand, analyse and manage the financial conse-
quences of purchased items in a progressive and systematic
way [46]. Specifically, the TCO method allows the user to
consider such elements as order placement, research and
qualification of suppliers, transportation, receiving, inspec-
tion, rejection, replacement, downtime caused by failure, and
disposal costs [47, 52]. Thus, the TCO concept displays more
than just purchase prices, by considering the costs of the en-
tire product-life, such as those related to service, quality,
delivery, administration, communication, failure, mainten-
ance and so on [52, 53]. Beyond that, the TCO approach
takes into account the transaction costs [51]. However, as
the TCO concept requires detailed accounting and costing
data, the lack of readily available data might be a limitation
[47]. Furthermore, the “TCO concept requires firms [or en-
tities] to consider those activities that are causing them to
incur costs. By analysing flows and activities within each
process, a firm can identify which activities add value, and
which do not” [46]. Hence, the user of TCOp is the pro-
sumer conceptualising the system s/he is willing to invest in
[54]. As our TCO model considers not only costs but also
revenues from a prosumer’s perspective, we make a contri-
bution by extending traditional consumer-oriented TCO
models towards a prosumer-oriented TCO model. To ad-
dress the identified research gap by applying the TCOp con-
cept, this paper raises the following research questions:

RQI: Which adjustments need to be added to existing
TCO models in combination with PV-BES-systems based on
detailed real-world data sets and how can the TCOp be cal-
culated for different PV systems in combination with BES
systems under different usage scenarios?
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RQ2: What is the most cost-effective option for a PV-
BES-system from the user perspective under consider-
ation of German market conditions and how are the re-
sults influenced by German legislation for feeding-in
electricity from renewable energy sources?

Contribution

The article makes a contribution by providing a TCOp
model based on the existing literature, which closes the iden-
tified research gap, by providing a comprehensive consumer-
oriented calculation of a PV-BES-system with real data and
different realistic household sizes. This article positions the
prosumer as the owner of the system at the centre of our
analysis. The calculation provides a realistic outcome of the
aspects of using self-produced electricity, storage and con-
nection to the grid, presenting the opportunity to feed-in
and use electrical energy. We developed a TCOp model for a
20-year lifetime period under realistic usage conditions with
the possibility to analyse changes in the discount rate, infla-
tion, increasing energy efficiency, etc. Based on this, we ap-
plied the model to real market data. Thus, we obtained
results for different constellations of household size, PV sys-
tem capacities and BES capacities. Using discrete optimisa-
tion, we were able to determine the financially best
constellation for different household sizes. We also relate the
calculations’ results to the corresponding self-sufficiency
rates. Although our analyses focus on the German energy
market, the development of the extended TCOp method-
ology can also be adapted to other market conditions or re-
strictions. Answering the questions above contribute to a
more independent and holistic economic evaluation of par-
ticipating in the energy transition in Germany as a prosumer.
Moreover, the results help to identify relevant improvement
potential for governmental policy-makers when setting in-
centives and for producers when designing prosumer-
oriented products.

This article is structured as follows: The “Methods” section
discusses the methodology and explains the data set with its
core components and restrictions. The “Results and discus-
sions” section discusses the results of baseline scenarios
under German market conditions. Furthermore, we validate
the methodology and perform various scenario and sensitiv-
ity analyses in order to show the impacts of changes with the
variables used. The “Conclusions and policy implications”
section concludes with the key results, a short discussion of
the limitations and a discussion of future research potential.

Methods

Sample

Our analyses focus on domestic households—detached
houses with one family per house in the German city of Aa-
chen with roof surfaces that are suitable for the installation
of a PV system. We considered different household sizes,
ranging from one to four persons and determined the
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financially optimal combination of a PV system and a BES.
We also accounted for the investment in a PV system with-
out any BES as well as the waiver of both. Different sizes of a
PV system up to an installed capacity of 10kW, were in-
cluded in the analyses. Larger systems are typically too large
for the roof of a detached house due to the area needed. Fur-
thermore, only the private operators of plants up to this size
benefit from the legally guaranteed fixed feed-in tariff.

In our study, households were equipped with various
battery storage devices available for home use. Exact
values and data are provided in the following sections.
The data structure and calculations used in this study
are illustrated in Fig. 5.

Instrument

Our TCOp calculations are based on a comprehensive model
including all cash flows related to electricity consumption,
generation and storage using a dynamic investment appraisal
method—the net present value (NPV) method. The basic
structure of the calculation of the annuity calculation based
on an investment’s NPV is shown in Eq. 1.

(1 +i)xi

1+ v

Crco, = Cnpv

Crco, characterises the annual prosumer-oriented
total cost of ownership, hereinafter also referred to as
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annuity. Cnpy is the net present value, ¢ is the index for
the period during the period under review and i is the
rate, with which all payments are discounted. We con-
sidered the costs on an annual basis, as costs per year
are usually calculated in the private energy sector. For
the general structure of the TCOp model, please refer to
Fig. 4.

Our model was implemented using Visual Basics for
Applications (VBA).

Net present value

The net present value Cypy was determined by adding
up all observed cash flows, which are discounted on an
accrual basis, as shown in Eq. (2).

T

CO ex,t

Cnev = Ceapex + ) — (2)
Py

Ccapex is the capital expenditure, Copex, ¢ is the oper-
ational expenditure in period ¢, T is the whole period
under review and i is the discount rate. The elements of
Ccapex and Copeyx, ¢ are described in the following sec-
tions. The NPV is calculated with different parameters:
internal and external ones. The interdependencies are il-
lustrated in Fig. 5.

Storage
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Capital expenditure

The capital expenditure for the prosumer consists of two
main components which have to be provided at the begin-
ning of use. The first expenditure is for the PV panels, which
are mounted on the roof of the house and generate electricity
after installation from the available solar radiation. Moreover,
the brackets that are used to position the panels on the roof,
and the power electronics required for using the panel incur
additional capital expenditure. Additionally, the one-time in-
stallation of the system should be taken into account as it en-
tails a considerable part of the expenses.

The second capital expenditure that has to be considered
is for the battery storage. The battery storage can be pur-
chased together with the PV system as a package or separ-
ately. For feed-in and current discharge, power electronics
are needed as well. This battery storage can be seen as a sep-
arate investment, since it is optional and can be installed in
addition to an existing PV system or simultaneously with a
new PV system. It does not make sense to install a battery
storage without a PV system because there is no financial ad-
vantage of feeding-in electricity that has been withdrawn
from the grid before and it is not compensated by the EEG
either. Another asset that has to be installed is the grid con-
nection. However, all costs covering this investment have to
be borne by the local distribution system operator (DSO). In
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Germany, the local DSO is obligated by law to set up a grid
connection for any renewable energy source [55]. The oper-
ator of the system only has to request that the necessary de-
vices are set up.

