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Abstract
The highest amount of CO2 emissions in the European Union is caused by the energy sector.
The growing problems due to climate change and thus the need for a decarbonisation of the
energy sector has pushed the implementation of renewable energy technologies on a global
scale. With the increasing amount of renewable energy technologies new challenges arise,
especially concerning the fluctuating availability of produced electricity. One solution to this
challenge is to add a battery storage to the renewable energy plant, however, these storage
units are associated with high investment costs especially in the utility scale, and are there-
fore often not taken into consideration. In order to bring forward the implementation of
renewable energy technologies among large consumers, the techno-economic feasibility of a
utility-scale solar power plant in combination with a utility-scale battery storage is assessed.

This is done through a case study of the new football stadium in Freiburg, Germany. The
current practice is to cover the stadium’s load with a diesel generator during match, while
the remaining base load is powered by electricity from the grid. By investing into a rooftop
photovoltaic plant with a battery storage as an alternative, the stadium does not only replace
the diesel unit but also provides itself with a system which can create revenues. Given the
high capacity requirement of the battery to power a game event and match only occurring
18 times a year, the battery can be used for electricity storage and trade in the remaining
time.

In order to assess the feasibility of this system, the load profile of the stadium is identified.
Then, three different systems are modelled with the software energyPRO. The first system
represents the current practice with the diesel generator (DG system). The second system
adds a photovoltaic plant to the first system with the diesel generator (PVDG system). The
third system consists of the photovoltaic plant and the utility-scale battery storage with no
diesel unit (PVBES system). The assessment is carried out by first identifying the technical
performance of the different systems. Then, the relevant investment and operational costs
for the different systems are determined. Further expenses like electricity purchase from
the grid but also the relevant surcharges, taxes and fees are identified. Taking all the cash
flows into account, the economic feasibility is assessed by calculating the net present value
of the systems, with consideration of receiving a feed-in tariff or trading electricity on the
spot market with the PVDG and the PVBES system. Furthermore, different economic sce-
narios are considered for the PVBES system in order to improve the economic feasibility.

The results show that under the same conditions, the PVDG system offers the economi-
cally most favourable solution, despite the net present value of all systems being negative.
Nevertheless, the PVBES system offers more flexibility and allows the stadium operator to
consider other revenue options on the balancing market or through power purchase agree-
ments. With these options considered, the PVBES system not only offers the economically
best option, but also pays off the expenses with a payback-time between 8 and 16 years. In
addition, no CO2 emissions occur through the operation of the PVBES system.
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1 | Introduction
The energy supply sector is the largest contributor of carbon-dioxide (CO2) emissions in
the European Union (EU), accounting for 29.3% of the total CO2 emissions in 2014 in the
EU-28, followed by the transport and industry sector with 19.5% and 19%, respectively [1].
The main goal of the Paris Agreement, which is to keep the global rise of temperature below
2°C, can only be achieved by a systematic decarbonisation of the energy sector by 2050 [2].

With the Directive 2009/28/EC of the EU, a framework was set to promote renewable en-
ergy (RE) technology within the EU. This directive sets mandatory national targets for the
share of RE in both energy consumption and transportation. For the support of RE, Ger-
many has set up the German Renewable Energy Sources act (EEG) in 2000. Furthermore, in
response to the Paris Agreement the country has set ambitious national targets of reducing
greenhouse gas (GHG) emissions for the electricity sector by 40% compared to 1990 levels
by 2020, and 80-95% by 2050 [3]. The ongoing energy transition from conventional energy
sources to RE, especially photovoltaics (PV) and wind energy is a crucial step in order to
achieve these targets. The RE sector is thus one of the fastest growing in Europe and with
an ongoing decrease of costs for PV, this trend is expected to continue in the future [4].

1.1 Installed capacity and electricity production
The main sources of CO2 emissions in the electricity production in Germany derive from
brown and hard coal, which made up 37.5% of the electricity generation in Germany in
2018. According to the data from the German Environmental Agency, CO2 emissions in
the energy sector have been reduced by 22.4% in 2017 compared to 1990 levels [5]. In or-
der to achieve the national targets, the amount of RE has to be increased and GHG and
CO2 emissions from fossil fuels have to be further reduced, for example by replacing fossil
fuel-based energy generators with PV plants. As of 2019, sources like brown and hard coal
still hold a significant amount of the total nominal capacity, with 21.2 GW and 23.7 GW,
respectively [6]. According to a study from [7], yearly additional capacities of 8 GW of PV
and 4 GW of onshore wind are required to cover 65% of the net electricity consumption
of Germany by RE by 2030. Furthermore, if the country is to be supplied almost entirely
by RE by 2050, additional 5-7 GW capacity of PV per year are required in order to reach
this goal [8]. However, in 2018, only an additional nominal capacity of 3.59 GW PV was
installed in the country (1.66 GW were installed in 2017) [9] which does not catch up to the
target capacities if the national goals are to be achieved.

Figure 1.1 shows the installed or nominal capacity available in Germany in June 2019, listed
by energy source. It should be kept in mind that this figure does not take into account the
net electricity production which depends on the operation hours of each source.

1



1.1. Installed capacity and electricity production

Figure 1.1: Installed capacity in Germany in June 2019 by energy source (Illustration from www.energy-charts.de
[6])

It can be seen that onshore wind has the highest installed capacity (53.2 GW) followed by
solar (47.5 GW) and gas (29.4 GW). The net electricity production of Germany by energy
source is shown in Figure 1.2 below.

Figure 1.2: Energy Production in Germany in 2018 by energy source (Illustration from www.energy-charts.de [6])

2



1.2. Challenges of PV electricity production

As of May 2019, around 47% of the German net electricity production is covered by RE
sources (Figure 1.2 right side), with wind power being the most dominant RE source
(25.9%), followed by PV (7.8%) and biomass (8.3%) (Figure 1.2 left side). The remaining
53.1% are covered mainly by fossil fuels, with brown coal being the dominant source (20.1%)
[6].

1.2 Challenges of PV electricity production
The integration of PV power plants into the energy system poses various challenges on a
technical, economic and regulatory level.

Firstly, the power output of various RE sources is characterised by a highly fluctuating na-
ture. With the increasing amount of wind and PV, there still remains a residual load which
cannot be covered at given times or areas. The residual load is then covered by controllable
units which can be either from other renewable (e.g. hydropower) or non-renewable (e.g.
coal) sources. Storage systems can support covering the remaining demand and therefore
decrease the need for supply from non-renewable energy sources [10].

Secondly, as the national funding for open-site PV systems has phased out and transformed
into a tender system, the installation of new open-site solar parks in Germany has decreased
as well. Furthermore, with the need of larger capacities for both PV plants and storage sys-
tems, larger areas are required which might trigger resistance with locals or environmental-
ists who would prefer keeping the natural environment of the area. Indeed, for the increase
of PV capacity in the following years it is recommended by [8] to put out 38% of the tenders
for rooftop areas in order to respect the ecological factor of the use of open-site PV plants.
What is more, as solar energy is a distributed energy source, grid architectures require a
shift from traditional, centralised energy systems to more distributed, decentralised ones
[11]. It is therefore important to look into implementation possibilities in cities, especially
on rooftops. Estimations were made about the rooftop potential in Germany and a poten-
tial area of between 965 km2 and 1 516 km2 was determined which could provide area for
between 193 GWp and 304 GWp power with a module efficiency of 20% [3]. Increased
local electricity production in cities would also benefit in terms of transmission, since more
energy could be consumed locally instead of being transported to other locations.

Current popular measures are grid expansion or curtailment, however, grid expansion re-
quires high effort, and curtailment leads to additional costs for the end-users. That is
because remuneration to the electricity producers for curtailment is financed by the EEG
surcharge that is part of the end-user electricity costs and will be elaborated on in the fol-
lowing sections. In 2017, curtailment measures resulted in expenses of up to 420 billion e,
which mainly derived from the remuneration that is paid to the operators of the curtailed
power plants from the EEG budget [12]. What is more, the grid expansion is expected to
bear costs of around 52 billion e as a publication of the four Transmission System Operators
(TSO) in Germany states [13].

The use of battery energy storage systems (BESS) can balance the fluctuating nature of elec-
tricity generation by PV plants and support rooftop PV installations; however it poses a

3



1.2. Challenges of PV electricity production

range of new problems like high costs, area requirements in the large scale and environ-
mental or resource issues due to certain materials that are used. Another option would
be alternative storage methods like power-to-gas, power-to-heat and power-to-x [14], which
are not looked into further in this thesis as the technologies are often not mature enough
for implementation.

1.2.1 Economic Aspect
In order to foster the energy transition, RE technologies need to be able to keep up both
technically and economically with fossil fuel based alternatives. The prices for PV plants
have been constantly decreasing in the past decade. While in 2006, the costs for rooftop
PV plants in Germany were above 4 500e/kWp, the prices in 2017 have since decreased by
75% with costs of between 600 and 1 500e/kWp [15]. In one study, the levelised cost of
electricity (LCOE) in Germany for the year 2018 for different energy sources is determined
with results shown in Figure 1.3 [16]. It can be seen that especially utility-scale PV plants
(3rd column from the left) have a comparably low LCOE which is due to the decreasing costs
with and increasing power capacity of the plant. This economy-of-scale can be explained
by the fact that system components can be produced and thus purchased and installed for
cheaper prices in high numbers [9]. The wide range of LCOE within fossil fuel powered
plants is due to the dependence on factors like fuel price and CO2 certificate prices [16].

Figure 1.3: LCOE costs of different energy sources, showing the global horizontal irradiation (GHI) and full
load hours (FLH) data for PV and other sources, respectively (Illustration from Fraunhofer ISE [16])
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1.3. German Renewable Energy Sources Act

The growing and rapidly changing PV market, especially in the pricing, increases the re-
quirement of more up-to-date price analyses and awareness raising [17]. According to
opinions from different sources, PV is often discarded as an economically feasible option
because of calculations being carried out with old prices, while the overall costs are con-
stantly decreasing [18]. With the decreasing prices of PV modules, which currently make
up about 40% of the total investment costs, the overall investment costs for PV plants in
Germany have drastically changed. Indeed, many models of future energy systems tend
to underestimate the role of PV, expecting a far smaller contribution despite the favourable
price developments, policy changes or other factors that support the implementation of
more PV [19]. Therefore, many researchers and experts in the PV field are trying to raise
awareness in Germany about the necessity of the integration of more RE than it is intended
in current policies [20].

As for battery storage, even though prices especially for Li-Ion batteries have continuously
decreased in the past, it is hardly profitable to install a battery storage unit without financial
support [21] for grid-connected used. Still, despite the low profitability the trend of adding
battery storage has increased in Germany in the past years due to financing schemes [22].
According to [21], given the advantages of increased self-reliance and therefore indepen-
dence, but also due to the increasing prices for electricity, this trend will continue. The
increased independence from the public grid raises the question on how the energy market,
especially electricity prices, will be influenced and transformed if more and more residen-
tial and commercial customers aim towards self-reliance. Nevertheless, the EEG surcharge
is paid for every kWh consumed electricity (although there is a 40% reduction for RE) irre-
spective of whether the electricity is purchased from the grid or consumed from privately
owned power units, unless the units are below 10 kWp. Therefore the national budget for
the energy transition will only slightly decrease with increasing self-reliance [21].

With the decreasing prices for PV and simultaneously growing electricity prices, the aim for
increasing self-sufficiency in Germany are resulting in more and more investments into PV
and battery storage systems (PVBES), despite the economic disadvantages. For now, PbA
batteries are dominating the global market [23], although with the growing demand, Li-Ion
is expected to overtake lead batteries on the global market within the next decade [24]. This
is mainly due to the various technical advantages of Li-Ion, which are further elaborated on
in Chapter 5, that make Li-Ion more preferable than lead. Retail prices of Li-Ion batteries
have halved between 2013 and 2017, according to research from the Technical University
of Aachen, Germany. This trend is forecasted to continue and can already be seen on the
German market since new batteries purchased in 2017 in Germany were almost exclusively
Li-Ion batteries [25]. The technical and economic feasibility of PVBES with household but
also utility-size capacities thus becomes more and more an important field of research.

1.3 German Renewable Energy Sources Act
The liberalisation of the energy market in Germany towards the end of the 90s brought vari-
ous advantages, as more actors are able to enter the market and consumers can choose their
provider. It also provides more transparency flexibility in terms of planning, forecasting
and trading. This is especially beneficial for the integration of RE sources with their fluctu-
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ating characteristics [26] and since the liberalisation, the amount of RE has been constantly
increasing. The consequentially occurring Merit-Order effect has resulted in record low of
wholesale electricity prices. Yet, the end-use electricity prices for both residential and non-
residential customers in Germany have been constantly growing in the past years. Indeed,
Germany has one of the highest residential and non-residential electricity prices within the
EU-28 [27]. This is due to the growing surcharge of the EEG which is used to finance the
energy transition. The net electricity price in Germany for household consumers consists of
taxes (22%), levies (31%) and the network charge (23%) [28], see Figure 1.4.

Figure 1.4: German electricity price composition (Own illustration, data from [29])

The main aim of the EEG surcharge was to support the installation and operation of RE
power plants for example by financing a feed-in tariff (FIT) that is given to RE plant op-
erators for a time period of 20 years. This encouragement to invest in RE as well as the
drastically dropping investment costs for renewables resulted in a tremendous growth or
the RE industry in the beginning of the millennium. After multiple reviews and updates of
the EEG, in 2017 the funding rate for renewables was changed. For PV plants a cap of 750
kW for the capacity was set. Below that capacity, the FIT is still fixed depending on the size
of the plant, and PV plants larger than 750 kW have to take part in a tendering process that
will define the FIT. Since then, electricity prices for PV plants above 750 kW were set from
between 4 ect/kWh to 9 ect/kWh [29]. In order to pay the financial support of RE integra-
tion and the FITs, the EEG surcharge was introduced to all electricity consumers, which is
part of the levies in the price breakdown shown in Figure 1.4. The amount of the surcharge
is set on a yearly basis depending on factors like expected spot market prices, the national
total final consumption, the installation of additional RE power plants, and the current EEG
account balance and cash reserve [30]. The surcharge has been constantly increasing since
its introduction in 2000 until it reached a peak in 2017. Indeed, in 2000 the EEG surcharge
was 1.73 ect/kWh, while in 2017 it has grown to 6.88 ect/kWh and as of 2019 has dropped
to 6.4 ect/kWh [9]. This growth, but also the growing network charges with increasing RE
feed-in as well as the tax schemes are responsible for the growing electricity prices.

Consequently, self-sufficiency for private households but also for the industry becomes
more and more economically favourable through RE sources and BESS [31, 32]. Self-
sufficiency of households of around 20-40% can already achieved with rooftop PV plants
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alone, meaning that only the remaining 60-80% of electricity is purchased from the grid.
By adding a battery storage unit, the self-reliance can increase to levels between 45-80% de-
pending on factors like load profile, consumption or capacity. Taking this into account, the
electricity costs can be reduced as less electricity has to be purchased from the grid. Given
that electricity prices have surpassed the FIT levels since 2012, more and more consumers
will likely invest in a BESS to avoid high electricity costs in the future [31]. The most com-
monly used battery types to combine with PV plants are lithium-ion (Li-Ion) batteries and
lead-acid (PbA) batteries [32].