Since we do not consider a 100% isolated system, a
complete omission of an investment is also possible. In this
case there is no capital expenditure, of course. Thus, the
“traditional” consumer with a normal grid connection suit-
able for consumption can be seen as our base case. The Kre-
ditanstalt fir Wiederaufbau (KfW) bank offers special loans
and federal subsidies for BES [56, 57] to finance the listed
expenditures.

Operating expenditure and revenue

The operating expenditures are manifold. It is a fact that
every consumer/prosumer has to pay for electricity that is
drawn from the grid. As a private customer, a fixed price per
kilowatt hour is paid to the respective electricity supplier.
The amount of electricity drawn from the grid depends on
various factors. Without PV panels and battery storage, all
power consumption is drawn from the grid. If a PV system
exists, electricity is only drawn if the current consumption in
the household exceeds the current electricity generation of
the PV system. If a battery storage is added, the purchase of
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electricity from the grid is limited to situations where both
the consumption exceeds the generation and the battery
storage is empty and can no longer provide electrical power.

This is (partially) offset by payments for electricity fed into
the grid. Just like the price for the electricity consumed, the
feed-in tariff is fixed at a certain amount per kilowatt hour.
The payment is made by the grid operator and is guaranteed
by the EEG. If no storage is available, electricity is fed into
the grid as soon as the electricity generated by the PV system
exceeds consumption. In combination with a BES, electricity
is fed-in when both production exceeds consumption and
the battery storage unit is fully charged and cannot store any
more electrical energy.

Two other cost categories have to be considered. If a pro-
sumer invests in both a PV system and a BES, then both
have to be maintained and the PV panels are often insured
against, for instance, damages caused by hail. Regardless of
the operation, but still during the use phase, there are cash
flows caused by financing the PV system and the battery
storage. The payments include the repayment of the loan
and the corresponding interest payments. The financing of
the acquisition costs by means of a loan is not obligatory but
it is recommended due to the aforementioned support from
the KfW bank and the German Federal Government.

End-of-life costs

Our calculations do not consider end-of-life costs. Due
to the fact that BES is a new technology, there is no reli-
able information available about potential revenues or
costs associated with PV systems and battery storage
systems at the end of their lifetime of 20 years. There-
fore, we assume a cost-neutral disposal of the devices.

Parameter values of core components

Capital expenditure

To create a basis for our calculations, we initially collected
data for the German market for battery storage systems for
home use. The capacity of battery storage units available on
the market ranges from 2 [58] to 20 kWh [59]. BES are of-
fered by different companies. On the one hand, there are
automobile manufacturers, such as Mercedes-Benz [59] and
the electric car manufacturer Tesla [60]. Furthermore, elec-
tronics manufacturers offer battery storage systems for
household use. For example, copies of LG [61] or Samsung
[62] are available. On the other hand, manufacturers such as
sonnen GmbH [63] specialise exclusively in products related
to private solar power.

We then manually collected data on the products of the
various suppliers according to capacity and price to obtain a
comprehensive overview of the German BES market. For all
suppliers, the price per kilowatt hour of storage capacity de-
creases as the capacity of the battery storage increases. Based
on our compilation, we calculated an average price of 1250 €
for 1 kWh of storage capacity. This price per kilowatt hour is

Page 9 of 24

somewhat higher for small storage systems and slightly lower
for larger systems.

The market leader in Germany is the supplier sonnen
GmbH with its products summarised under the brand
name sonnenBatterie [64]. Batteries for households are
on offer in all relevant sizes. Our market analysis shows
that these products represent the market very well in
terms of the relationship between the price and the per-
formance offered. Based on our maxim of calculating
with concrete, real market data in all areas, we chose
models from their product portfolio for our research.
Table 3 shows the different models used in this study
[63]. These products are fully representative of the mar-
ket both in terms of price to capacity ratio and in terms
of the sizes on offer.

The guaranteed minimum lifetime of the selected bat-
tery storage is 10years. However, this does not mean
that the battery memory is no longer functional after
this period of time. Previous studies assume a total life-
span of 20years or more [32, 34, 36, 44]. This corre-
sponds to the period covered by our study. Thus, it
would be worth using a battery storage during this ob-
servation period. In order to take the ageing of the bat-
tery storage into account, we tested our results for
influences of an annual decrease in storage capacity (see
Case 3 — Capacity Loss of the BES System).

Prices for PV systems have fallen sharply over the past
10 years. High production figures have led to significant
economies of scale, and the competitive pressure on the
market has become increasingly powerful. In recent
years, however, the decline in prices has slowed down
[65]. Based on past data, we assume an average price of
1168 € per kW, of installed capacity. This includes the
cost of installation and wiring. The size of the installed
system cannot be chosen freely but depends on the
number of installed panels, which is an integer number.
As a representative example, we chose the panels of the
German manufacturer Viessmann [66]. This company is
one of the leading manufacturers of solar panels in Eur-
ope, and especially in Germany [67]. Table 4 shows the
different variations of installed capacity used in this
study. The listed panels are fully representative of the
market in terms of technical parameters and the ratio of
price and nominal capacity.

The guaranteed lifetime of the chosen PV panels is 25
years. The manufacturer guarantees at least 80% of the
original nominal capacity for the first 25 years [66]. In

Table 3 Selected BES models

Capacity (kWh) Brand Price (incl. VAT)
6 sonnenBatterie 8799 €

10 sonnenBatterie 12,799 €

16 sonnenBatterie 17,699 €
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our study, we assumed that the PV panels are installed
once and then used for the whole observation period of
20 years. This is consistent with previous studies, all of
which assumed a lifetime of 20 years or longer for PV
panels [30, 32, 34, 36, 39, 44]. In addition, the legally
guaranteed remuneration period amounts to 20 years
[68]. Losses of nominal capacity of the PV panels are
taken into account by testing our results for influences
of different yearly losses in efficiency (see the “Case 2—
efficiency losses of the PV system” section).