Another way to avoid high electricity tariffs is to trade it directly on the market. The en-
ergy market in Germany consists of the energy stock market, which can be divided into a
futures market (European Energy Exchange (EEX)) and a spot market (EPEX). The EPEX is
further divided into Day-Ahead and Intraday, where the former is divided into single hours
or multiple hour blocks and the latter into 15 minute blocks which can be purchased. Fur-
thermore, there is the over-the-counter option, where products and prices are negotiated
individually. Finally, there is an option to generate revenues from the balancing market,
where specific amounts of electricity are reserved and controlled by the TSO in order to
maintain grid stability in exchange for remuneration [33].

The large-scale implementation of RE in cities, especially for utility-size plants could be a
way to support the German energy transition, lower the electricity expenditures of busi-
nesses with significant electricity demand and even create revenues for the investors by
feeding excess electricity into the grid or selling it on the electricity market. However, due
to the divergence of electricity production by RE like wind and PV, new challenges arise
which can potentially be solved by PVBES. This thesis therefore looks into the electricity
supply of utility-scale businesses that use fossil-fuel based units, and analyses the possi-
bility of RE integration and even the replacement of fossil-fuel based units with a battery
storage.

1.4 Case study
The research is carried out based on a real case, namely the new stadium of Freiburg
(referred to in this thesis as the "new" stadium or Wolfswinkel-Stadion), which is being built
at the moment and supposed to replace the current one. An illustration of the new facility
is shown in Figure 1.5.
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Figure 1.5: Design of the new stadium in Freiburg (Illustration from [34])

The stadium has an available rooftop area for a PV plant, is located in the north of the city
of Freiburg, and has and electricity load profile which is constant during the year except for
match days, where the peak load can go above 1 MW. As many other stadiums in Germany,
the old stadium in Freiburg (referred to as Schwarzwald-Stadion or "old" stadium in this the-
sis) is powered by a diesel generator (DG) throughout football games when the electricity
demand reaches its peak. This is done in order to ensure a secure supply of electricity
and being able to keep the television broadcasting of the game running in case of a power
outage. However, with the construction of the new stadium, the goal is set to improve the
environmental image of the city of Freiburg even further by decarbonising the energy sup-
ply. Therefore, the heat demand is to be supplied by district heating from a utility company
located nearby.

In order to further offset the carbon footprint, a 1.8 MW PV plant is proposed to be built on
the rooftop. The electricity from this plant can be used to supply the stadium’s electricity
demand and excess electricity can be fed into the grid. However, with the PV plant alone
the DG is still needed for secure supply. To avoid the use of fossil-fuel based units, a PVBES
is proposed instead, which could not only support the stadium demand during match but
also store the electricity from the PV plant, increase the self-reliance of the stadium which
would financially be a benefit, and even create additional revenues for example by buying
electricity at times of low prices and sell it at times of high prices on the electricity market.
This is especially important in order to recover the investment costs for the battery, which
are significantly higher than the DGs, as it is shown in Chapter 5. Taking the stadium as
a case study, an economic assessment is carried out with different scenarios considered.
By looking not only at energy market trading options but also power purchase agreements
(PPA) which are becoming more feasible with PVBES, the amortisation of the expenses for
the whole system is aimed at within a time-frame of 20 years.

1.4.1 Existing research
The role of PV in the energy transition is widely researched [4, 11, 19, 35–40], with some
research claiming that the potential of PV is often neglected in energy system modelling
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and predictions [19]. The IPCC has researched the role of the energy transition for reduc-
ing carbon emissions in [38] and [39], however, the focus on solar PV is quite low. PV
in Germany is widely researched in course of the energy transition, including reports on
general facts [9, 41], the role of PV in the German (future) energy system [8, 42, 43] and
historic and future price developments of PV [17, 18, 44, 45]. The integration of PV in
urban energy systems for large scale rooftop PV is researched in [46], studies focusing on
Germany are [3] for the whole country and [47] for the city of Berlin. Furthermore, the
profitability of residential PVBES in Germany is evaluated by using a simulation model
in [48]. Business case approaches for PV in general are addressed in [48–52] and for the
German area in [31, 53], where the profitability potential of PV lies not only in grid feed-in
but also self-consumption. Specific challenges faced through RE and PV integration are
discussed or researched in [37, 54]. In general, most research suggests holistic solutions
for overcoming the challenges of large-scale RE implementation on a technical, societal and
regulatory level. Furthermore, these studies agree that PV is becoming one of the main sup-
pliers of electricity, with many challenges still to overcome for large-scale implementation.
Large-scale rooftop power plants in Europe can be found for example in Sweden (1.5 MW
capacity) [55], Norway (1 MW) [56] and also in Härtensdorf, Germany, where a 1 MW PV
plant was installed on the roof of 16 buildings [57].

Various road-maps and other studies about battery storage technologies can be found in
[14, 24, 58–62]. PVBES are addressed in [31, 53, 63] with focus on residential levels [51, 64,
65]. However, this research is mainly focused on the technical feasibility and only briefly
addresses the economic feasibility. The economic feasibility of PVBES is assessed in [66]
with the conclusion that these systems are only profitable with incentives, however, the
context of the research is set for Italy. Alternative business strategies with PVBES in the
German market case can be found in [21, 32]. Operation strategies for making PVBES prof-
itable are assessed in [53, 67]. The main outline to be taken from these studies is that Li-Ion
batteries are gradually overtaking lead battery technologies on the market global market.
Furthermore, from new battery technologies, the Vanadium Redox-Flow (VRF) technology
seems to be a promising one that is gaining more and more awareness in Germany. Re-
search about the consequences of BESS operation on the electricity market in the context of
South-Korea can be found in [68]. Freiburg is not the first city to build a PV power plant on
top of their stadium. The Kaohsiung World Stadium in Taiwan has PV all over the roof with
a nominal output power of 1MW [69]. In New Delhi, India, a 1 MW PV plant was built on
top of Thyagaraj Stadium in 2010 [70]. Finally, the Allianz Riviera stadium in Nice, France is
the first stadium to be a plus-energy stadium building, meaning that more RE is produced
by the facility in a year than imported from other sources [71]. Concerning battery storage,
one stadium was identified to have a BESS installed, namely the Johan-Cruyff-Arena in
Amsterdam, Netherlands, with a net available capacity of 3 MWh [72].

1.5 Scope
With the goal to reduce CO2 emissions and provide energy more and more from renewable
sources, Germany is continuing with the energy transition and thus also facing the chal-
lenges that the integration of more RE results in. The national climate target will probably
not be reached in 2020 according to various experts [20] and additionally, the increasing
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amount of decentralised electricity sources from RE in the grid requires a more stable and
expanded grid which is connected to high expenditures. Furthermore, the profitability of
RE like PV is still questioned when compared to fossil-fuel powered sources, as the price
for economic calculations is not up-to-date even though component costs are rapidly chang-
ing [73]. Therefore, an overall assessment of current costs for a utility-scale PVBES system
powering a stadium is carried out for the determination of the currently relevant economic
feasibility. In addition, new selling strategies of electricity should be identified in order to
increase the profitability of PVBES of this size.

1.5.1 Research Questions
This study aims to investigate the economic feasibility of supporting the electricity supply
and even to replace the DG unit of the stadium. Given the increasing electricity prices and
the need for energy generation with less emissions, the partial replacement of a DG with
solar energy and a BESS could be an exemplary representation of how RE power plants
could improve a business’s economy and environmental image. In addition, possible im-
provements in terms of economic feasibility can be considered by looking at the effects of
new technologies on the overall system costs.

In order to address the multiple issues and opportunities that were pointed out in the
previous sections and carry out the proposed research, following research question and
sub-questions are guiding this thesis:

How can the Freiburg stadium’s current electricity supply system be changed from
diesel units to a utility-scale PVBES, what are the technical, economic and

environmental consequences and what economic factors hamper or support this
transition?

• What is the stadium’s electricity supply with only DGs, what are the costs for the
system and how high are the CO2 emissions?

• How can a utility-scale PV plant combined with battery storage replace the DGs,
supply the stadium in Freiburg and what is the economic feasibility??

• What electricity selling scenarios could improve the techno-economic feasibility of this
system in order to pay back the high investment and operation costs?

• What are the environmental benefits in terms of CO2 emissions during operation?

1.5.2 Thesis Structure
Three different systems are analysed, of which the first referred to as DG system in Chap-
ter 3. Chapter 4 looks at a system similar to the DG system, with a utility-scale PV plant
added to supply the electricity load. This is referred to as PVDG system. Finally, the PVBES
system considers a utility-scale BESS in order to replace the DGs and ensure a secure sup-
ply of electricity during match in Chapter 5. Chapter 6 then looks at alternative ways of
making profit with the PVBES system by looking at different possibilities to sell electricity
in the most profitable way. A discussion in Chapter 7 critically reflects on the methods,
delimitations and the applicability of the results in a broader perspective before the thesis
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is concluded in Chapter 8. The thesis structure is represented in the graphic in Figure 1.6
with the boxes referring to each chapter of the thesis.

Figure 1.6: Graphical representation of the thesis structure
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2 | Theories and Methodology
This chapter gives a list of assumptions that apply for this research that were made in order
to narrow down the scope of the calculations. Then follows a section with the theoretical
framework concerning the subject of RE transition from fossil fuel alternatives addressing
utility scale investors or operators. Finally, the methods of collecting data, calculating the
capital expenditures (CAPEX) and operational expenditures (OPEX), as well as the advan-
tages and disadvantages of the methods used is discussed in the later sections.

2.1 Terminology and Assumptions
For this thesis a few assumptions are made, mainly to simplify the process of answering
the given research questions.

The following assumptions were made and are applied in this thesis:

• In the course of 20 years no unexpected costs like failure of units, destruction through
external forces like vandalism, climate conditions or similar occur and influence the
production and OPEX.

• The cost of inverters which have to be replaced after approximately 10 years is ne-
glected.

• The stadium operator is the owner and operator of the DGs, the PV plant, and also
the battery storage.

• Residential scale refers to sizes up to 10-15 kW.
• Commercial scale refers to sizes from 15 kW to 750 kW.
• Utility scale refers to sizes above 750 kW.

2.2 Theoretical Framework
The theoretical framework addresses the public awareness that exists in connection with RE,
especially PV, and utility-scale battery storage systems. The energy transition is not pro-
ceeding fast enough in order to reach the different goals set nationally and internationally
[20]. The reason for this and the steps to overcome misleading perceptions, as well as the
aim of this study to take some of the steps in favour of PV and battery storage technologies,
is described in this section. Focusing more on the case itself, the change of ownership in
course of the proposed technological change is reflected on.

2.2.1 Choice Awareness
The analysis of new energy systems requires an overview of the various influential fac-
tors that could impede the transition or implementation of the new system. In this case,
the switch from the well-known method of using DGs to supply stadiums with electricity
during a game to RE and a battery storage can by viewed as radical technological change,
which is part of the choice awareness theory [74]. Radical technological change describes
a transition where more than one of the five constitutes of technology, namely Technique,
Knowledge, Organisation, Product and Profit are changed [74]. In case of the stadium, the
replacement of DGs with a PV plant and a battery storage poses a change in the technical
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components. Furthermore, this shift from the one entity that controls the stadiums electric-
ity supply to new actors, like the operator of the PV plant and the battery but also potential
customers who the electricity can be sold to, results in an organisational change. The con-
cept of selling electricity from RE on the market requires knowledge about how the market
operates and what strategies are the most profitable for the given system. Finally, new sell-
ing strategies can result in higher profit as the electricity is now bought from the PV plant
operator, who can make additional profit with new market strategies when the electricity
is not needed for a game in the stadium. On the other hand, from the stadium operator’s
point of view, the use of the stadium can be expanded to more than just to host football
games. These possibilities are discussed later in Chapter 6. The only constitute which is not
affected by switching from DGs to solar power is the product, which is electricity.

The energy transition is often hampered by "false" collective perception, like the belief that
RE cannot be as optimal as fossil fuel units neither from a technical nor financial aspect.
There are different reasons for this conception, which mainly originate in different organi-
sations working towards keeping the system as it is since it is the most profitable for them
this way, like the oil or gas lobby [75]. The difference in investment and operation costs also
plays a crucial role when considering choice awareness, since there might be a lack of com-
mon knowledge about current (decreasing) prices for example for PV plants and battery
storage. On the other hand, battery storage for balancing the fluctuations of RE production
considerably add to the already high investment costs for the RE plant, which only add to
the common conception of RE not being as economically ’attractive’ as conventional, fossil
fuel based units. The result is that stadium operators are kept in a mindset where they
believe they have no choice than to maintain in the status quo. A methodology of how
to raise choice awareness is given by [76], which can be divided into following four steps
(Figure 2.1):

Figure 2.1: Strategies for raising Choice awareness (Own illustration with data from [76])

This thesis deals with the first two steps, where technical alternatives are shown. For the
technical alternatives, the current system described in Chapter 3 is compared to two al-
ternatives, the PVDG system in Chapter 4 and the PVBES system in Chapter 5. These
also comprise a techno-economic feasibility study, as that is a key factor for implementing
a radical technological change. Additional factors like environmental benefits and socio-
economic factors are also part of the second step. Furthermore, the application of the case
to other contexts is an important requirement, which is why it is discussed in Chapter 7.
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The analysis of public regulations is the next step after the technical and economic fea-
sibility, however, these are only briefly discussed in this thesis due to time and resource
constraints.

2.2.2 Case Study
The thesis aims to point out the selling possibilities of utility-scale PVBES systems by taking
the stadium in Freiburg as an example. By narrowing down the thesis to this case, specific
solutions are identified for given factors, like the location, available area for the PV plant or
the geographical surrounding. When choosing to conduct research through a case study, the
limitations of this approach must be understood and the applicability of the case on other
contexts identified. As [77] writes, the goal of a case study is to define parameters that
can be applied in other contexts as well. Case studies were often viewed as non-scientific,
invalid approach by various sources, as [78] points out in his investigation about the bias on
case studies. He addresses the five common misunderstandings in case studies, of which
a relevant one would be the generalisability of a single case in a broader perspective. [78]
argues by comparing case studies to the context-based learning method of humans learn-
ing which leads to the conclusion that case studies provide better understandings about a
specific topic. He also agrees to the insight that disciplines, whether it may be in social
sciences or other fields are ineffective without given exemplary studies. In order to discuss
new selling scenarios for PV plants combined with battery storage, it is therefore important
to have a representative case that can serve as future reference for other, similar projects
with different contexts. [79] writes in favour of case studies by showing the independent
use-values of case studies. To her, a single-case can either serve as a “theory-breaking rock”
or a “rolling snowball”. So, by using a case to exemplify a given hypothesis (e.g. “battery
storage in combination with PV plants are not profitable”), one can either support a com-
mon perception (snowball effect) or show that there are indeed cases where the hypothesis
can be contradicted for example by assessing the feasibility of the respective case [79]. The
generalisability of this study is discussed later in Chapter 7.