Operating expenditures and revenues

The expenditures for operating a prosumer system can
be divided into fixed and variable costs. Fixed costs are
costs for maintenance and insurance. Both values can
vary depending on the data source. Some providers of
systems include maintenance and/or insurance in the
price. Therefore, some studies have calculated these
costs as a proportion of the investment costs. However,
it is usually common for maintenance and insurance to
be paid annually. On the basis of various offers on the
market and work from previous studies, we assumed
that 100 € per year will be spent on maintenance and 70
€ per year on insurance [32, 34, 39]. For example, the
functionality of a PV system and the associated electron-
ics must be checked regularly. The variable costs result
from the consumption of the electricity drawn from the
grid. These are partially offset by the revenues from
feeding the self-generated electricity into the grid.

To determine a representative consumption profile, we
received information from the local DSO “Regionetz”
[69]. This information provides a curve of the electricity
consumption of a typical household in Aachen on a
quarter-hourly basis. With this curve and the average
annual consumption of different household sizes, the
consumption values are calculated in quarter-hourly cy-
cles over the course of a whole year. Changes in con-
sumption quantity were taken into account in the
scenario analysis discussed in the “Sensitivity analysis”
section.

To calculate the electricity generated by the PV panels,
we adopted an approach that provides the most realistic
possible data basis. Global radiation causes the produc-
tion of electricity with PV panels. This global radiation
varies depending on the location and the position of the
sun as well as the weather. A PV system with an
installed capacity of 1 kW, at the Aachen site generates

Table 4 Selected PV models
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883.5kWh of electricity per year on average [70]. This
value already includes efficiency losses due to
temperature fluctuations, line losses and power electron-
ics. The amount of electricity generated can vary slightly
within Germany but differences in most areas within
Germany are relatively low compared to other countries.
The reason for this is that in Germany a large part of
the global radiation is diffuse radiation. Diffuse radiation
also occurs under cloudy conditions and is less
dependent on the exact position of the sun [71, 72].

In order to obtain a representative generation profile,
measured values for global radiation for the years 2011—
2017 for the Aachen site [72] were used. Together with
the average electricity generation, we were able to calcu-
late annual generation profiles with an hourly resolution
which we divided linearly into quarter-hour sections.
This approach allows us to reach the lowest granularity
possible even if we should lose a small amount of accur-
acy due to the unavailability of more detailed data cover-
age on electricity generation.

Combining both consumption and generation allows
the difference between electricity generation and con-
sumption to be calculated. A positive difference indicates
that generation exceeds consumption, whereas a nega-
tive difference is indicative of the opposite. For a positive
difference, the excess electricity is fed into the grid or
the battery storage is charged. If the difference is nega-
tive, electricity is withdrawn from the grid or from the
battery storage.

Without any battery storage, no further decision is re-
quired. However, if there is a battery storage, the pro-
sumer has to decide between feeding-in and charging or,
rather, between withdrawing from the grid and withdraw-
ing from the battery storage. As the feed-in remuneration
is significantly lower than the price of electricity from the
grid, the financially best option is always to charge or to
discharge the battery storage until it is fully loaded or fully
discharged before feeding-in or withdrawing, respectively.

In accordance with this strategy, we map a curve
showing the charging level of the battery storage and a
data series of feeding-in and withdrawal activities. Those
streams of electricity, both the fed-in and the withdrawn
electricity, can be assessed financially. Charging and dis-
charging the battery are not linked to any cash flows.
For electricity withdrawn from the grid, we used a price
of 0.29 €/kWh according to the average price of electri-
city for private consumers in Germany [73]. The feed-in

Installed capacity (KWp,) Brand Number of panels Price (incl. installation and wiring; VAT) Covered roof area (m5)
4.88 Viessmann 16 5699.84 € 26.08
7.32 Viessmann 24 8549.76 € 39.12
9.76 Viessmann 32 11,399.68 € 5216
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remuneration for private households with a PV system
up to 10 kW, is guaranteed by law and amounts to 0.12
€/kWh [55]. A combination of feeding-in and withdraw-
ing electricity with the mentioned prices yields the re-
spective cash flows. Changes in the remuneration tariffs
and the price for withdrawn electricity are taken into ac-
count for the scenario discussed in the “Flexible feed-in
tariff” and “Case 5—electricity price inflation” sections.

The cash flows caused by financing are calculated on
the basis of the financing programme of the German
KfW for PV systems and battery storages. The whole
system is financed with a credit period of 10 years and
an interest rate of 2.5% [56]. Subsidies provided by the
Federal Government of Germany support the repayment
of the loan depending on the size of the installed system
[57]. Since this type of financing is a condition for the
federal repayment subsidies, which reduce the financial
burden on the prosumer, the payment structure result-
ing from financing must be considered.

Results and discussions

Baseline scenario with German market conditions

In this chapter, we present the main results of our calcu-
lations based on data presented in previous chapters as
input for parameters (baseline scenario). As described
before, we look for the best constellation of PV and BES
from a financial point of view for private households
with 1 to 4 persons. Our results for all possible constel-
lations are shown in the following figures. For every
household size and every considered PV system (“Basis”
stands for no PV system and hence no battery storage
system installed), the annuity depending on the used
battery size is shown in Fig. 6.

The first insight that can be gained from our results is
that the benefits of the individual constellations are very
similar across all household sizes. As for the size of the
PV system to be selected, the following can be stated:
Regardless of all other sizes, a larger PV system is always
financially more advantageous than a smaller system.
Consequently, the first decision rule can already be de-
rived for private consumers: If roof area is available, then
this area should be used as much as possible for the
installation of as many PV panels as possible. The only
restriction is the legal cap of 10 kW, for unlimited re-
muneration for electricity fed into the grid. Looking not
only at PV systems but also at the financial impact of
the use of battery storage systems, the results are also
clear. According to our calculations, the use of battery
storage in all constellations impairs the financial result
for the decision-maker. This is irrespective of the house-
hold size and the selected size of the PV system. Hence,
the financially best alternative is always not to use any
battery storage system.
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From these findings, the financially optimal decision
can be formulated as a simple rule. For all four house-
hold sizes, the constellation of no battery storage system
and a 9.76kW, PV system represents the financial
optimum. For a 4-person household we calculated an
annuity of — 828.44 € with this constellation. If this kind
of PV system cannot be completely installed due to ex-
ternal circumstances, any PV system size without a bat-
tery storage system is financially more advantageous
than the scenario “Basis”, where all of the electricity re-
quired is drawn from the grid and which leads to an an-
nuity of -1323.84 € for a 4-person household.
Therefore, potential savings of —495.40 € per year can
be achieved for this household size.

As mentioned above, any use of battery storage sys-
tems reduces the NPV and the related annuity of the
total investment. For a one-person household, even
with a 6 kWh battery storage system, the annuity is
worse than the “Basis” scenario, regardless of the se-
lected size of the PV system. We calculated an annu-
ity of -511.97 € for the “Basis” scenario and - 622.19
€ for a 6 kWh battery storage system and a 9.76 kW,
PV system. For the other household sizes, the smal-
lest battery storage size was even better for larger PV
systems than for the “Basis” scenario. However, the
larger battery storage systems are not financially
advantageous.

Although battery storage systems do not offer any financial
advantages, they can significantly increase the self-sufficiency
rate of a household. The degree of self-sufficiency indicates
the share of self-produced electricity in total consumption.
While this value is in the range of 40-50% when a PV system
is used alone, it increases to as much as 95% in a single-
person household when the smallest battery storage (6 kWh)
is used. Even 77% can be achieved in a 4-person household.
Obviously, in the “Basis” scenario there is a self-sufficiency
rate of 0%. In addition to this considerable increase, it is still
remarkable that a further increase in the size of the battery
storage system does not result in a further significant in-
crease in the self-sufficiency rate. The number of days on
which a larger capacity of the battery storage system is fully
utilised is very small. For more detailed results, please refer
to Table 6 in the “Appendix” section.

Baseline scenario with altered selected parameters

As can be seen in the different capacity constellations,
there are some solutions which create value from the fi-
nancial perspective and others which do not. This is an
important result for the transition of the German energy
system and the respective incentives set by policy-
makers. On the one hand, we have to consider the fall-
ing feed-in tariffs. Since the first EEG energy law, the
guaranteed remuneration has been lowered from 0.507
€/kWh in 2004 to 0.12 €/kWh in 2018 for small PV
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Fig. 6 Results baseline scenario

systems. A scenario discussed by politicians is the total
abolition of guaranteed remuneration subsidies in the fu-
ture (only relevant for newly installed PV systems). As a
result, guaranteed fixed feed-in tariffs for small systems
would be cancelled and even the electricity from smaller
PV systems would have to be traded on national or local
markets. However, even in this case, positive prices for
electricity of about 0.03 €/kWh to 0.05 €/kWh [74]
could be expected (even when opportunity revenues
from self-consumption are not taken into account). On
the other hand, the highest share of the investments in
the given scenario is driven by the price of the BES.
However, prices for chemical energy storage systems are
decreasing heavily. Hence, we investigated the sensitivity
to lower battery prices per kilowatt hour. The following
sections discuss these variations in feed-in tariffs and the
prices of battery storage systems. Table 5 presents the
chosen scenarios, detailed data can be found in Tables 7
and 8 in Appendix. With the chosen household sizes, we
cover over 95% of German households [75]. Further-
more, the different sizes of PV systems represent the full
range of systems investigated in this paper.

Flexible feed-in tariff

As mentioned above, the guaranteed feed-in tariff in
Germany was set by law to 0.507 €/kWh for small PV
systems with the first EEG energy law in 2004. The sub-
sidies have been increasingly reduced to 0.12 €/kWh
today. In the medium-term, electrical energy produced
from renewable sources will have to compete under
market conditions with the current market price being
about 0.04 €/kWh on the daily market [73, 74]. Hence,
we calculated scenarios where we vary different feed-in
tariffs from the maximum of 0.507 €/kWh to today’s
market price of 0.04 €/kWh. Considering the mentioned
bandwidth, we show relative changes in attractiveness
due to former developments and possible future pro-
gress. Figure 7 shows three selected scenarios with the
variation of the battery storage capacity corresponding
to different household sizes.

As Fig. 7 depicts, the results vary. While the horizontal
lines show the annuity without any PV-BES-System, it
can be seen that the German stock market price gener-
ates no added value in comparison to the consumer
model (“Basis” scenario). Even with today’s guaranteed
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remuneration, owning a battery only makes financial
sense in a few cases with the combinations mentioned
compared to the corresponding “Basis” scenario.

On the other hand, the graphs show that larger PV
systems are more profitable when consumption rises.
The larger batteries do not have a greater financial bene-
fit than the smaller ones.

Not surprisingly, the financial benefit of a combined
PV-BES-system is generally better with higher remu-
neration fees. In addition, the purchase prices for bat-
teries are very high, which decreases the annuity of
the system. As a result, the PV system (without BES)
is the most profitable combination from all of the
considered variations. Although batteries increase the
self-sufficiency rate dramatically from 47.37% up to
88.16%—according to our calculations in scenario 1,
there is no financial benefit with the current market
prices of BES. However, the financial attractiveness of
battery systems changes significantly if the feed-in
tariffs exceed a critical value. For small households,
this is the case at just under 0.40 €/kWh and for
large households it is already the case at less than
0.20 €/kWh. With the historical feed-in tariffs of over
0.507 €/kWh, an investment in such a battery system
would always make sense financially.

Flexible battery price

The prices for battery storage systems need to change if
an investment in them is to have a financial advantage.
Since the purchase prices for batteries have decreased
dramatically in the last decade and the assumption is
that this trend will continue, it is reasonable to vary the
different purchase prices for batteries in the given sce-
narios [76].

If the price decreased from 400 €/kWh in 2013 to a
forecasted 108 €/kWh in 2020, the decreasing rate would
be about 10% per year and kilowatt hour [76]. Hence,
the benefit of the calculated PV-BES-System would in-
crease with each year. Figure 8 provides the results for
the three selected scenarios that range from a low con-
sumption with a small PV system to a high consumption
with a large PV system, showing different battery op-
tions and considering different purchase prices.

The two horizontal lines represent the “Basis” scenario
(grey) without any PV system or BES and the PV-only
scenario (black). Obviously, the battery price does not

Table 5 Overview of the scenarios implemented

Scenario 1 Scenario 2 Scenario 3

Number of persons 1 2 4
Energy consumption per year (kWh) 1714 2812 4432
Size of PV system (kW) 488 732 9.78
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influence these scenarios. The other graphs show the
different battery options in the scenarios. According to
our calculations, the purchase price of the battery has a
huge impact on the annuity of the PV-BES-system.

In the one-person household scenario, investment in a
PV system has a positive impact on the annuity (-
387.24 € as opposed to - 511.97 €). However, batteries
in a small system, with low consumption and generation
rate, do not have a positive financial impact (- 776.95 €
and below).