2.2.3 Feasibility study
[80] names feasibility studies as the answer to the question of which alternative is most
feasible for solving a given problem. He furthermore gives five questions that are to be con-
sidered before conducting the feasibility study. The proposed solution is the most feasible

• compared to which alternatives?
• to whom?
• in meeting which objectives?
• within which time horizon?
• including which consequences? [80]

Results of feasibility studies may vary strongly depending on the answers to these ques-
tions. As the general supply system of a stadium is powered by DGs, a direct comparison
can be made between the current common practice and the proposed alternative with PV
and battery storage. The business feasibility of this project is carried out from the aspect of
the stadium operator, who is the investor, and thus owner and operator of the different units
proposed in this thesis. The stadium operator’s objectives are taken into account, which are
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primarily cost-effectiveness, but also the implementation of innovative alternatives, envi-
ronmental sustainability and maintaining a somewhat sustainable reputation [71]. The time
horizon for the study is set for 20 years, as it is the average lifetime given by retailers
for both PV plants and certain battery storage technologies (depending on their operation
management). When looking at the consequences for the business-economic feasibility of
the project, the economic calculations of all systems offer an idea of future financial conse-
quences which, in the most favourable scenario, are profitable for the investors.

2.2.4 Change of ownership and expenses
An important factor in changing the currently common system into one powered by RE is
how the cash flow (CF) is affected by this transition. The changes are shown in Figures 2.3
and 2.5, where red arrows indicate expenditures and green arrows indicate incomes. The
boxes around the units and the operator indicate the ownership of the system. "Stadium"
represents the stadium operator and CFs are calculated from the operator’s perspective.

In the DG system, the stadium operator carries expenses of the diesel unit and pays for the
electricity to supply the base load. This system and its expenses are shown and calculated in
Chapter 3. As of today, stadium operators own DGs which are used to power the stadium’s
electricity load during match. This is done in order to relieve the grid but also to ensure
security of supply for an uninterrupted transmission of the event. The base load is supplied
from the grid. Figure 2.2 the graphical representation of the ownership and electricity
purchase.

Figure 2.2: Ownership model of the common electricity supply for a stadium with DG and the grid

In the case of this thesis, the stadium also owns a PV plant that is built on top of the stadium.
In Figure 2.3 the graphical representation of the ownership and electricity purchase is given.

15



2.2. Theoretical Framework

Figure 2.3: Ownership model of the electricity supply with a DG, a PV and from the grid

By replacing the diesel unit with the battery storage system, the utility company would be
added as a new entity, see Figure 2.4. The ownership model would change since the stadium
operator buys all electricity from the grid and utility company who own the battery storage.

Figure 2.4: Ownership model of the proposed system with a PV plant, battery storage and the grid with a
utility company as operator

In order to calculate an economically favourable use of the battery storage but also to com-
pare the economic feasibility of all three systems, the ownership remains with the stadium
operator in this thesis for simplification reasons.
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Figure 2.5: Ownership model of the proposed system with a PV plant, battery storage and the grid with the
stadium as operator

The economic feasibility for the PVBES system is thus calculated from the stadium opera-
tor’s perspective who is the owner and operator of the PV plant and the battery storage.
This is done in order to simplify the determination the economic feasibility for the new
system. In summary, the ownership model and CFs in Figure 2.2 represents the DG system
which is described and assessed in Chapter 3. Figure 2.3 shows the ownership and CFs of
the PVDG system in Chapter 4. Finally, for the assessment of the PVBES system in Chapter
5.1 and the economic scenarios in Chapter 6, the ownership model considered is the one
shown in Figure 2.5.

2.3 Modelling
The modelling and calculations were carried out in energyPRO, although few simpler cal-
culations were done in Microsoft Excel.

2.3.1 Excel
Microsoft Excel is a widely used spreadsheet software [81]. For this thesis it serves as a data
collection platform as well as a tool to build the demand model of the stadium which is
later fed into energyPRO. Furthermore, interim and final results are collected and diagrams
are made to represent the outcome of the calculations graphically.

2.3.2 energyPRO
The modelling software energyPRO was developed in Denmark and enables the user to
conduct combined technical and economic analyses of energy projects. RE projects among
other can be easily modelled and the economic consequence of technical changes is shown
in comprehensive graphs and reports. The reason for this choice is the possibility for
a techno-economic analysis which is the key point in this thesis. Advantages are given
through the clear user interface, the simulation of different operation strategies and system
optimisation of hourly operation. It is widely agreed on the requirement of hourly models
for suitable and adequate representation of systems [82]. The software comprises different
modules, of which the DESIGN, OPERATION and the FINANCE modules are relevant for
this thesis [83]. The DESIGN module is the base module of energyPRO which allows the
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modelling of an energy system with an unlimited number of units in a maximum time
frame of one year. It can analyse the use of storage systems, choose an optimal operation
based on electricity prices but with respect to the given demand, whereas the OPERATION
module optimises the operational strategy for different units in an energy system. This
strategy takes into account expected load demand and price prognosis. Finally, the FI-
NANCE module can be used to make calculations over a longer period of time, in this case
20 years and respects long-term economic effects like inflation and interest. It is applied
for example when calculating the net present value (NPV) or net present cost (NPC) of
investments [83].

DG system
For the first system, a separate model is made where a DG supplies the game demand. For
this, a demand model is built which only includes match days. The remaining demand
is covered by electricity from the grid, where the price considered is the average industry
electricity price in Germany in 2018.

PVDG system
Similar to the previous method, the results from the model with the DG supplying the
game demand is taken and the remaining load is put into a new demand model where
the demand supplied by the DG is not represented. This remaining load is fed into a new
model with the PVDG system, where the electricity price is again set as for the DG system
and a FIT is considered for the excess electricity that is fed into the grid. The same model
calculates the potential outcome when buying and selling electricity directly on the spot
market by taking German Day-Ahead price data from 2018 for the 20 years of calculation.

PVBES system
For the PVBES system, the model calculates the supply of the stadium with different price
indications. Some, like the self-consumption surcharge are calculated beforehand and then
indicated in the FINANCE model as a fixed payment for every year. This method has its
faults as the production can vary from year to year depending on external conditions, there-
fore the costs are not constant either. However, given that the same prices, irradiation and
temperature data are used for the 20 years of calculation time, this issue can be neglected.

2.4 Economic assessment
The key calculations to be carried out in an economic analysis for a PV project are CFs,
the NPV or NPC and, if relevant, the payback time. These calculations give an overview
of the profitability and amortisation of an investment and furthermore, the alteration of
CFs and the in consequence altered results of the NPV and payback time provide good
comparison for the different economic scenarios investigated in Chapters 4, 5 and 6. These
methods have also been used in other economic assessments for PV plants [52, 84] with [84]
referring to more research in use of this method. Following values are used consistently for
all economic calculations:

• Duration of economic calculation n: 20 years
• Time period t: one year
• Nominal interest rate i: 2%
• Inflation rate: 1%
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The choice of interest and inflation is described in Section 2.4.3.

2.4.1 Cash Flow
Below are the Equation 2.1 that shows the calculation of the CF done for each time period t
where It are revenues and Et the expenditures per time period t.

CF = ∑ It − ∑ Et (2.1)

2.4.2 Net Present Value and Net Present Cost
The NPV (Equation 2.2) shows the sum of all the CF within the time frame n. The values
depend on various factors like tax rates or the inflation rate in Germany. If the NPV is
positive, it shows the profitability of the investment [52]. The investment costs NP0 are
represented in time period CFt=0 and a real interest rate i of 3% is applied.

NPV =
n

∑
t=0

CFt

(1 + i)t (2.2)

For this thesis, instead of the NPV the NPC is looked at for the three different systems. The
NPC represents a negative NPV with a positive value (see Equiation 2.3), and is used for
the negative NPV results in Chapters 3, 4 and 5.

NPC = −NPV (2.3)

For results of the economic scenarios in Chapter 6, both the NPC and the NPV are listed
depending on the result, and for comparison, the NPV of the PVBES system’s results is
shown in the conclusion.

2.4.3 Interest rate and inflation
The calculation of the NPV requires the determination of an interest rate. This has to be
chosen carefully as it can have significant impact on the results [44, 85]. In energyPRO, two
options can be used, namely the nominal interest rate, which is determined separately from
the inflation rate, and the real interest rate, where inflation is considered in the value of the
rate. EnergyPRO allows both the input of the inflation rate and the nominal interest rate
in the FINANCE module, therefore the two are handled separately. Note that the inflation
rate is applied on the CFs directly while the interest rate is included in the NPV or NPC
calculation.

The inflation rate indicates the rate with which the value of goods or services are rising
or the "worth" of a country’s currency is decreasing [86]. Since 2009, the inflation rate in
Germany had a fluctuation of between 0.5% and 2% compared to the previous year. For
this thesis, an inflation rate of 1% is considered throughout the 20 years.

The interest rate for RE investments in Germany have been decreasing in the past years.
While some studies use an interest rate of 5% for the economic assessment and comparison
between fossil fuels and RE [87], a much lower interest rate of 1% is used in [18] to compare
the LCOE of different kinds of fuels. For economic assessments of battery storage systems
supporting a RE plant, interest rate between 4% [85] and 6% [88] are given. In this thesis,
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the interest rate is set at 2%. Even though the choice of the rate can be considered low
compared to the ones mentioned before, one has to keep in mind that the inflation rate is
also included, separately, which results in a real interest rate of 3%. Furthermore, the same
interest and inflation rate is used in all three system calculations, same as in the research
methods mentioned in this paragraph, and is therefore valid for the aim of this thesis which
is to provide a comparison between the three systems.

2.5 Data collection and input values
In order to carry out this research, both primary and secondary data was collected. Primary
data is essential given that this study refers to a specific case which can only be assessed ac-
curately if real data is used instead of estimations. A significant amount of data is collected
from a study of [71] who carried out a preliminary feasibility study of different options for
supplying the energy demand of the new stadium. Other data was collected from, comple-
mented by or verified through correspondence with retailers, planners and other experts.
A major challenge with obtaining cost data for the components of a PV plant is the fact that
retailers are quite reluctant towards giving access to their products’ costs. In [44], a similar
method for data collection with comparable challenges was carried out, where listed prices
from various sources were identified and combined with assumptions which were based on
sources that could not be cited in order to preserve the retailer’s anonymity.

The quantitative data is essential for analysing the techno-economic feasibility of this case
in order to produce a determinate solution which can later be used for conducting further
qualitative research. Qualitative data was not collected as it would have surpassed the scope
of this thesis. The delimitation of this focus is discussed later in Chapter 7. Secondary data
was fundamental for understanding the German regulations for the energy market and
how they have affected the development of RE until now. Furthermore, literature research
on similar topics were used to gain insight on the state of research, as well as to collect
technical data which could not be collected on primary data source terms. The sources
and calculations used to determine the technical data, CAPEX, OPEX and other relevant
information of each technology (DG, PV, battery) can be found in the Chapters 3, 4 and 5,
respectively.

2.5.1 Stadium demand model
Data is taken from [71] who did a preliminary technical assessment for the new stadium
and proposed different methods to cover the heat and electricity demand with RE. Based on
this assessment, the heat demand was decided to be covered through district heating by the
excess heat from a factory located close to the stadium. For this reason, this this thesis only
deals with the electricity demand. The annual electricity consumption is estimated to be 1.6
GWh for the new stadium. Furthermore, the monthly electricity demand is given, where it
is assumed that electricity demand is especially high in the summer months where cooling
is required. Finally, the load profile of a match day is depicted based on measured data
from the old stadium, with a peak demand of 950 kWp. Figure 2.6 shows the measurement
of the old stadium’s electricity consumption from the year 2008.
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Figure 2.6: Measurements of the consumption during the year 2008 of the old stadium (Schwarzwald-Stadion)
in Freiburg (Modified illustration from [71])

Knowing the expected peak demand of the new stadium, which is expected to be up to
1.5 MWp, the load profile of the old stadium was scaled up to match the new stadium’s
consumption. The electricity load was distributed over 8760 hours, by including match
dates from 2018 of the old stadium. It should be kept in mind that these dates vary in the
future, however, the number of match is approximately the same. Therefore, even if the day
of consumption is not accurate in all the 20 years, this does not affect the total outcome.
The resulting annual load modelled for the new stadium is shown in Chapter 3.

2.5.2 Diesel unit
Information about investment costs for the diesel unit were retrieved from retail prices in
Germany and from the DEA catalogue to compare.

CAPEX
The CAPEX found for Germany, the DEA price as well as the price difference in % are given
in Table 2.1. It shows the CAPEX of 3 different DG sizes in order to provide a more clear
comparison of the price differences.

Table 2.1: CAPEX of diesel units (Danish prices from the DEA [89], German prices calculated)

500 kVA 1000 kVA 2000 kVA
CAPEX (DEA) 171 500 e 343 000 e 514 500 e
CAPEX (Germany) 112 000 e 192 000 e 320 000 e
price difference 35% 44% 38%

The Danish CAPEX is thus around 35-44% higher for all units, However, Danish prices refer
to new units while German prices were retrieved of both new and used units. The DEA
notes that prices can vary with about ±20% in 2020. For this thesis, 80% of the Danish price
is used, which results in 411 600 e CAPEX, which takes into account the 20% divergence as
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well as the lower prices in Germany.

Fixed OPEX
The fixed OPEX, mainly maintenance costs, are taken from the DEA catalogue. Since no
official maintenance prices were found for Germany, the DEA’s cost is scaled down with the
factor taken from the price difference factor used for the CAPEX which is -20%. This method
is far from optimal as CAPEX and OPEX for DG systems are not in linear correlation to each
other. However, given that CAPEX and OPEX of the PV and PVBES system are handled as
lineraly interdependent as well, the method is deemed sufficient for this thesis.

Fuel price
Diesel prices are taken from [90] which are available from 1950 - 2018, see Figure 2.7. The
fuel prices calculated with are determined by taking the historical diesel prices in Germany
between 2000 and 2018 (indicated in Figure 2.7 by the black box) and calculating the linear
growth. The reason for choosing this time span is the fact that prices have been constantly
growing since 1950 but have experienced high fluctuations from 2000 onward.

Figure 2.7: Historical price development of wholesale diesel prices in Germany, 1950-2019 (Own illustration
with data from Federal statistical office Germany [90])

In comparison, a diesel price forecast for Denmark was published as well in [91]. In order to
calculate the future diesel prices until 2037, the linear growth of the two data is identified,
both shown in Figure 2.8. Historic linear forecast for Germany is further referred to as Case
1, the forecast until 2030 for Denmark is referred to as Case 2.

Figure 2.8: Left: German historic diesel prices and the linear growth (Case 1); right: Danish price forecast for
diesel and the linear growth (Case 2) (Own illustration with data from [90] and [91])

It can be understood that the price is believed to grow steadily in the following years;
indeed, the Danish price forecast assumes a 15% growth between 2018 and 2030. In com-
parison, the price forecast applied from German historic diesel prices assume a growth of
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only 8% between the same time span (2018 - 2030). The linear growth of both predictions
is applied to German prices of 2019 and then calculated. Equation 2.4 shows the formula
from Case 1 used to calculate the diesel prices between 2020 and 2037:

y = 2, 4631x + 124, 8 (2.4)

The Danish forecast (Case 2) is applied through Equation 2.4 for the years 2020 - 2037:

y = 1, 7956x + 124, 8 (2.5)

Value y is the diesel price identified, while x is the number of years passed since 2018, the
first year of the calculation. For the year 2019, the actual price is taken (124.8 ect/litre),
the prices of the following years are calculated. Furthermore, the tax for diesel fuel (47.04
ect/litre in Germany [92]) is added. Taking the linear growth to assume future prices has
strong limitations due to its simplicity and the dependence on other factors like geopolitical
situations, extreme climate conditions impeding production or financial crises, all of which
have strongly influenced diesel prices in the past [90].

The annual fuel consumption, as well as total fuel costs and emissions are calculated by
energyPRO. The NPC is calculated by inserting all data related to the diesel unit, fuel con-
sumption, CFs, electricity demand during the game times, as well as interest and inflation
rate. Diesel price data is required from energyPRO in monthly values, therefore the cal-
culated annual diesel prices were divided by 12 without taking monthly fluctuations into
account.

2.5.3 PV plant
The capacity of the rooftop plant was determined in the study of [71] and resulted in a
potential size of 1.8 MW. Higher capacities are not possible due to aesthetic reasons and
limited rooftop area [71]. However, different PV plant sizes are calculated with in the
analysis in Section 5.3.3. Other input data required to calculate the electricity production in
energyPRO is taken from the data sheet from [93].

CAPEX
The investment cost for the PV plant in this thesis is determined by combining information
from literature research, PVDG system planners and own calculations in order to present
an accurate and up-to-date investment cost. From literature sources, it was found that most
price data refer to residential or commercial scale PV plants up to 500 kWp. Given the
economy-of-scale effect, the price per unit and therefore the overall investment cost can
vary significantly depending on the size of the plant. Figure 2.9 shows the costs per kWp
for different capacities and the degression line. Note that these prices are applicable only
for rooftop systems.
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Figure 2.9: Rooftop PV system price in Germany 5-2000 kWp (Own illustration with data from Fraunhofer ISE [9]
and own calculations)

It can be seen that until 500 kWp there is an evident economy-of-scale effect, while above
500 kWp the effect decreases.

OPEX
OPEX for the PV plant can be calculated by assuming 1-2.5% (1% [9], 1.5% [94] or 2.5% [16])
of the total investment costs to be the annual OPEX.

2.5.4 Battery
The choice of battery technology is carried out by identifying the most common battery
technologies for this scale and listing their characteristics. This is done through extensive
literature research and discussions with experts from the field. The main requirements for
the stadium are taken as general requirements for the PVBES system and by listing the main
characteristics, the battery technology is chosen according to these requirements.

CAPEX
The CAPEX of the battery is determined by taking an anonymous offer from a retailer,
given the technical requirements which are listen in 5.

OPEX
OPEX for the battery are calculated similar to the PV plant, by taking 2% of the investment
costs for the annual OPEX, following the example of other studies [95, 96]. Different sizes
and thus CAPEX and OPEX are considered in the sensitivity analysis of the PVBES system
in Section 5.3.3.

2.5.5 Electricity market data and other external conditions
Market data for the year 2018 is retrieved from the Bundesnetzagentur (Federal Network
Agency Germany) [29] and reformatted in order to comply with the formatting requirement
of energyPRO. Hourly temperature and irradiance data are retrieved from energyPRO,
where weather data is available for example from the Climate Forecast System Reanaly-
sis 2 (CFSR2). This source was chosen as the location of the measurements is located closest
to the stadium area. Note that this data is considered for all 20 years of calculation. There-
fore, effects like climate change and global warming over the next years are not taken into
account.
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2.6 Economic scenarios
For additional income, other means of generating revenues with the RE system are exam-
ined. For instance, the CFs from selling electricity on the balancing market are looked at.
Furthermore, possibilities for direct selling are investigated by considering selling excess
electricity to a nearby student residence a trade fair facility and to EV charging stations. For
examining the results, the amount of electricity fed into the grid from the PVBES system
is determined. Then, the different electricity prices are identified for the various scenarios
and a price is set which would make the purchase directly from the stadium (economically)
more favourable. The NPC is then calculated by changing the CFs in the FINANCE model
and looking at the summary and key financial figures.

For electricity trading on the energy market in Germany a monitoring and control unit is
required, which makes it possible to manage the power plant externally through wireless
connection. This is connected to an investment of between 70-550 e and a monthly fee
of 2-10 e [97] of which both are considered to be included in the CAPEX and OPEX. The
following sections describe which market strategies are used for the calculations.

2.6.1 Spot market trading
Trading on the electricity spot market is carried out on the Day-Ahead market for these
calculations. The calculation of revenues and expenses is carried out with historic price
data from 2018 and used for the next 20 years, with an average price of 44 e/MWh. This
implies that prices are known and operation strategies (charging and discharging of battery
according to market price) are optimised accordingly. It should be kept in mind that these
prices can never be known completely in advance which is why the resulting CFs are not
entirely accurate. In order to give a more precise idea of future CFs when trading on the
balancing or spot market, accurate forecasting has to be applied and possible deviations
need to be assumed. Nevertheless, as the same price data and calculation method is used
for the comparison of the PV and PVBES systems, the representative results give a good
idea about the economic feasibility of the trading possibilities.

2.6.2 Market premium
The market premium scheme is a model that ensures the remuneration of RE power plant
operators who are trading electricity on the spot market when prices are low. It guarantees
a minimum income even at low spot market prices and additional income is then created
when market prices are high. In this thesis, the market premium is represented in the com-
bination of both FIT and spot market trading which is calculated for both the PVDG system
and the PVBES system. This means that if spot market prices are low, a fixed premium is
still paid to the operator. This is achieved by adding two time series into the energyPRO
model where one represents the normal spot market prices and the other replaces values
lower than the market premium with the market premium. This way, expenses are calcu-
lated with regular spot market trading prices while the income is calculated by respecting
the market premium in case spot market prices are lower.

The market premium varies on a monthly basis and in 2018 until mid-2019, it has diverged
between 30 and 60 e/MWh [33]. This variation is not taken into account in the thesis’ cal-
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culations, but rather a fixed premium of 45 e/MWh is set for the duration of the considered
20 years. Again, the same value is used for comparing the different systems, therefore, in
order to compare the results to one another the inaccuracy of the method can be neglected.

2.6.3 Balancing market trade
For the balancing market, a specific amount of power is "reserved" and can be used to
maintain grid stability. This reserved power is offered on a weekly basis and remunerated
by a specific amount of money. In 2019, the demand for balancing power in Germany was
around 605 MW [98]. In the calculation carried out in Chapter 6, 1 MW is offered for the
week, which is the minimum load for being able to participate in the trading. In order to
represent this additional load, the demand model is adjusted by adding 1 MW distributed
evenly for every week without a match (34 in one year). For weeks without a match the
money is received for 1 MW of reserved power. This method has its limitations since a
fixed remuneration is considered in the calculations even though prices vary on a monthly
basis. Therefore, rather than adding the monthly variations to the calculation, a high and
a low price scenario are considered instead in order to point out the economic potential of
balance market trading during high and during lower prices.

2.6.4 Student residence
By identifying the electricity demand of different consumers around the area of the bat-
tery storage, the option of selling electricity directly to the user is given. It is not expected
that enough excess electricity can be provided to cover the whole demand of the different
consumers. Therefore, revenues from direct selling are calculated by multiplying the excess
electricity measured with the electricity price the respective consumer would otherwise pay,
and a newly proposed price which would make the purchase favourable for the consumer
but also not result in too high losses for the operator of the battery. These PPAs offer a new
option for consumers to buy their electricity from different providers while ensuring to the
operator that the expected revenues are gained. Selling prices are taken into account by
considering the electricity price of 2019 for households which were retrieved from [27].

The expenses with PPAs include the EEG surcharge, which is to be paid for every kWh of
transferred electricity, and the network charge, as no new transmission wires are consid-
ered to be installed for the PPA. The EEG surcharge for 2019 is set to 6.4 ect/kWh and is
used for the duration of the total calculation (20 years). The same accounts for the network
charge, which for private household consumers is 2.38 ect/kWh and for EV charging, 2.65
ect/kWh, respectively, as of 2019 [12].

Limitations to this method include the risk of not being able to set a PPA with any customer
as for this thesis it is assumed that the agreement is set for the course of 20 years. In common
practice, most PPAs are set for a time-span of 10-15 years [99] although 20 years are possible
as well. The limitation and potential of PPAs is discussed in Chapter 7.

2.6.5 Park&Ride and EV charging
For EV charging stations it is more difficult to determine a price as different charging sta-
tion operators have different tariffs. Table 2.2 shows some of the prices for charging stations
from retailers which can be found in Freiburg. Note that most tariffs differ between AC and
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DC charging, where prices for DC charging are usually around 10 ect/kWh higher. Fur-
thermore, many prices are not counted per kWh as the stations do not yet have a metering
system which only became mandatory from 2018 onwards [100]. For this thesis, prices are
shown in e/kWh.

Table 2.2: Examples of end-prices from EV charger operators available in the area including taxes (SOURCE:
[100])

Charging station operator AC charging tariff DC charging tariff Membership fee
ADAC 1 0.29 e/kWh 0.39 e/kWh no
EnBW 2 0.39 e/kWh 0.49 e/kWh no
EnBW frequent user 0.29 e/kWh 0.39 e/kWh 4.99 e/month
innogy basic 0.30 e/kWh 6.95 e/charging 4.95 e
innogy direct 0.39 e/kWh 7.95 e/charging no

It can be seen that prices can vary strongly, mostly depending on the different tariff schemes.
Factors like additional membership fees, electricity supply of operator and therefore elec-
tricity prices and charging types (AC or DC) play an important role [100]. For this thesis
revenues are created by assuming that charging stations are located next to the stadium in
the parking area but are owned and operated by another entity than the stadium operator.
Income for the stadium owner is achieved by selling the electricity to the charging station
operator at a price of 0.40 e/kWh. That leaves a small income margin for the charging
station operator, however, the space rental fees are considered to be included. This way, the
charging station operator has lower losses when less customers are charging their EVs. The
park&ride option is for free just like other park&ride facilities in Freiburg [101] in order
to ensure competitiveness. Fees for regulative measures are not taken into account in this
calculation, therefore, the outcome is to be viewed as an optimistic scenario.

As for the yearly demand of the charging station, assumptions are made by taking the data
from [102]. According to this study, the average charging time for different types of vehicles
are between 2 and 8 hours. If 8 hours are considered for slow charging (11-22 kW [103]) and
2 for fast charging (150 kW [103]), it is assumed that in one day. at least one EV is charged
for 8 hours with a 22 kW charger and one EV with a 150 kW charger. This would result
in a daily demand of 476 kWh and, if multiplied by 350 and thus disregarding most of the
match days, an annual demand of 166.6 MWh. Note that these assumptions are not based
on average consumption data but rather a minimum assumed demand for the park&ride
facility. Therefore, the results should be evaluated critically.

1German vehicle association
2Energie Baden-Württemberg - German energy provider
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3 | Diesel Generator System
This Chapter describes the chosen case which is the new stadium in Freiburg, Germany.
Then, the current system (DG system) is described with the chosen input values and cal-
culated performance. After determining the CAPEX and OPEX the NPC is calculated with
different factors. Following the economic assessment, a brief estimation of the emissions
caused by the diesel unit is given as well, in addition of a proposed CO2 tax. Finally, the
results of all scenarios are presented.

3.1 The stadium in Freiburg
The construction of the stadium began in early 2019 and is planned to be finished by sum-
mer 2020 [34]. The new stadium is supposed to replace its predecessor, the old stadium
of Freiburg, by offering a larger visitor capacity in the industrial area of the city. Table 3.1
contains facts of the new stadium and compares it to the old stadium in Freiburg. This is
also helpful since some data for the new stadium used in this thesis is scaled up based on
data from the old one.

Table 3.1: Facts about the new stadium (Wolfswinkel-Stadion) compared to the old stadium
(Schwarzwald-Stadion) (SOURCE: [34, 71])

New Stadium
(Wolfswinkel-Stadion)

Old stadium
(Schwarzwald-Stadion)

Opening year 2020 1954
Visitor capacity 34 700 24 000
Electricity consumption per year 1 600 MWh 839 MWh
Peak electricity demand 1 500 kW 950 kW
Heat consumption per year 1 2 250 MWh (1 500 MWh - 3 000 MWh)2 900 MWh (400 MWh - 1 500 MWh)

It can be seen that both the electricity and heat consumption of the new stadium are around
twice the amount compared to the old stadium. The huge difference could be explained by
the larger capacity and consequently higher number of snack bars, restaurants, heating and
cooling demand, and other loads.

3.1.1 Stadium load profile
In contrast to household or office load profiles, where the daily load differs depending
on factors like weekdays, weekends or holidays, event buildings like sport stadiums have
electricity load profiles that show strong fluctuations during times when an event is tak-
ing place. Figures 3.1 and 2.6 show the load profile of one week in April of an average
household in Germany in 2017 (top, green line) [104] and the new stadium with a game
day (bottom, blue line).
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Figure 3.1: Load profile of an average household in Germany (top, green line) and of the stadium in a week
with a game day in April (bottom, blue line) (Own illustration, data from [71, 104])

Figure 3.2 below shows the yearly electricity load of the new stadium.

Figure 3.2: Estimated modelled electricity load of the new stadium in one year (own illustration and assumption
based on data from [71])

3.2 System description
In general, stadium operators use diesel generators for peak shaving for event days. This is
done in order to ensure a security of supply in the event of a power outage, but also in order
to lower the electricity expenses during the peak demand, as peak consumption rates can
increase the electricity prices for the consumer. This load is mainly represented by televi-
sion broadcast appliances and lighting, but also kitchen activities and cooling of beverages
to name a few [71]. The advantages of DGs are high reliability, fast response time, minimal
impact on performance through ambient conditions and low investment costs. However,
the overall efficiency is deemed low compared to other alternatives. Furthermore, with
diesel being one of the most polluting sources of electricity, the air pollution caused by
the generator’s operation is a significant disadvantage [89, 105]. Furthermore, the environ-
mental advantages of RE which represent around 47% of the total electricity production in
Germany in 2019 [41], are not exploited.
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3.2.1 Electricity supply from the grid and DG
The match is supplied entirely by a 2000 kVA DG, of which a data sheet [106] is taken
to calculate the technical performance. The heat value of diesel (usually between 42-46
MJ/kg) used in energyPRO is set to 43 MJ/kg [107]. Investment costs are calculated by
comparing different market prices and defining an average. Diesel price data for Germany
was retrieved from [90], and future prices as well as the overall OPEX were taken from the
DEA [89]. These parameters as well as information from the data sheet [106] are fed into
the models as previously described in Chapter 2.

3.2.2 Electricity production
Table 3.2 shows the general input parameters and output values which apply for the oper-
ation of the DG.

Table 3.2: Input data from [106, 107] and energy production and operation data from DG calculated by
energyPRO

Variable Value
DG standby rating 1 600 kW
Heat value diesel 43 MJ/kg
Operating hours 72 h/year
self-reliance 6%
Annual electricity production 90 MWh
Annual fuel consumption 9 404 kg

Figure 3.3 shows the supply of the consumption during a game supplied by the DG.

Figure 3.3: Electricity load of the stadium in one week with a match with DG covering 4 hours, April 2018
(own illustration from energyPRO)

As it can be seen, the load curve shows a sharp growth of the electricity consumption shortly
before the start of the game, which is at 15:30 pm. This gradual increase is explained by the
systematic addition of consuming appliances like for example to supply media equipment,
additional lighting, kitchens, and other devices. The peak load occurs 15 minutes before
the start, at 15:15 pm and decreases after approximately 4 hours.