In the two-person household scenario, again it is
most profitable to only invest in a PV system (-
547.94 €). Compared to the current consumer sce-
nario (without PV and/or BES; annuity of —839.94 €)
a 10% decrease in the battery price is sufficient for
the PV-BES-system to be profitable for the small bat-
tery (6 kWh), which leads to an annuity of - 839.92 €.
However, the large battery will only be profitable (an-
nuity of —840.30 €) if the price is decreased by about
57%.

In the four-person household scenario, we can see the
higher profitability of the PV-BES-system with small (6 kWh;
annuity of - 1113.96 €) or medium (10 kWh; annuity of -
1307.67 €) BES compared to the current consumer scenario,
which has an annuity of — 1323.84 €. If the purchase price is
decreased by one third, the large PV-BES-system will also
have an annuity of — 1307.67 € and become more profitable
than the current consumer model.

Overall, it can be stated that an investment in a PV
system is financially profitable in all scenarios com-
pared to the “Basis” scenario. Furthermore, the profit-
ability of the PV-BES-scenarios increases with falling
battery prices. Even if a combined PV-BES-system will
always increase the autarchy of the prosumer, no sce-
nario with BES proves to be more profitable than the
PV-only system—even if battery prices decrease by up
to 57%. One explanation for this is the high purchase
price for BES. On the other hand, the small units and
small margins of electrical energy do not compensate
the BES investment. This result is also driven by the
fact that the full range of the battery is only used for
a few days a year.

Finally, the battery price has a huge impact on the
annuity of the system and can make the difference as
to whether it is profitable or not. Assuming falling
battery prices, some scenarios will become more prof-
itable than others. However, if there is no focus on
autarchy, investing only in PV panels without install-
ing a battery the most profitable investment in all
considered scenarios. This could change if the BES is
used more flexibly, e.g. by adding a heating pump or
a smart charging wall box for EVs to the system.
With an increasing use of storage, its value will in-
crease potentially.
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Sensitivity analysis

As described in the “Methods” section, our calculations are
based on a large number of input variables, all of which have
an influence on the results. Some figures are subject to differ-
ent uncertainties which cannot yet be completely eliminated.
In order to estimate and assess the impact of these uncer-
tainties, we have conducted various sensitivity analyses. Hav-
ing examined the influence of changes in feed-in tariffs and
the prices for battery storage systems in the previous chapter,
we outline below the energy efficiency of households, effi-
ciency losses of the PV system, capacity losses of the battery
storage system, internal discount rates and developments in

the price of electricity withdrawn from the grid. We have
chosen the same three scenarios as in the previous subchap-
ter (see Table 5) to be compared with their corresponding
“Basis” scenarios in order to create a meaningful overview.
Figure 9 presents the observed scenarios, detailed data can
be found in Tables 9, 10, 11 and 12 in Appendix.

Case 1—energy efficiency of domestic households

In our calculations we assumed that the electricity consump-
tion of the various household sizes will not change over time.
So far, improvements in the energy efficiency of individual
appliances and the increasing number and size of appliances
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consuming electricity in private households have largely off-
set each other. Nevertheless, in order to carry out a compre-
hensive review, we examined annual savings in electricity
consumption of up to 3% in our sensitivity analysis in order
to meet the requirements of the EU commission [77].

As a result, an increasing annual saving in electricity con-
sumption influences the NPV and the annuity in such a way
that both of them increase. However, the corresponding
graphs show that the impact is small and, above all, that
there are hardly any differences between the selected scenar-
ios and the corresponding “Basis” scenarios.

For example, for a household with one person, an increase
in the annual efficiency of 3% leads to an improvement of
21.7% in the annuity of the “Basis” scenario, while the annu-
ity of the reference scenario (4.88 kWy; no BES) improves by
21.5%. Therefore, a significant influence of this input variable
on the financial advantage of individual constellations is not
given.

Case 2—efficiency losses of the PV system
In our calculations we assumed that the capacity of
the installed PV system is completely available over
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Fig. 9 Results sensitivity analyses

the entire period under consideration. This assump-
tion can also be challenged or must be validated to
the extent that the effects of a deterioration in in-
stalled capacity on the overall results are examined in
a sensitivity analysis. We consider annual losses of up
to 2% in the available capacity of the PV system [78].

Obviously, the result in the “Basis” scenario is not affected.
However, the NPVs and the respective annuities of the refer-
ence scenarios fall due to the increasing demand for electri-
city drawn from the grid. For example, for a household with
two persons, the annuity of the reference scenario (7.32 kW;
6kWh) decreases by 15.3% when considering annual
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efficiency losses of the PV system of 2% instead of 0%. Never-
theless, there are no decisive shifts in the benefits in this case
either.

Case 3—capacity loss of the BES system

In our calculations we assumed that the available cap-
acity of the battery storage systems will not be re-
duced. Due to a lack of experience to date, reliable
values for capacity losses over time are difficult to
predict and the only indication is the guarantee pro-
vided by various manufacturers (e.g. [79]) that after
10years at least 80% of the original storage capacity
will still be available (compare also [44]). To get an
idea of the financial impact of potential capacity
losses of the BES system, we examined the effects of
an annual capacity loss of up to 2% in a sensitivity
analysis. Over the entire 20-year period under consid-
eration, this would correspond to a loss of 33.2% of
the capacity initially available.

Consequently, this manipulation does not change
the results of the “Basis” scenarios (no PV, no battery
storage system). In the reference scenarios, the annu-
ity deteriorates due to a decreasing proportion of the
self-used electricity drawn from the BES system. The
financial changes of our results are negligibly small.
The difference of the annuity for a household with
four persons amounts to only 0.4% in the relevant
reference scenario (9.78kW,; 10kWh). There is no
influence on the financial advantage of decision
alternatives.

Case 4—discount rates

Another factor that is examined with regard to its influence
on the financial results of our calculations is the internal dis-
count rate that is used in calculating the NPV for discounting
the single cash flows. Depending on the private decision-
maker’s wealth, financing alternatives and preferences for
current and future consumption, the discount rate that is ap-
plied can vary. For the baseline model, we used a discount
rate of 3%, which we varied from 0 to 5%. These assumptions
are reasonable if we consider the current interest rates in
Germany to be in line with assumptions made in other pa-
pers (see Table 2).

As all scenarios are characterised by series of payments,
which are discounted in our model, all scenarios are affected
by varied discount rates. In the “Basis” scenarios, the changes
that occur are small. In the reference scenarios, the NPV de-
creases as the internal discount rate rises. When, for ex-
ample, considering a household with two persons, a change
in the discount rate from 3 to 0%, improves the annuity by
1.9% in the “Basis” scenario, while there is an improvement
of 18.1% in the reference scenario (7.32 kW; 6 kWh). How-
ever, within the analysed range of changes to the discount
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rate, there is no change to the financial advantages of deci-
sion alternatives.