3.3 Economic assessment
Unlike with RE power plants, fossil fuel powered units have higher OPEX than CAPEX.
This is mainly due to fuel and maintenance costs. In this section, the economic calculations
are carried out by investigating the CAPEX as well as the OPEX of diesel units, which later
serve as input data for the NPC calculation. In order to have a financial comparison between
the two systems, the time frame for this calculation is set for 20 years (in accordance with
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the expected average lifetime of PV modules), even though diesel units can have a lifetime
of around 25 years [89].

3.3.1 CAPEX diesel unit
The CAPEX are calculated in two ways, first by taking data from the Danish Energy
Agency’s (DEA) catalogue, where average costs for diesel units are given. Furthermore,
in an extensive online research, various retail prices from Germany were found for the DG
which were used to identify an average price. Note that the CAPEX given only relate to the
diesel unit and does not take into account transportation costs.

3.3.2 OPEX diesel unit
Fixed OPEX are taken from the DEA catalogue, while [90] provided diesel retail prices in
Germany, to which a future price development is estimated and applied as described in
Section 2.5.2. It is assumed that diesel prices will experience an overall growth, as both the
historic diesel prices in Germany and the diesel price forecast from Denmark show. Figure
2.8 shows the calculated diesel prices with the historic data prediction approach (further
referred to as Case 1 - left) and the price growth estimation from the DEA [89] applied to
German diesel prices (referred to as Case 2 - right):

Figure 3.4: Diesel price forecast Case 1 (left) and Case 2 (right), 2018 - 2037 (own illustration and calculation based
on data from [90] and [91])

These values already contain the wholesale price of diesel as well as taxes, which make up
around 60% of the retail price, and import costs [92]. It can be seen that both approaches
assume an overall growth of the diesel price in the following years. The resulting annual
variable OPEX are shown in Table 3.5 in Section 3.3.5.

3.3.3 Electricity bill
The electricity demand of the stadium (excluding the peak shave by the DG) is covered by
electricity from the grid. Given that only 6% of the total yearly consumption are covered by
the DG, the remaining electricity is bought from the grid. Table 3.3 shows the input values
for calculating the additional costs for purchasing electricity.
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Table 3.3: Calculation of the annual electricity bill for the stadium

Variable Value
Total annual load stadium 1 609 MWh
Annual load covered by DG 90 MWh
Annual remaining load covered by grid 1519 MWh
Electricity price industry 20183 [27] 197.7 e/MWh
Annual cost of purchased electricity 300 108 e
Self-consumption surcharge 60.5 e/MWh
Annual surcharge for self-consumption 5 445 e

Annual grid electricity cost 305 553 e

3.3.4 Emissions
Despite the declaration of various climate goals that include the decarbonization of the
electricity sector in Germany, there are no effective incentives like CO2 taxes in place yet.
Currently, the CO2 certificate trading system allows companies to emit 1 ton of CO2 per
certificate, which are annually distributed among utilities and companies. Depending on
the amount of higher or lower emissions than allowed, companies can buy or sell certifi-
cates. Problems in the system are for example that certificates are less expensive than the
investment into RE, therefore it is not enough to effectively support the expansion of re-
newables [5]. However, suggestions have already been made by the Environmental Agency
to start with a 30 e/tCO2e4 tax for utility and industry [5] which is eventually increased to
180 e/tCO2e. The 30 e/tCO2e suggestion is applied to calculate future OPEX of the DG
system, with an annual increase of around 10% until 180 e/tCO2e is reached in 2020. Table
3.4 shows the calculated CO2 and CO2e emissions for the DG and the tax for 2018 and 2037,
respectively.

Table 3.4: Diesel emission factors [108], annual CO2 and CO2e emissions and proposed CO2e tax as
recommended in [5] + results

Variable Value
CO2 [108] 3.16 kgCO2/kg
CO2e [108] 3.21 kgCO2/kg
Annual fuel consumption 9 404 kg
total CO2 emissions 30 tCO2e/year
CO2 emission tax 30 - 180 e/tCO2

tax increase per year 10%
total CO2 tax costs 2018 900 e
total CO2 tax costs 2037 5 504 e

3.3.5 Total CAPEX and OPEX
Table 3.5 shows the annual fixed and variable expenses for both units, and the average total
OPEX in one year.

4CO2e - CO2 equivalent including CO2 and other GHG emissions
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Table 3.5: Input values of the calculations for the economic assessment

Variable Values
CAPEX 411 600 e
Annual cost of purchased electricity 305 553 e
Annual fixed OPEX 14 080e
Fuel costs 2018 9 308e

Case 1 Case 2
Fuel costs 2037 14 062 e 14 756 e
Annual CO2 tax 900 - 5 504e

Total OPEX 2037 (no CO2 tax) 399 478 e 400 136 e
Total OPEX 2037 (with CO2 tax) 404 878 e 405 536 e

3.4 Results and conclusion
The NPC is calculated for the DG, with both price development prognoses (Case 1 and
Case 2). This system however only results in economic loss as no revenues are gained if
the money saved from operating the DG instead of purchasing electricity from the grid are
neglected. Table 3.6 lists the final CAPEX and OPEX values and the results of the NPC
calculations for both cases without and with the inclusion of the CO2 tax.

Table 3.6: Main input parameters and results of the NPC for the DG system calculated over 20 years

Variable Case 1 Case 2
Net CF 2037 (no CO2 tax) - 405 783 e - 406 533 e
Net CF 2037 (with CO2 tax) - 411 288 e - 412 037 e
NPC (no CO2 tax) 7 779 211 e 7 782 863 e
NPC (with CO2 tax) 7 830 758 e 7 834 410 e

When comparing the results from the two different diesel price prognosis methods (Case
1 and Case 2) it can be observed that the price difference between the two NPCs is quite
small. This is because the annual fuel costs or variable OPEX take up only around 2.82% in
2018, 4.21% or 4.41% in 2037 respectively, depending on the diesel price growth. The CO2

tax does not add significant economic disadvantage either as it only makes around 0.2% of
the total expenses. A break-down of the expenses from the year 2018 can be seen in Figure
3.5.
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3.4. Results and conclusion

Figure 3.5: OPEX breakdown DG system (own illustration and calculations)

For sensitivity, the higher CO2 tax proposition is applied, where in 2018 the tax starts at 180
e/tCO2e and grows by 10% every year, as in the previous calculation. This would mean
yearly expenses of between 5 400 and 33 000 e for the tax. The results of the NPC with new
taxes is shown in Table 3.7.

Table 3.7: NPC results for both Case 1 and Case 2 with higher CO2 tax

Variable Case 1 Case 2
NPC (no CO2 tax) 7 779 211 e 7 782 863 e
NPC (low CO2 tax) 7 830 758 e 7 834 410 e
NPC (high CO2 tax) 8 088 496 e 8 092 148 e

The NPC results are shown for comparison in the graph of Figure 3.6 with orange repre-
senting Case 1 and red representing Case 2 results.

Figure 3.6: NPC results DG system (orange - Case 1 results, red - Case 2 results) (own illustration and
calculations)

Taking all the expenses to cover the electricity demand of the stadium in 20 years, the total
cost is between 7 and 8 million e. Considering that no revenues are created with this system,
both the PVDG system and the PVBES system can potentially represent a more favourable
economic scenario to the stadium operator as excess electricity from the PV plant can be
sold.
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4 | Photovoltaic and Diesel Generator
system

In this system, the electricity demand of the stadium is to be covered by solar power and
the grid when no match takes place. Like in the previous Chapter, the DG operates only
during match to ensure security of supply. Later Sections show the input and results of the
economic assessment.

4.1 System description
Figure 4.1 represents the system where the DG supplies the game load as determined pre-
viously in Chapter 3, and a PV plant supports the remaining (base) load. Note that Figure
4.1 only shows a representative model.

Figure 4.1: Graphical representation of the PVDG system (own illustration from energyPRO)

Excess electricity produced by the PV plant can be sold to the grid in order to generate
income. This CF is also considered in the later Section where the NPC for the system is
determined.

4.1.1 Electricity supply with PV and DG
In order to calculate the electricity production from the PV plant, various input parameters
are required, most of which are given by data sheets from the specific modules. For this
thesis, the PHOTON SOLAR SC-LINE 310 W module is chosen [93].

Global irradiation is measured over a year and includes both direct and diffuse solar radi-
ation, as both influence the electricity production of PV. The irradiance is the solar energy
that reaches a horizontal area of one m2. The output power of the PV plant depends on
factors like irradiance but also module shading, inclination on the horizontal plane, devia-
tion from south and the ambient temperature [89]. Figure 4.2 shows the monthly average
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4.1. System description

ambient temperature (left) and the monthly average irradiance (right) of the data that was
used in the calculation.

Figure 4.2: Average ambient temperature (left) and solar irradiance (right) in Freiburg (own illustration, data
from [109, 110])

Since the PV panels are mounted flat on the rooftop and no high constructions are located
within relevant distance to the stadium, the effects of shading are not taken into account.
The 5° inclination is the sloping roof of the stadium, and remains the inclination calculated
with as modules may not be oriented optimally in order to achieve the maximum possible
production output, due to a restriction given by the stadium operator. In comparison, an
optimal inclination and deviation in the area would be 34°and 0°, respectively [110]. No
data could be retrieved on the exact position of the stadium regarding the cardinal points,
therefore a value (90°) is chosen which provides a semi-optimal electricity output. The peak
power Pp represents the maximum power output of the module that can be achieved with
standard testing conditions (STC)1. The nominal operating cell temperature (NOCT) is de-
fined for every module type in STC and helps to calculate the operating cell temperature at
the given conditions like irradiance and ambient temperature of the location of the modules.
Table 4.1 shows relevant data required for calculating the electricity production of the PV
plant.

Table 4.1: Input values for the calculation of the PV electricity production

Variable Value
PV plant peak capacity Cp 1.8 MW
Inclination [71] 5°
Deviation 90°
Peak power Pp per module [93] 310 Wp
Temperature coefficient of power [93] -0.400 %/°C
NOCT [93] 45°C
Aggregated Losses from module to grid [93] 5%
Number of PV modules 5 608

1STC - Irradiance: 1000 W/m2, cell temperature: 25°C[93]
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4.1.2 Electricity production
During a match, the 90 MWh load is supplied by the DGs. From the PV plant, 846 MWh
per year can power the stadium directly while the remaining load is supplied by electricity
purchased from the grid. The results of the system’s electricity production and other output
values are shown in Table 4.2.

Table 4.2: Energy production and operation data from DG calculated by energyPRO

Variable Value
Annual total load 1 609 MWh
Annual electricity production DG 90 MWh
Operating hours DG 72 h/year
Annual fuel consumption DG 8 245 kg
Annual electricity production PV 2 453 MWh
Electricity covering stadium load PV 846 MWh
self-reliance with the PVDG system 58%
Operating hours PV 4 749 h/year

Figure 4.3 shows a match week in April with the orange line representing the stadium load,
yellow showing the PV production and the blue area supplying the game load.

Figure 4.3: Load and supply of the stadium in April 2018 with a DG and a PV plant covering 58% of the
stadium load annually (own illustration from energyPRO)

The electricity flows between the units, the stadium and the electricity market is shown in
Figure 4.4.
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4.2. Economic assessment

Figure 4.4: Sankey diagram of the energy flows covering the stadium load and being exported from the PVDG
system (own illustration and calculations)

As only around 34% of the electricity produced by the PV plant can be used to power the
stadium’s base load, the rest is fed into the grid, or sold at the electricity market.

4.2 Economic assessment
For the economic assessment, the stadium operator is still considered as the owner of the
power plants and therefore bears all expenses including CAPEX, OPEX and expenses for
buying electricity to cover the demand that cannot be supplied by solar power. The deter-
mined CAPEX and OPEX are shown in Table 4.3.

Table 4.3: Determined CAPEX and OPEX for 1.8 MW PV plant

Variable Value
CAPEX PV 1 260 000 e
Price per kWp 700 e
OPEX PV 18 900 e
OPEX: amount of investment cost 1.5%

4.2.1 CAPEX PV plant
Research has shown that in the planning area, PV is often discredited due to high invest-
ment costs. This is also due to the fact that the prices used for the calculation date back
to an earlier time, despite the constantly decreasing costs. Therefore, price predictions are
often determined to be higher than the actual current costs [18]. This phenomenon is also
observed when looking at the price prediction of the preliminary study for the energy sup-
ply of the stadium, in [71]; the investment costs for a 1.8 MW PV plant are determined to
be 2.3 million e (it should be kept in mind that the study of [71] was published in 2015),
when calculated with 1 300 e/kWp. This is almost double the price per kWp considered
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in this thesis, even though 700 e/kWp for this plant size are more accurate according to a
retailer and experts. This economy-of-scale effect can be observed for example in the cost
analysis of [21], where the price per kW is compared with different PV plant sizes. This
occurs because fixed costs like planning or network connection take up a smaller amount of
the overall costs, while only the costs for modules, cables and other components increase.

4.2.2 OPEX PV plant
In general, solar power systems have no operation costs as no fuel is required to gener-
ate electricity, nevertheless, they do require regular maintenance. For this study, 1.5% of
the investment costs represent the OPEX, given the assumption that maintenance work on
rooftops might bear additional expenses like risk premiums for the maintenance workers.

4.2.3 Revenues
During regular days without match, the peak production of the PV plant sometimes exceeds
the demand of the stadium. By selling this excess electricity to the grid, a feed-in tariff (FIT)
is given for every kWh electricity fed into the grid. The FIT for PV plants >750 kWp in
Germany has been determined by a tender system since 2017. Since then until 2019, the
FIT tariff for utility-scale PV plants above 750 kWp has been 5.6 ect/kWh in average, with
maximum values up to 8.91 ect/kWh. [29] The FIT for calculations carried out in this thesis
are set at 8 ect/kWh. The regulations for the FIT are very likely to change completely in
the future and are hard to predict [32]. For this calculation, a constant FIT is assumed over
the 20 years with no divergence considered. Table 4.4 shows the excess electricity produced
in course of one year and the potential revenues from receiving the FIT.

Table 4.4: Calculation of the annual revenues of the PVDG system

Variable Value
Annual electricity production PV 2 453 MWh
Electricity covering stadium load PV 846 MWh
Annual exported electricity PV 1 608 MWh
FIT 2018 80 e/MWh

Annual revenues from grid feed-in 128 640 e

4.2.4 Electricity bill
Table 4.5 shows the covered demand by the DG and the PV plant, respectively. It can be
seen that the annual load covered by PV is lower than the
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Table 4.5: Calculation of the annual electricity bill for the stadium with DG and PV

Variable Value
Total annual load stadium 1 609 MWh
Annual load covered by PV 846 MWh
Annual load covered by DG 90 MWh
Annual remaining load covered by grid 673 MWh
Electricity price industry 20182[27] 197.7 e/MWh
Annual electricity from grid cost 133 052 e
Self-consumption surcharge from fossil fuels 60.5 e/MWh
Self-consumption surcharge from RE 27.5 e/MWh
Annual surcharge for self-consumption diesel 5 445 e/MWh
Annual surcharge for self-consumption PV 23 265 e/MWh

Annual total electricity bill 161 762 e

4.2.5 Emissions
As in the previous Chapter, the CO2 tax is also applied for this system (see Table 4.6) with
an annual increase of 10%.

Table 4.6: CO2 tax for PVDG system

Variable Value
total CO2 emissions 30 tCO2e/year
CO2 emission tax 30 - 180 e/tCO2e
tax increase per year 10%
total CO2 tax costs 2018 900 e
total CO2 tax costs 2037 5 504 e

4.2.6 Total CAPEX and OPEX PVDG system compared to DG system
The investment, operation and maintenance costs for both the rooftop PV plant and the DG
is shown in Table 4.7, as well as the total CAPEX and OPEX.
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4.3. Results and conclusion

Table 4.7: CAPEX and OPEX of the PVDG system

Variable PVDG system DG system
CAPEX PV 1 260 000 e -
Annual OPEX PV 18 900 e -
CAPEX DGs 411 600 e
Annual fixed OPEX DG 14 080e
Fuel costs 2037 (case 2) 14 756e
Annual electricity bill 161 762 e 305 553 e
Of which self-consumption surcharge 28 710 e 5 445 e
Annual CO2 tax 900 - 5 504 e

Total CAPEX 1 671 600 e 411 600 e
Total OPEX 2037 (no CO2 tax) 209 498 e 400 136 e
Total OPEX 2037 (with CO2 tax) 214 898 e 405 536 e

The OPEX of the PVDG system are shown in Figure 4.5.

Figure 4.5: Breakdown of OPEX for the PVBES system (own illustration and calculations)

4.3 Results and conclusion
By feeding excess electricity into the grid, a FIT is received as reimbursement. The first
NPC result is calculated with the FIT as the only revenue. Additional calculations are
carried out by selling electricity on the spot market with Day-Ahead prices where selling
during high price hours and purchasing electricity during low price hours is included in the
strategy. This method is far from flawless, as the exact prices cannot be known in advance.
This should be kept in mind when looking at the CFs that occur via the electricity market.
Nevertheless, with the market premium the FIT is ensured to the electricity producer which
is why a combination of FIT and spot market trading is considered as well. In Table 4.8
these results, as well as the difference given by applying a CO2 tax and without the taxation
are presented.
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4.3. Results and conclusion

Table 4.8: NPC results without and with CO2 tax on fixed tariffs, spot market trade and market premium

FIT Spot Market Market premium
Annual revenues 128 640 e 69 914 e 81 445 e
Total OPEX 2037 (no CO2 tax) 251 857 e 126 720 e 126 720 e
Total OPEX 2037 (with CO2 tax) 257 361 e 132 224 e 132 224 e

Net CF 2037 (no CO2 tax) - 96 448 e - 42 256 e - 28 325 e
Net CF 3037 (with CO2 tax) - 101 950 e - 47 760 e -33 830 e
NPC without CO2 tax 3 459 440 e 2 471 759 e 2 217 858 e
NPC with CO2 tax 3 510 969 e 2 523 306 e 2 269 405 e

Between the NPC with fixed prices applied and the NPC of trading on the Day-Ahead
market, a gap of almost 1 million e is given. One main reason for the fixed price NPC of
the PVDG system being economically less favourable than spot market trading is the low
FIT (80 e/MWh) compared to the electricity costs for industries (197.7 e/MWh). This is
because PV plants with capacities greater than 750 kWp have to take part of a tendering
process that will decide the FIT, and the FIT considered here is already the higher average
compared to the historic FITs of between 56 ect/MWh to 89 ect/MWh [29]. Still, results
from direct market trading should be viewed critically since, as mentioned before, Day-
Ahead market prices can only be approximately predicted and the trade cannot always be
carried out with optimal CFs. Still, the results give an idea of the advantages of trading on
the energy market. It can also be seen that similar to the DG system, the proposed CO2 tax
has very little impact on the the overall NPC in course of the 20 years. Figure 4.6 shows all
the results of the PVDG system compared to each other.

Figure 4.6: NPC results of the PVDG system including CO2 tax (own illustration and calculations)

While the NPC is significantly lower than of the DG system, the annual net CF from the
operation of the system remains negative as the expenses are higher than the revenues.
Therefore the investment is never amortised. Furthermore, despite the PV plant and the
resulting consumption of RE instead of the energy mix from the grid, the DG units still
operate during the match and the emissions remain unchanged in both systems.
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5 | Photovoltaic and Battery system
In order to propose a different, innovative solution to the DG based system that has no
emissions during operation, a utility scale battery storage is proposed. In this Chapter a
techno-economic feasibility study is carried out by taking the 1.8 MW rooftop PV plant
in combination with a battery storage as electricity supply for the stadium. This chapter
explains the system and technical characteristics in the first sections, followed by the in-
put CAPEX and OPEX for the calculation of the system’s NPC. Finally, different scenarios
concerning capacity sizes and unit prices are calculated and compared.

5.1 System description
In this system, no fossil-fuel based units are used by the stadium owner to cover the elec-
tricity demand. When disregarding the energy mix from the grid, this system is emission-
free during the operation-phase. For days with low solar irradiation mainly during winter
months, the remaining electricity to charge the battery for the game is purchased from the
grid. Figure 5.1 shows a graphical representation of the model.

Figure 5.1: Graphical representation of the PVBES system (own illustration from energyPRO)

5.1.1 Battery storage technologies
There are different types of batteries in use to combine with PV plants, with Li-Ion and
lead batteries being the most common ones. Lead-based batteries hold the highest share
on the worldwide battery market, even though it is expected to decrease in the following
years [23]. However, it is estimated that in 2014, around 94% of battery storage installed for
PV in Germany were Li-Ion batteries and since the prices of Li-Ion batteries are constantly
dropping, this trend is expected to continue [31]. Another emerging technology that is
gaining more and more attention in Germany is Vanadium-Redox-Flow (VRF) [24], and in
order to have a comparison to the two mostly used batteries, VRF is looked at more closely.
The technical characteristics were researched in a life-cycle-assessment (LCA) study in [111]
and complemented with data from [31]. The LCA was carried out with focus on recycling
potential for all battery types and the results were characterised through ecological points,
with higher ecological points representing a worse ecological impact. This research found
that Li-Ion batteries have the lowest ecological impact with 0.01 points/kWh usable capac-
ity (Low impact), compared to PbA batteries with 0.02 points/kWh (Medium impact) and
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5.1. System description

VRF batteries with 0.029 points/kWh (High impact).

Table 5.1 shows the battery characteristics for Li-Ion (data for Li-Ion batteries refer mainly
to Lithium-Iron-phosphate and lithium-mangan-cobalt-oxide technologies), lead and VRF
batteries. The prices take into account the size of the battery and the economy-of-scale,
therefore they are somewhat below average prices of e.g. household-size batteries.

Table 5.1: Technical and other characteristics of different battery technologies [31, 59, 61, 62, 111–114]

Technology PbA Li-Ion VRF
Lifetime 10 years 20 years 20 years

Life Cycles + remaining capacity
2 000-4 000

80%
4 000-10 000

80%
>10 000

NA
Specific energy 25-40 Wh/kg 100-150 Wh/kg 10-25 Wh/kg
Depth of Discharge 50-60 % 80-100 % 100 %
Efficiency 70-87 % 90-97 % 85 %
Ecological impact Medium Low High
Average Price 150-300 e/kWh 375-1 200 e/kWh 900-1 200 e/kWh

As can be seen, the VRF battery is not far behind the other two more popular technologies.
However, the current price and market of VRF in Germany hamper the choice for wider
implementation [58]. For the stadium, three criteria apply as a requirement for the batteries:

• Cost: in order to achieve an economically favourable result, the battery costs have to
be kept low

• Ecological impact: As this analysis aims to provide an environmentally friendlier
solution than the use of DGs, the impact should not be too harmful

• Size: The designated area for the battery is restricted, therefore a high specific energy
is required.

Given the low costs, but also the positive characteristics concerning environmental impact,
high efficiency, specific energy and the high expected lifetime, the Li-Ion battery technology
is chosen for further calculations, as it meets all of the above mentioned criteria.

5.1.2 Stadium supply from PV and the battery
The input values used in this thesis was provided by a German battery retail company.
Following Table 5.2 lists the technical parameters of the battery considered.
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Table 5.2: Input values of the battery storage

Variable Value
Maximum capacity 4.018 MWh
Utilisation 95%
Depth of Discharge (DoD) 100%
Rated capacity 3.800 MWh

Charging power & efficiency
0.7 MW

97%

Discharging power & efficiency
0.7 MW

97%
Self-discharge [115] 5%/month
Net available capacity after 10 years 3 MWh

The decision to use a capacity of 4 MWh for the battery derives from the condition that
the unit has to be able to supply the electricity load during a match for four hours. Even
though this size results in high investment and maintenance costs, as it is explained in the
later sections, the capacity serves as a good example for utility scale usage. Different capac-
ities are explored in Section 5.3.1.

Note that due to operation management of the battery, the self-discharge rate and overall
efficiency losses, the available capacity of the battery decreases continuously. When only
80% of the capacity is left, the BESS reaches the end-of-lifetime [115]. The decreasing ca-
pacity is not taken into account in the economic calculations in this thesis, thus setting a
significant delimitation for the actual results which is discussed in Chapter 7.

5.1.3 Electricity production
The PVBES system’s results for electricity production and other output values are shown in
the following Table 5.3.

Table 5.3: Energy production and operation data calculated by energyPRO

Variable Value
Annual electricity consumption stadium 1 608 MWh
Annual electricity production PV 2 453 MWh
Electricity covering stadium load from PV 884 MWh
Electricity from PV charging battery 1 088 MWh
Annual exported electricity from PV 481 MWh
Electricity covering stadium load from battery 726 MWh
of which electricity from PV plant 340 MWh
self-reliance of PVBES system 76%
Annual exported electricity from battery 1181 MWh
Annual imported electricity to charge battery 962 MWh
Annual electricity losses 142 MWh

With the PVBES system, the entire load of the stadium can be supplied through the battery,
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with only 258 MWh required to be purchased from the grid in addition to the PV plant’s
production. The production is graphically shown in Figure 5.2.

Figure 5.2: PVBES system with PV electricity production and stadium electricity consumption (top), charging
and discharging of battery storage (middle) and the battery state of charge and capacity (bottom) (own

illustration from energyPRO)

Even with the high peak consumption, a significant amount of the game can be supplied
from the PV plant, whereas the rest is covered by the electricity stored in the battery. The
energy flows are represented graphically in Figure 5.3.

Figure 5.3: Sankey diagram of the energy flows covering the stadium load and being exported from the
PVBES system (own illustration with calculations from energyPRO)
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5.2 Economic assessment
The price for the battery is determined by a retailer who provided a price suggestion for a
Li-Ion battery with the data listed in Table 5.2. This price was compared to and confirmed by
potential prices for Li-Ion battery above 4 MWh found through literature research. The price
indicated here includes also the power electronics and the control engineering according to
the retailers who were contacted. As transportation costs are not taken into account in the
previous systems, they are neglected here as well. The CAPEX and OPEX of the battery
storage are shown in Table 5.4.

Table 5.4: CAPEX and OPEX of the 4 MWh battery storage

Variable Value
CAPEX 4 MWh battery storage 1 500 000 e
Price per kWp 375 e/kWp
OPEX 4 MWh battery storage (annual) 30 000 e
OPEX: amount of investment cost 1.5%

5.2.1 CAPEX battery
The costs strongly vary especially for lithium based batteries, mainly between 400 and 1000
e/kWh, with a decreasing price for larger scale projects (>1 MW) [14]. Some retailers as
well as [116] have indicated 625 e/kWh as an average price for Li-Ion batteries to combine
with PV, however, the exact size of the project was not specified and reflected on in the
price. One retailer has provided a specific price offer, which includes the two battery units
that cover the required 4 MWh, as well as the inverter, transformer, cooling and control
of the battery. Both the batteries and the power electronics are placed into two containers,
which is a size that is appropriate for the available space intended for the project. With a
total cost of 1 500 000 e offered by a retailer, the price per kWh would be 375 e. For the
economic assessment, this price is used for further calculations.

5.2.2 OPEX battery
The OPEX is calculated by taking 2% of the investment costs, as determined in [95] and
[96].

5.2.3 Revenues
During regular days without match, the peak production of the PV plant sometimes exceeds
the demand of the stadium. By selling this excess electricity to the grid, a feed-in tariff (FIT)
is given for every kWh electricity fed into the grid. The FIT for PV plants >750 kWp
in Germany has been determined by a tender system since 2017. Since then until 2019,
the FIT tariff for utility-scale PV plants above 750 kWp has been 5.6 ect/kWh in average,
with maximum values up to 8.91ect/kWh. [29] The FIT for calculations carried out in
this thesis are set at 8 ect/kWh, with no degression considered over the duration of 20
years, given that FIT regulations are very likely to change completely in the future [32]
with no suggestion about whether the changes will benefit the PVBES system or put it at a
disadvantage. Table 4.4 shows the excess electricity produced in course of one year and the
potential revenues from receiving the FIT.
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Table 5.5: Annual revenues from the FIT calculated by energyPRO for the PVBES system

Variable Value
Annual electricity production PV 2 453 MWh
Electricity covering stadium load 1609 MWh
Annual exported electricity PV 481 MWh
FIT 2018 80 e/MWh

Annual revenues from grid feed-in 38 480 e

Note that only electricity from the PV plant is reimbursed with the FIT. That is because
electricity from the battery can be from both the PV plant or the grid, therefore the electricity
cannot be viewed entirely as produced from renewable sources. As no other selling option
is considered in the FIT scenario, electricity exported from the battery is not remunerated
which results in a significant loss of potential income.

5.2.4 Electricity bill
Table 4.5 shows the covered demand by the DGs and the PV plant, respectively. For the
self-consumption surcharge it is assumed that electricity consumed from the battery storage
received the same reduction of the self-consumption surcharge as RE units do.

Table 5.6: Calculation of the annual electricity bill for the stadium with DGs and PV

Variable Value
Annual total load covered 1 609 MWh
Electricity price industry 20181[27] 197.7 e/MWh
Annual imported electricity 962 MWh
Annual cost of purchased electricity 190 187 e
EEG surcharge 27.5 e/MWh
Annual surcharge for self-consumption 44 248 e/MWh

Annual electricity bill 234 345 e

5.2.5 Total CAPEX and OPEX
The total costs of all three systems are shown in Table 5.7 as a comparison.
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Table 5.7: CAPEX and OPEX of the PVBES system compared to the PVDG system and DG system (including
CO2 tax) with fixed tariffs considered

Variable PVBES system PVDG system DG system
CAPEX battery 1 500 000 e - -
Annual OPEX battery 30 000 e - -
CAPEX PV 1 260 000 e -
Annual OPEX PV 18 900 e 18 900 e -
CAPEX DG - 441 600 e
Total OPEX DG (2037) - 24 064 e

Annual electricity bill 190 187 e 161 762 e 305 553 e
of which self-consumption surcharge 44 248 e 28 710 e 5 445 e
Annual CO2 tax - 900 - 5 504 e
Total CAPEX 2 760 000 e 1 671 600 e 441 600 e
Total OPEX (2037) 144 063 e 214 898 e 405 536 e

The OPEX of the PVBES system are shown in Figure 5.4.