Case 5—electricity price inflation

Our calculations assume that electricity prices will remain
constant. Future developments of this influencing factor are
subject to great uncertainties. The strong price increases in
Germany over recent years were primarily due to the in-
creasing share of renewable energies and the introduction of
the EEG levy. In our sensitivity analysis, we examined annual
price increases of up to 6%, which is higher than the litera-
ture assumes (see Table 2).

Electricity price increases have a particularly strong influ-
ence on the “Basis” scenarios, but it should be noted that an
annual increase of 3.53% would lead to a doubling during
our observation period. Since the electricity prices for private
consumers have been constant over the last 4 years [80, 81],
we also took this fact into account in our case. In this re-
spect, there are no shifts in the financial advantage. For ex-
ample, comparing inflation rates for electricity prices of 0%
and of 3% shows that for a household of four persons, the
annuity of the “Basis” scenario decreases by 30.5%, whereas
the annuity of the reference scenario (9.78 kW,; 10 kWh) de-
creases by only 5.7%.

The results show that the access to a BES system can
minimise the risks of increasing prices for electricity. Even
in the case of a 6% price inflation, the overall annuity for all
scenarios only diminishes slightly (Table 13 in Appendix).

Conclusions and policy implications

In this paper, we analysed investments in PV panels
and BES systems under the current economic condi-
tions and policy from a financial prosumer perspec-
tive. In particular, we focused on the situation in
Germany with its specific market characteristics. The
respective model of the prosumer allowed for invest-
ments in PV panels and BES systems in different cap-
acity combinations. Our findings provide some clear
guidelines for potential investors: Regardless of the
size of the household, a PV system of any size will al-
ways create a positive financial added value compared
to the “Basis” scenario (consumer model). Neverthe-
less, the larger the system, the more advantageous it
is for the owner, whereas adding a battery storage
system will not create a financial advantage in every
scenario compared to the “Basis” scenario. This out-
come is different to the information that some sup-
pliers provide to potential customers [82, 83]. For
example, the calculations often include the full elec-
tricity price for self-consumption but neglect lost re-
munerations for fed-in electricity. This omission leads
to too favourable economic results for additional stor-
age capacity.
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Such simplified calculations and the frequently ob-
served non-economic factors can explain how investors
are misled when they consider the economic conse-
quences of their decisions. Shortcomings can also result
from psychological and cognitive limitations [84, 85] and
an often incomplete information base [86]. In order to
compensate for these shortcomings, people use so-called
heuristics when making their decisions. Bazermann and
Moore (2009) [87] list a total of 21 heuristics used in de-
cision making. A lot of these can be applied to the deci-
sion situation at hand with the consequence of a
suboptimal economic decision. For example, biassed
decision-makers can use confirmation heuristics [88, 89]
to include selective data in their decisions that confirm
their existing attitude. Loss aversion, which leads
decision-makers to perceive risks related to gains and
losses differently, could also be relevant [90]. Together
with varying future and present preferences, individual
decision-makers can thus come to very different assess-
ments of investment opportunities, which cannot be
purely explained by economic factors.

Even though the main focus of this paper is not the prosu-
mer’s self-sufficiency rate, it should be mentioned that the
autarchy of the prosumer increases dramatically with the
added BES. Furthermore, the self-sufficiency rate becomes
higher with a larger battery capacity, but those increases are
relatively small. The low correlation of financial efficiency
and the self-sufficient rate is based, on the one hand, on the
fact that a battery storage system only creates financial added
value in the amount of the difference between the costs for
electricity from the grid and the remuneration for fed-in
electricity. On the other hand, the amount of self-generated
electricity which is stored for one’s own subsequent use is
relatively small and can hardly be increased by larger battery
sizes. Thus, the high purchase prices for batteries cannot be
justified from the prosumer’s point of view. This result points
to possibly misallocated incentives for the prosumer model.

If there is a political will to increase the number of pri-
vately installed BES, then it is clear that the incentives need
to be reconsidered. With an increasing share of RES, storage
systems will be needed more and more to cover volatilities.
Subsidies and remuneration systems for BES could be inter-
linked to the willingness of the owner to provide access to
the storage system for stabilisation activities. With increasing
numbers of smart charging options and a rising demand for
electricity, local storage systems cannot only help to improve
the self-sufficiency rate but also to help stabilise the grid.

In addition to the lack of a large-scale market
structure for the prosumer model, some required
equipment, such as a BES, is still expensive. In this
paper, we investigated a wide range of possible sce-
narios which help to make the business model of a
prosumer profitable and identified critical aspects that
future market structures should consider if the
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investment by prosumers in BES systems is to be-
come more attractive. The paper also shows that the
required load for private prosumers is too small (de-
pending on the size of the PV system). As already
mentioned, political incentives could subsidise the in-
stallation of a BES system in a different way. Indeed,
energy transition can proceed to the next step if an
additional load, such as electric vehicles or combined
heat pumps, is implemented into the system.

Another development which could increase the financial
attractiveness of a BES is the use of so-called ancillary ser-
vices. The storage capacities of numerous prosumers can be
bundled by an aggregator who offers ancillary services for
frequency and voltage control to system operators. As these
services get remunerated, there is the opportunity of extra
payment without additional or only low-cost investment. As
services can potentially increase the efficiency of the energy
system, it would be reasonable to create corresponding policy
measures which support such a development.

As with every study, our work also has its limitations:
Foremost, our work is based on data for the German
market. As already mentioned, however, the applied
model can easily be adapted to changes, since the basic
problem structure remains the same. Future research
can be carried out to investigate which changes and ex-
tensions can make investments in a BES profitable in
the private sector. At this point we should mention the
sector coupling with the aforementioned integration of
electric vehicles or combined heating pumps. Further-
more, it should be evaluated to which extent a largely
energy self-sufficient household can be a financial ad-
vantage. In addition, other, larger forms of private elec-
tricity generation such as biomass or small wind
turbines could be considered. Integrating a financial
evaluation of non-financial aspects such as autarchy
could also be of interest. While our study covers solely
financial aspects, an economic welfare effect is likely
due to the intangible resource of self-sufficiency [91,
92] which is not represented by the considered cash
flows. Quantifying this welfare could explain why
people already invest in BES despite our clear findings.
In summary, the current incentives for prosumers pro-
mote investments in PV panels but not in electricity
storage. If it is of political interest to increase the num-
ber of BES, then politicians still have to come up with
appropriate solutions. A better interplay of locally gen-
erated electricity from different renewable sources
would increase the proportion of renewably generated
energy in households and would also promote the fur-
ther decentralisation of the electricity market. In this
vein, taking external costs and societal factors into
account to develop a TCO model from a societal per-
spective could be an avenue worth researching in the
future.
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Appendix

Table 6 Results
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Size of PV system (kW)

No PV 4.88 7.32 9.76
Annuity  Battery Annuity  Self-sufficiency Battery Annuity  Self-sufficiency Battery Annuity — Self-sufficiency
Household size 1 person  —511.97 0 —38724 4737% 0 —30207 49.58% 0 -21971  50.83%
Il\i\/f 6 —-77695  86.20% 6 —-695.09 91.54% 6 —-622.19  94.80%
10 —-99272  87.36% 10 -909.5 92.61% 10 - 836.6 95.83%
16 —1258.86 88.16% 16 —-11748 9331% 16 —1102.14 96.53%
2 persons —83994 0 - 64039 43.82% 0 —54794  46.79% 0 —-461.07  4854%
i\?\)ﬁ 6 —98844  75.86% 6 —88797 8284% 6 —80293 86.85%
10 —120098 77.35% 10 —1098.79 84.79% 10 —1011.34 88.96%
16 — 146553 77.84% 16 - 13626 8567% 16 — 127404 90.28%
3 persons — 110638 0 852.65 41.40% 0 —75298  44.84% 0 —661.92 46.87%
i\i\%‘ 6 —117793 69.03% 6 - 106226 76.69% 6 -968.14  81.18%
10 —1387.15 70.63% 10 — 126825 79.17% 10 —1169.87 84.08%
16 —1649.99 71.45% 16 —1529.78 80.29% 16 — 143033 8543%
4 persons — 132384 0 —1029.69 39.67% 0 —-92341  4341% 0 — 82844  45.64%
E\A/t\?ﬁ 6 — 134168 6445% 6 - 121503 7241% 6 - 111396 76.93%
10 — 154562 66.22% 10 - 14151 75.08% 10 —1307.67 80.46%
16 — 180595 6744% 16 - 167487 76.24% 16 - 156592 81.81%
Table 7 Results changed selected parameters—feed-in tariff
Feed-in tariff (€) 0.04 0.12 0.2 0.28 0.36 044 0.507
1 Pers,; 488 kW,,; n/o —675.04 —387.24 —9944 188.36 47617 736.97 1005
1 Pers,; 4.88 kW, 6 kWh —1005.8 —776.95 —548.1 —319.25 -904 13845 330.11
1 Pers.; 488 kW,; 10 kWh — 122042 —992.72 —765.03 —537.33 —309.63 - 8194 108.76
1 Pers; 488 kW,; 16 kWh — 14859 —1258.86 —1031.82 —804.78 -577.73 —350.69 —160.55
1 Pers, basis -51197 -51197 -51197 -51197 -51197 -51197 -51197
2 Pers; 7.32 kW, - —97148 —547.94 = 12441 299.13 722.67 1146.2 1500.91
2 Pers; 7.32kW,,; 6 kWh - 122087 —887.97 —555.08 —222.19 110.7 443.59 722.39
2 Pers; 7.32kW,; 10 kWh — 142823 —1098.79 —769.34 —4399 -11045 218.99 49491
2 Pers; 7.32kW,,; 16 KWh - 169043 - 13626 —1034.78 —706.95 -379.12 -51.29 22326
2 Pers,; basis —839.94 —839.94 —839.94 —839.94 —839.94 —839.94 —839.94
4 Pers.; 9.78 kW, - —1370.72 — 82844 —286.17 256.1 79837 1340.64 1794.79
4 Pers; 9.78 kW,; 6 KWh —1531.85 -1113.96 —696.06 —278.16 139.73 557.63 907.61
4 Pers; 9.78 KW,; 10 kWh - 171417 —1307.67 -901.17 —494.68 —88.18 31832 658.76
4 Pers,; 9.78 kW, 16 kWh —1968.25 —1565.92 - 116359 —761.25 —35892 4342 38037
4 Pers,; basis —1323.84 —1323.84 —1323.84 —1323.84 —1323.84 —1323.84 —1323.84
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Table 8 Results changed selected parameters—Dbattery price

Battery price Today's price 1 year 2 years 3 years 4 years 5years 6 years 7 years 8 years
100% 90% 81% 73% 66% 59% 53% 48% 43%

1 Pers.; 488 kW,,; n/o —387.24 —387.24 —387.24 —387.24 —387.24 —387.24 —387.24 —387.24 —387.24

1 Pers.; 4.88 kW,; 6 kWh —776.95 — 72889 —685.64 —646.7 -611.7 —580.19 —551.79 —526.29 —5033

1 Pers,; 488 kW,; 10kWh ~ —992.72 —92282 - 85991 —803.28 —752.33 —706.51 —665.22 - 62809 —594.66

1 Pers; 488 kW, T6kWh ~ —1258.86 -1162.2 —-1075.2 —996.95 —92644 —863.04 —805.97 —754.58 —708.38

1 Pers,; basis -511.97 -511.97 -511.97 -511.97 -511.97 -511.97 -511.97 -511.97 -511.97
2 Pers; 7.32 kW; —547.94 —547.94 —547.94 —547.94 — 54794 — 54794 —547.94 —547.94 —547.94
2 Pers; 7.32 kW, 6 kWh —887.97 —839.92 —796.67 —757.73 —722.72 —691.21 —662.81 —637.31 —614.32
2 Pers; 7.32 kW, 10kWh - 1098.79 -102889  —96597 —909.34 —85839 —-81257 -771.29 —734.15 —700.73
2 Pers; 7.32 kW 16 KWh  —1362.6 —126594  —117895 —110069 —1030.19 —966.79 —909.72 —858.33 —-812.13
2 Pers,; basis —839.94 —839.94 —839.94 —839.94 —839.94 —839.94 —839.94 —839.94 —839.94
4 Pers; 9.78 kW,,; - — 82844 — 82844 — 82844 — 82844 —82844 — 82844 — 82844 — 82844 — 82844
4 Pers.; 9.78 kW,,; 6 kWh - 111396 - 10659 —102265 —98371 —9487 -917.19 — 8888 —-863.29 —840.3