Figure 5.4: Breakdown of OPEX for the PVBES system (own illustration and calculations)

Similar to the DG system in Chapter 3 and the PVDG system in Chapter 4, the OPEX of the
PVBES system is slightly dominated by the high costs of the electricity bill. This is because
electricity needs to be imported from the grid to charge the battery (mainly before match)
in order to supply the load that cannot be covered by the PV plant. Nevertheless, this also
means that a potential reduction of the industry electricity price would have a considerable
impact on the NPC of all systems that are assessed in this thesis.

5.3 Results and sensitivity analyses
First calculations of the NPC for the PVBES system are carried out by taking the average
industry electricity prices of 2018 and the average FIT that was set for different utility scale
PV plants through tendering schemes between 2017 and 2019. Table 5.8 shows the results of
the calculations. The possibility of a higher FIT is considered as well, like in Chapter 4 with
the PVDG system. Finally, the market premium scheme is calculated as the third relevant
market trading option.
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Table 5.8: Results of the NPC for the PVBES system on Fixed tariffs, spot market and the market premium
calculated by energyPRO

Input data Fixed tariffs Spot market Market premium
Annual revenues 38 480 e 139 275 e 149 023 e
Total OPEX (2018) 283 335 e 163 535 e 163 535 e

Annual net CF (2018) - 244 855 e - 24 260 e - 14 512 e
NPC 8 151 463 e 3 294 181 e 3 079 540 e

A positive net CF in a year is achieved with neither of the three scenarios as the expenses
remain greater than the revenues. The CFs of the market premium are shown in Figure 5.5.

Figure 5.5

To compare the NPCs of all three systems, their results are shown in Figure 5.6.

Figure 5.6: (NPC results of the DG system (top three), PVDG system including CO2 taxes (middle three) and
PVBES system (bottom three) calculated with energyPRO

Considering that the DG system’s NPC after 20 years is greater than 7 million euros, the
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PVBES system offers a better economic choice than the "traditional" DG system. It does
however not surpass the economic advantage of the PVDG system which still uses DGs for
powering the match, when the trading strategies are directly compared. In the following
subsections, different input parameters are considered in order to look at their effect on the
NPC of the PVBES system.

5.3.1 Battery capacity
Considering that the high CAPEX and OPEX for the Battery derive from the capacity of 4
MWh of the battery storage, calculations are carried out with two smaller capacities. Note
that this does not align with the requirements given by the stadium operators as the battery
storage would not be able to supply the demand for the whole stadium in case of a power
outage. However, in order to show the difference of the NPC with other, smaller capacities,
the calculations are carried out considering the same price or 375 e/kWh as taken for the 4
MWh battery storage. The capacities considered are

• 3 MWh
• 2 MWh

For the calculation, the economically most favourable strategy previously determined, namely
receiving the market premium and applying spot market trade. The input and results can
be seen in Table 5.9.

Table 5.9: CAPEX and OPEX of the battery storage with smaller capacities as well as annual OPEX and NPC
results of the PVBES system calculated with energyPRO

Variable 3 MWh 2 MWh
CAPEX 1 125 000 e 750 000 e
OPEX 22 500 e 15 000 e
Total annual OPEX (2018) 145 811 e 128 545 e

net CF (2018) - 10 388 e - 6 293e
NPC 2 361 733 e 1 896 566e

It can be seen that a reduction of the battery capacity only offers minor advantages. Indeed,
reducing the capacity to half-size even results in a higher NPC than with a 3 MWh battery
capacity. This is because enough revenues can be made with the 3 MWh battery to cover
the higher OPEX and CAPEX. However, both options already have a lower NPC after 20
years than the PVDG system.

5.3.2 Battery price
Given that the considered battery price is proposed by one retailer, there is a certain prob-
ability for prices varying if other retailers are contacted. Furthermore, as battery prices are
constantly dropping, a lower price would be more likely in the future. Indeed, in a publica-
tion by the European Commission it is predicted that prices for stationary Li-Ion batteries
will be as low as 150 e/kWh by 2030 [117]. Additionally, for considering an investment
of the proposed kind in the future (2030), two hypothetical prices are considered for the
calculation as well:

• 150 e/kWh, price prediction for Li-Ion batteries by 2030
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• 200 e/kWh, price prediction for Li-Ion batteries between 2020-2030

The CAPEX and OPEX, and resulting net CF and NPC would therefore be as shown in
Table 5.10. The income and expenses from the market premium is used for the calculations.

Table 5.10: CAPEX and OPEX of the battery storage, as well as annual OPEX and NPC results of the PVBES
system calculated with energyPRO

Variable 150 e/kWh 200 e/kWh
CAPEX 600 000 e 800 000 e
OPEX 12 000 e 16 000 e
Total annual OPEX (2018) 145 535e 149 535 e

net CF (2018) 3 488 e - 512 e
NPC 1 783 198 e 2 071 274 e

Naturally, the lower investment cost and, assuming that OPEX drop in the same pace as
investment costs, the lower OPEX result in a fairly more favourable economic result, which
makes the PVBES system economically more feasible than the PVDG system. It can there-
fore be argued that investments will pay off more likely within the next 5-10 years if Li-Ion
battery prices continue to decrease as predicted.

5.3.3 Other PV plant capacities
In order to determine the impact the PV plant size has on the overall results, following
different capacities for the PV plant are considered in addition to the 1.8 MW PV plant and
included into the calculations:

• 1.4 MW
• 2.2 MW

Table 5.11 lists the electricity production, expenditures and the results with the two different
PV plant capacities. Note that for the 1.4 MW system, the investment costs per kWh are
higher than for the 2.2 MW plant in accordance with the economy-of-scale effect. Once
again, for the NPC calculation, the combination strategy is applied.

Table 5.11: CAPEX and OPEX of the battery storage, as well as annual OPEX and NPC results of the PVBES
system calculated with energyPRO

Variable 2.2 MW 1.4 MW
Annual electricity production PV 2 998 MWh 1 908 MWh
CAPEX 1 540 000 e 1 008 000 e
OPEX 23 100 e 15 120 e
Total annual OPEX (2018) 165 686 e 164 399 e

net CF (2018) 11 512 e -42 399 e
NPC 2 786 517e 3 441 584 e

It can be seen that a smaller PV plant results in a higher NPC than the currently considered
1.8 MW, despite the lower CAPEX and OPEX. With the larger capacity of 2.2 MW, more
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electricity can be exported and therefore, higher revenues are achieved. However, given the
production pattern of PV, the amount of electricity that has to be imported does not alter
much. In addition, higher CAPEX and OPEX are paid, therefore a higher capacity does not
present an economically more favourable scenario than the PVDG system, even though it
does result in a lower NPC than with the 1.8 MW PV plant.

5.4 Conclusion
Comparing all the NPCs of the PVBES system, different scenarios occur through simple
market trading of which some offer an economically more favourable scenario than the
PVDG system. Nevertheless, by taking only spot market trading, even with addition of a
market premium, under consideration, only some of the scenarios achieve a positive net
CF during operation in a year, and none of the amortise the high CAPEX and OPEX of the
system. The results are shown in Figure 5.7.

Figure 5.7: NPC results of the PVBES system with different scenarios considered, with the yellow line
indicating the PVDG system’s NPC in a market premium receiving scenario calculated with energyPRO

Judging from these results, the different PV capacities do not present an outcome with a
smaller NPC than the PVDG system. As the NPC of the larger PV capacity is lower than
that of the smaller capacities considered, it can be assumed that with twice the PV size a
lower NPC could be achieved. However, given the restrictions of the rooftop area, this sce-
nario would require to consider different areas around the stadium, for example by building
shading construction for the parking area, in order to increase the possible PV plant capac-
ity. Smaller battery capacities present better NPCs, with the 2 MWh battery resulting in
an NPC lower than the PVDG system’s. Even with a capacity of 3 MWh, an almost sim-
ilar NPC is achieved. If the regulations for the electricity supply of match are altered or
neglected, lower battery capacities would suffice for replacing the DG unit and thus save
CO2 emissions during operation, but also offer an economically more favourable option
to the stadium operator. Finally, with lower battery prices considered, the PVBES system
definitely offers the economically better option for the stadium operator. This means that
within the following years until 2030, the option of using a utility-scale battery storage to
replace fossil-fuel based backup units will become a feasible choice.

In order to not only offer a better choice than the DG or PVDG system but to amortise the
high investment costs, other economic scenarios are considered in the following Chapter 6.
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6 | Economic scenarios
This chapter assesses different trading options that can amortise the PVBES system’s ex-
penses. In the first Section, the profitability of buying and selling on the balancing market
is discussed. The later Sections look into direct selling through PPAs by corresponding with
different potential customers, namely a student residence located next to the stadium and
the option of a park&ride facility and EV charging stations in the stadium’s parking area.

6.1 Balancing Market
This direct selling of electricity has been disregarded for the profitability of battery stor-
age until now given the feed-in regulations which made electricity trading on the German
energy market economically unfavourable [33]. Indeed, as the results in the previous Chap-
ter 5 show, the net CF from the operation when trading on the Day-Ahead market is still
negative and therefore the option is not profitable, even though calculations are carried out
where prices are known in advance and therefore the electricity selling and purchase is
optimised.

In Germany, utility scale battery storage units are already used when trading electricity on
the primary balancing energy market. Here, the battery operator reserves a specific amount
of capacity and in case of grid instability due to too high or too low frequency, he charges
or discharges the battery accordingly. For this available electricity the battery operator is
remunerated by the TSO [33]. Figure 6.1 shows the average remuneration for the balancing
trade in Germany between March 2018 and February 2019. Note that these prices consider
1 MW reserved per month.

Figure 6.1: Historic average remuneration of the balancing load in Germany with 1 MW reserved load per
month considered, March 2018 - February 2019 (own illustration, data from [33])

For this calculation, no monthly changes are considered, but rather two scenarios with a
higher and lower amount of remuneration for the balancing load in order to highlight the
revenue potentials of this economic approach. The two scenarios are

• 12 395.2 e/MW/month as of November 2018 (Maximum)
• 5 956.1 e/MW/month as of February 2019 (Minimum)
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In order to look at the economic feasibility of balancing market trade, for the weeks where
no match takes place (34 weeks/year), 1 MW load is reserved every week. Considering that
prices in Figure 6.1 are given for 1 MW primary balance load offered a month, the income
is modified to match the potential load offered by the battery of the stadium. As 1 MW
can only be offered in 34 weeks per year, or 7.8 months per year, it is assumed that for 7.8
months a year around 4 MW are reserved for the balancing market per month. That would
result in the following income:

• 49 580.9 e/month
• 23 824.4 e/month

Table 6.1 shows the input parameters used for the calculations, as well as the results of the
NPC. Note that the one time payment for the metering equipment is included for measuring
grid frequency (price indications were found in [97]). This is done in order to avoid time
losses through communication channels by enabling the operator to react as fast as possible
in case of too high or too low frequency. Furthermore, the annual revenues from the export
of remaining electricity is lower given the subtraction of the reserved load.

Table 6.1: Input and results calculated with energyPRO from the balancing market. The rest of the income is
generated by applying the combined strategy from the previous Chapter 5

Maximum Minimum
Annual revenues from balancing market 386 731.8 e 185 830.6 e
Annual revenues from remaining exported electricity 138 475 e
Costs to establish TSO connection 550 e
Annual cost of purchased electricity 70 990 e

Annual net CF (2018) 361 069 e 160 168 e
NPV 5 190 376 e 766 731 e
payback time 8 years 16 years

The results show that trading on the balancing market pays back the investment and oper-
ation costs with both high and low tariffs.

6.2 Student residence Freiburg
The revenue potential here is calculated by selling the excess electricity to a student ac-
commodation located next to the stadium. For this facility, regular household prices are
considered as indicated by a student dorm caretaker from another facility in Freiburg. As
electricity is traded via the public grid, network charges for household consumers have to be
included in the calculation. As of 2019, the network charge for households is 2.38 ect/kWh
[12]. Together with the EEG surcharge, the costs for direct selling to household consumers
is 8.79 ect/kWh. The annual consumption of the premises was around 7.8 GWh in 2018 as
indicated by the caretaker. In this calculation the stadium operator enters into a PPA with
the student residence which guarantees the purchase of the stadium’s excess electricity for
the following 20 years. In order to present a better offer than usual household electricity
prices, the suggested price is set lower than the average household electricity price. Energy
trading is also carried out on the spot market, so that required electricity can be bought at
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times of low electricity prices. The calculation input data as well as the results are shown
in Table 6.2.

Table 6.2: Results from the PPA with a student residence calculated with energyPRO

Variable Value
Annual exported electricity to student residence 2 668 MWh
Electricity price household 0.3 e/kWh
Suggested electricity price 0.28 e/kWh
Annual income 747 040 e
Costs of direct trade (EEG surcharge and household network charge) 88 e/MWh
Annual expenses of direct trading 234 784 e
Annual cost of purchased electricity 70 387 e

Net CF (2018) 348 721 e
NPV 4 918 489 e
Payback time 8 years

By directly trading excess electricity privately to the student residence, higher prices can
be achieved than through direct trading on the electricity market. The CFs can be seen in
Figure 6.2.

Figure 6.2: Sankey diagram of the CFs to and from PVBES system with the PPA student residence scenario
considered (own illustration with calculations from energyPRO)

6.3 EV charging stations
The location of the stadium is close to the northern edge of the city. As it can be seen in
Figure 6.3, there is no park&ride option offered by the city of Freiburg directly close to the
stadium. In addition. there is a main street close to the stadium area which makes the
location ideal for a park&ride facility.
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Figure 6.3: Park&ride options offered by the city in Freiburg and the location of the stadium (green) (Modified
illustration from [101])

With different public transportation possibilities (e.g. the tram is going to be extended with
a station close the stadium), there is an option to use the parking area of the stadium as
a park&ride facility outside match days. Furthermore, with the installation of charging
stations in the parking area, additional revenues are created. In addition, the stadium
operator has signed a PPA with the charging station operator that ensures the purchase of
electricity from the stadium. As the demand for the charging stations is only 166.6 MWh
per year (see Chapter 2), the rest of the excess electricity is traded on the electricity spot
market in one scenario and sold to the student residence in another PPA scenario. Network
charges are considered for EV charging (2.65 ect/kWh in 2019 [12]) for the electricity sold
to the charging station, which together with the EEG surcharge add up to 9.06 ect/kWh.
The financial input parameters to calculate the park&ride and EV charging scenario are
given in Table 6.3.

Table 6.3: Input values of the EV scenario’s NPC

Variable Value
park&ride fee 0 e
Suggested electricity price 0.40 e/kWh
Annual electricity demand charging station 166.6 MWh
Annual income from EV charging 66 640 e

The results for both calculations can be seen in Table 6.4. The network charge and EEG
surcharge is adjusted for the electricity sold directly to the student residence.
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Table 6.4: Input values and results calculated with energyPRO of the EV scenario’s NPC

EV only PPA EV + student PPA
Costs of direct trade EV (EEG surcharge and EV network charge) 90 e/MWh
Costs of direct trade student residence - 88 e/MWh
Annual expenses of direct selling 14 994 e 236 877 e
Annual income from export of remaining electricity 134 242 e 840 234 e
nnual cost of purchased electricity 74 183 e

Net CF (2018) 18 557 e 368 424 e
NPV - 2 351 393 e 5 352 330 e
payback time - 8 years

The PPA with the EV charging stations does not create enough revenues to result in a
positive NPV after 20 years. The revenues are high enough only when selling the remaining
electricity to the student dorm. Given this result, the option of creating a park&ride facility
out of the parking area alone would not be economically beneficial to the stadium operator.
Figure 6.4 shows the CFs from the PPA combination scenario.