4 Pers,; 9.78 kWp; 10kWh - 1307.67 —1237.77  —117487 —=111825  —1067.3 —102145  —980.16 —943.02 —909.59
4 Pers; 978 kW,,; 16 kWh ~ —1565.92 —1469.26  —138226  —130401  —12335 -1170.1 —-111303 —106165 —101544
4 Pers,; basis —1323.84 —132384  —132384 132384 —132384 132384 132384 —132384 132384

Table 9 Results sensitivity analysis—energy efficiency improvement

Energy efficiency improvement (per year) 0% 1% 2% 3%

1 Pers.; 488 kW,; n/o —387.24 —356.17 (8.0%) —328.62 (15.1%) —304.15 (21.5%)
1 Pers,; basis -511.97 —470.72 (8.1%) —433.85 (15.3%) —400.86 (21.7%)
2 Pers.; 7.32kW,,; 6 KWh —887.97 —846.32 (4.7%) —810.31 (8.7%) —779.17 (12.3%)
2 Pers; basis —839.94 —772.26 (8.1%) —711.77 (15.3%) —657.65 (21.7%)
4 Pers,; 9.78 KW,; 10 KWh —1307.67 —1239.7 (5.2%) —1180.89 (9.7%) —1129.97 (13.6%)
4 Pers,; basis —1323.84 —1217.16 (8.1%) —1121.83 (15.3%) —1036.52 (21.7%)

Table 10 Results sensitivity analysis—efficiency losses PV

Efficiency losses PV (per year) 0% 1% 2%

1 Pers.; 488 kW,,; n/o —387.24 —431.88 (- 11.5%) —472.04 (- 21.9%)
1 Pers,; basis -51197 —511.97 (0.0%) —511.97 (0.0%)

2 Pers; 7.32kW,,; 6 kWh —887.97 —959.13 (- 8.0%) —1024.07 (- 15.3%)
2 Pers,; basis —839.94 —839.94 (0.0%) —839.94 (0.0%)

4 Pers,; 9.78 kW, 10 kWh —1307.67 —1405.49 (—7.5%) —1494.85 (— 14.3%)

4 Pers,; basis - 132384 —1323.84 (0.0%) —1323.84 (0.0%)
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Table 11 Results sensitivity analysis—capacity losses BES
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1%

2%

Capacity losses BES (per year) 0%

1 Pers.; 488 kW,; n/o —387.24
1 Pers.; basis -511.97
2 Pers.; 7.32kW,,; 6 KWh - 88797
2 Pers.; basis —839.94
4 Pers.; 9.78 KW,; 10 kWh —-1307.67
4 Pers,; basis — 132384

—387.24 (0.0%)
—511.97 (0.0%)

—890 (—

0.2%)

—839.94 (0.0%)

-1310.1

(~0.2%)

—1323.84 (0.0%)

—387.24 (0.0%)
—511.97 (0.0%)
—893.05 (- 0.6%)
—839.94 (0.0%)
—1313.38 (- 0.4%)
—1323.84 (0.0%)

Table 12 Results sensitivity analysis—discount rate

Discount rate 0% 1% 2% 3% 4% 5%

1 Pers.; 488 kW,; n/o — 328384 (15.1%) — 34825 (10.1%) —367.75 (5.0%) —387.24 —406.67 (—5.0%) —425.95 (- 10.0%)

1 Pers,; basis —497.06 (2.9%) —502.03 (1.9%) —507 (1.0%) -51197 —516.94 (- 1.0%) —52191 (- 1.9%)

2 Pers.; 7.32kW,,; 6 KWh —727.19 (18.1%) —780.63 (12.1%) —834.3 (6.0%) —887.97 —941.45 (- 6.0%) —994.54 (- 12.0%)

2 Pers,; basis — 81548 (2.9%) —823.36 (2.0%) —831.79 (1.0%) —839.94 —848.1 (- 1.0%) —856.25 (- 1.9%)

4 Pers,; 9.78 kW, 10 kWh — 108245 (17.2%) — 11573 (11.5%) — 123248 (5.7%) —1307.67 — 138258 (- 5.7%) —1456.95 (- 11.4%)

4 Pers,; basis —1285.28 (2.9%) —1298.13 (1.9%) —1310.99 (1.0%) —1323.84 —1336.69 (- 1.0%) —1349.54 (- 1.9%)

Table 13 Results sensitivity analysis—inflation electricity price

Inflation electricity price 0% 1% 2% 3% 4% 5% 6%

1 Pers,; 488 kW,,; n/o —387.24 —41147 —438.65 —469.16 —50343 —541.89 —585.34
(—6.3%) (—13.3%) (—21.2%) (—30.0%) (—39.9%) (—51.2%)

1 Pers, basis -511.97 —558.19 -610.02 —668.2 —733.58 —807.09 —889.81
(—9.0%) (=19.2%) (—30.5%) (—43.3%) (—57.6%) (—73.8%)

2 Pers; 7.32kW,; 6 kWh —887.97 —899.89 -913.25 —928.24 —945.08 - 964 —985.28
(~1.3%) (~2.8%) (—4.5%) (—6.4%) (—8.6%) (=11%)

2 Pers,; basis —839.94 -915.77 —1000.8 —1096.26 —1203.51 —1324.12 —1459.83
(~9.0%) (=19.2%) (—30.5%) (—43.3%) (—57.6%) (~73.8%)

4 Pers,; 9.78 kW, 10 kWh - 130767 —1329.68 —1354.36 —1382.06 —1413.16 — 144813 — 148747
(= 1.7%) (—3.6%) (=5.7%) (—8.1%) (= 10.7%) (= 13.7%)

4 Pers,; basis —1323.84 — 144335 - 157737 —1727.82 —1896.86 —2086.94 —2300.84
(—9.0%) (—19.2%) (—30.5%) (—43.3%) (—57.6%) (—73.8%)
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Abbreviations

€: Euro; BES: Battery energy storage; Ceapex: Capital expenditure;

Copex: Operational expenditure; Crco,: Annual prosumer-oriented total cost of
ownership; DC: Direct current; DSO: Distribution system operator;

EEG: Erneuerbare-Energien-Gesetz (Renewable Energy Law); i: Discount rate;
KfW: Kreditanstalt fir Wiederaufbau; kWh: Kilowatt hour; kW, Kilowatt peak;
NPV: Net present value; PV: Photovoltaic; RES: Renewable energy system;

t: Period; T: Period under review; TCO: Total cost of ownership;

TCOp: Prosumer-oriented total cost of ownership; VAT: Value added tax;

VBA: Visual basics for applications
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