Figure 6.4: Sankey diagram of the CFs to and from PVBES system with the combined PPA scenario considered
(own illustration with calculations from energyPRO)

6.4 Results and and break-even values
Figure 6.5 shows the results from this chapter’s calculations. All three scenarios result in a
positive NPV with a payback time of between 7 and 15 years.
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Figure 6.5: NPV of all economic scenarios of the PVBES system calculated with energyPRO compared to the
NPC of the PVDG system with market premium scenario indicated by the yellow line

The largest potential for gaining revenues and amortising the investment and operation
costs for the PVBES system lies in balancing market trade and PPAs with household-price
paying consumers. However, for a time-span of 20 years, there is a high risk when relying
on balancing market revenues as the main means to regain the expenses given that price
developments are uncertain, as discussed in the next Chapter 7. Thus it can be concluded
that the PPA presents the most promising economic scenario for the PVBES system.

6.4.1 Break-even of income
In this section the required minimum income for the PVBES system is identified in order
to pay back the high investment and operation costs. With a trial-and-error approach the
required income is determined with expenses that arise in the market premium scenario
for the PVBES system. Table 6.5 shows the CFs including the required income to result in a
positive NPV in the year 20.

Table 6.5: Input values of the market premium scenario with required income and results calculated with
energyPRO to achieve a positive NPV after 20 years

Variable Value
Annual cost of purchased electricity 70 367 e
OPEX PV and battery 48 900 e
Self-consumption surcharge 44 248 e
Total OPEX 163 535 e

Required annual income 290 000 e
net CF 126 465 e
NPV after 20 years 24 633 e
Payback time 20 years

It can be concluded that in order to amortise the expenses of the PVBES system, an annual
income of approximately 290 000 e is required. As for all other calculations it should be
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kept in mind that the expenses do not take unforeseen expenses like required replacement
of components before the end of lifetime into account. Thus the break-even income defined
here does not include a risk-adjusted surplus.

6.4.2 Break-even of CO2 tax
With direct comparison of the NPC results from fixed tariffs, Day-Ahead trading and the
combination of those, the PVDG system is more favourable given the lower NPC after 20
years. Given that the proposed CO2 tax from [5] is considered too low compared to the
other OPEX of the PVDG system, a new tax is determined by calculating the difference
of the NPC between the PV and PVBES systems and applying the difference as CO2 tax.
For comparison, the tax per CO2 required to make the PVDG system with fossil fuel units
economically less feasible is shown in Figure 6.6.

Figure 6.6: Identified required CO2 tax for equal economic feasibility of the PVDG system and the PVBES
system (own illustration and calculations)

It can be concluded that a much higher CO2 tax is to be introduced if fossil fuel based units
are to be put at disadvantage. However, it should be kept in mind that CO2 taxes proposed
here are constant and do not grow in course of the 20 years as they do in calculations of the
DG system and PVDG system.

6.5 Conclusion
To sum up this chapter’s results, the economic feasibility of the PVBES system can be
achieved in optimal conditions, meaning that no unexpected costs like component replace-
ment are required. A high potential lies in balancing market trading which is already a
common market strategy used for battery storage systems in Germany, however, it has an
unreliability which is discussed in Chapter 7. In addition, various PPAs can also improve
the economic feasibility but have lower reliability as the contracts are mostly set for a du-
ration of between 10 and 15 years. Still, the results show the potential that utility-scale
battery storage systems have presently. With decreasing investment costs, this feasibility is
expected to improve and be even more profitable in the future.
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7 | Discussion
This chapter aims to look at the results found in this thesis from different aspects, as well
as to mention potential research that could be added to this thesis in order to determine
the feasibility of the proposed system. Based on these insights, a possible future outlook is
considered a the later section.

7.1 Barriers and opportunities
During the identification of different costs and calculation of the NPC and NPV of the
different systems, various elements were identified that could hamper, or support the im-
plementation of the proposed PVBES system. These factors are briefly discussed in the
following subsections.

7.1.1 Investment costs
The common perception about high investment costs for both utility-scale PV plants and
BESS could be viewed as the main barrier that impedes the PVBES system solution from
becoming more popular. That is because CAPEX data is often based on older information,
whereas the prices for both PV and batteries (especially Li-Ion) are constantly dropping.
This aligns with the findings of [17] and [18], as both conclude that PV is often discredited
for large-scale implementation due to its high investment costs, even though it has been
determined that electricity produced by PV is among the sources with the lowest LCOE
[16].

7.1.2 EEG surcharge
A financial barrier that was identified in course of the calculations is the EEG surcharge
that is to be paid for every kWh electricity consumed, even the electricity that is produced
and consumed by the same user. This self-consumption surcharge accounts for 16 % of the
expenses and therefore affect the net CF remaining from the operation, even though the
surcharge is reduced around 40% when applied for self-consumption charges for electricity
produced by RE sources [29]. It is debatable whether the 40% reduction will be granted in
the future for the PVBES system proposed in this thesis, given that the battery is charged
from both the PV plant and the grid.

With the constant growth of the EEG surcharge in the past years, electricity prices have been
increasing as well despite the sinking spot market prices in Germany since the liberalisa-
tion of the energy market. The electricity price level has encouraged many private and also
industrial consumers to invest in the self-reliance of their household or business. In order
to reach the goal of covering 65% of the net electricity consumption in Germany by RE by
2030, the EEG surcharge is likely to remain stable or even increase further [8]. However,
the consequences of increasing self-reliance for both the electricity market and the financial
budget of the EEG is questionable; despite the surcharge being set for every kWh electricity
consumed, the net income is likely to decrease which might result in a resuming growth of
the EEG surcharge and therefore electricity prices. This, in turn, could result in even more
consumers aiming for self-reliance and thus continue the vicious cycle.
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On the other hand, different sources expect the EEG surcharge and therefore electricity
prices in Germany to decrease in the following years [118, 119] given that many RE power
plants are reaching the phase-out time of 20 years by 2020 and will therefore not be eligible
to receive a FIT. Furthermore, a CO2 tax that is discussed today could be included into
the EEG budget and thus relieve consumers for paying a high EEG surcharge. Yet, it is
unclear whether these two factors will affect the EEG budget significantly enough to result
in a considerable drop of the surcharge. It is more likely that the surcharge will stabilise
as expected by [8] in order to be able to support the installation and operation of new RE
plants.

Finally, it should be considered how heavy the impact of the EEG surcharge could poten-
tially be on the proposed PVBES system in the future. The surcharge is considered for every
kWh consumed or traded and therefore has substantial impact of the CFs of the PVBES sys-
tem by making up 16% of the annual OPEX, as it can be seen in Figure 5.4 in Chapter 5.1.
Furthermore, the cost of direct trade that is applied for the PPAs includes the EEG sur-
charge and makes up around 59% of the total outgoing CFs. A possible growth of the EEG
surcharge would thus significantly affect the NPV and therefore the economic feasibility of
the PVBES system.

7.1.3 Balancing market
Even though trading on the balancing market offers a favourable solution by making profit
after a payback time of between 7 and 15 years, there are risks in the uncertainty of balancing
market prices for the future. With the introduction of more storage units that are used for
stabilising the grid, the amount for remuneration might stabilise or even decrease in the
future. On the other hand, a positive outlook can be expected concerning the demand
for utility-scale battery storage units as more and more conventionally powered units are
leaving the balancing market [33]. Nevertheless, despite the high profitability of electricity
trading on the balancing market, the uncertainty should be kept in mind when considering
the PVBES system.

7.1.4 Power Purchase Agreements
The PPA proved to be of substantial value for achieving the profitability of the PVBES sys-
tem. By entering into a PPA, a fixed income can be set for the time of the agreement which
can be up to 20 years. However, it should be kept in mind that electricity prices can likely
change within that time and other, perhaps more profitable possibilities might remain un-
exploited given the fixed PPA. Therefore, considering a shorter time horizon for the PPA
does not only bear risks but also potential for new opportunities.

On the other hand, with the phase-out of the EEG remuneration for RE plants that have
operated for longer than 20 years, more and more providers are looking to alternative
revenue options like PPAs. With the growing trend of these agreements and consequently
more competitors, the offered price might have to be set lower than the suggested 0.28
ect/kWh which would affect the end-result of the PVBES system. Still, with PPAs becoming
more popular the potential of finding customers grows once the advantages for both the
producer and the consumer become more clear. Therefore, it is one of the most promising
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scenarios identified for the PVBES system.

7.2 Reflection on methodology and results
This case study has the focus on a specific location with a facility that has an annual electric-
ity load which is non-transferable to industries or utilities from other sectors. The chosen
technologies to compare are also limited to one type of electricity production and one stor-
age method. The results and delimitations of these choices are discussed in the following
subsections.

7.2.1 Theoretical Framework
The theoretical framework provided a context from which the techno-economic feasibility of
the proposed system could be assessed and also justified the need for the techno-economic
analysis. Results from different research as well as the lack of in-depth research in the
context of Germany points to an unawareness of the economic potential of battery storage
systems. This lead to the application of the choice awareness theory which suggests four
steps for raising choice awareness, namely by offering a technical alternative, conducting a
feasibility study, identifying the relevant public regulations and making use of the demo-
cratic infrastructure to put the alternative into practice (see Figure 2.1 in Chapter 2). It can
be argued that qualitative research could provide better insight into the awareness or lack of
awareness of decision makers, and also the specific aims of for example stadium operators
to for example maintain a sustainable image. However, given the agreeable results of the
thesis and the comparatively uncommon practice of utility-scale BESS implementation, it
can be argued that this is due to the lack of awareness of the economic potentials.

While the first two steps of raising choice awareness, namely considering a technical alter-
native and conducting a feasibility study are carried out in this thesis, a broader feasibility
study can support the next two steps that address the public regulation and finally the
democratic infrastructure of the area where the radical technological change is to be imple-
mented . By widening the focus further from the techno-economic feasibility, more aspects
like the socio-economic impact, the institutional changes and the policies related can be
assessed more closely.

The theoretical framework elaborates on the choice of a case study to carry out the feasibility
study as the generalisability of the case from a broader view can be limited when looking at
a specific case. This is discussed later in this chapter. Given the varying opinions about case
studies and the question about the scientific credibility mentioned by [78], one might argue
that the unique load profile of the stadium makes it difficult to apply the findings of the
study in a broader perspective. Therefore, certain parameters should be identified through
the case study that can be applied in other contexts [77]. The parameters applicable and
notable from this thesis are mainly the findings for the utility-scale PV plant and BESS. This
is because prices considered are verified by most recent price indications as well as retailers
in the German area. On the other hand, the unique situation of the stadium’s match load
to be powered fully by a back-up unit is highly unlikely to be applied elsewhere, therefore
the comparison of the PVBES system to the DG system is one that is limited to stadiums in
Germany. Nevertheless, with the expectation of the PVBES system to be economically not
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feasible, this case study contributes as a "theory-breaking rock" described by [79], since it
contradicts the common perception of PVBES systems to be unprofitable.

The feasibility study was determined to be carried out from the point-of-view of the stadium
operator, who is assumed to be the operator of all equipment in all three system scenarios.
An additional calculation scenario that can be useful to compare to the results in the thesis
would be an assessment of the economic feasibility for both the stadium owner and a new
entity, the utility company. The respective ownership model is briefly mentioned in Chapter
2 (see Figure 2.4) but is neglected as it would exceed the scope of this thesis.

7.2.2 Energy saving measures
The calculations are based on a preliminary study from [71] where the electricity demand
of the new stadium was identified. It is assumed that significant parts of the load consist
of illumination, transmission of the event, and cooling in summer. With more extensive
research, the exact load units could be identified and different energy saving measures
could be implemented, for example by replacing loads with more energy efficient units,
improving heating and cooling by turning down equipment for rooms or areas not in use,
to name a few [120]. In this thesis, no energy saving measures are considered, which could
be seen as a delimitation when considering the sustainability of stadiums. Nevertheless,
given the focus of the analysis set with the research questions, energy saving measures are
not part of the scope of this analysis.

7.2.3 Environmental assessment
For the environmental assessment, only the operational emissions from the DGs were con-
sidered. However, the manufacturing and transportation efforts, as well as the disposal of
used units were not taken into account. A full LCA of all units would provide a better un-
derstanding of the impact that alternative technologies could have when replacing current
ones. This is already taken into account in the course of choosing the type of battery storage
as the ecological impact is one of the key factors, apart from the size and the cost of the
battery. The choice is based on an LCA carried out by [111], where the recycling potential
of the three battery types are included as well. The research concludes that Li-Ion batteries
have the lowest impact compared to PbA batteries with medium, and VRF batteries with
high ecological impact. For additional information, an LCA of rooftop PV plants and DG
units could be considered.

7.2.4 Choice of electricity production
The electricity demand and production was separated from the heat demand and they were
not assessed together, so combined heat and power production options were not considered.
Nevertheless, the heat demand of the stadium is to be supplied through district heating and
no fossil fuel units are used to cover the heat demand.

Since a solution with less emissions during operation is aimed for when compared to the
DG system, various other options could have been explored. For example, the feasibility
of wind power or combining wind and solar power might have been a possible alternative.
However, with the use of a battery storage, the addition of wind power might have only
led to unnecessary higher expenses while providing the redundant advantage of balancing
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out the residual load resulting from the PV plant’s electricity production. By considering
a scenario where electricity from the grid is supplied from 100% RE, a smaller PV plant
or even no RE unit could be considered since a battery-only system would still provide
the security of supply and have no CO2 emissions during operation. However, given the
economic advantages of producing electricity from a self owned PV plant, it is unlikely that
any operator would choose a battery-only scenario.

Future of PV
Prices for PV have been constantly decreasing globally and it is debatable how long this
price degression will continue. The economic feasibility for the PVBES system mentioned
here therefore has more potential to become favourable with the sinking prices for Li-Ion
batteries as the results in Chapter 5 show.

The positive results of both the PVDG system and the PVBES system raise the question
whether PV will be considered as more significant in future projections or if it will con-
tinue to be slightly neglected as research mentioned in Chapter 1 points out. One of the
main disadvantages of PV, namely the uncontrollable production times which do not follow
the electricity demand curve and the resulting residual load that remains, could be solved
by combining them with battery storage systems. Yet it seems that the main conception
about PV and PVBES systems is that these systems are not economically feasible for plant
operators. The constantly sinking costs of batteries combined with choice awareness rais-
ing through more research and distribution of the knowledge can potentially improve the
common "image" of these systems and foster their further implementation.

7.2.5 Choice of storage
For this thesis, a battery storage is was considered and only different types of battery stor-
age were looked at.Ddue to time restrictions it was decided to only look at the two mostly
used technologies and look at one alternative technology that has potential to grow on the
market in the future. Still, for a more thorough assessment, other battery types like nickel-
cadmium or lithium-iron-phosphate could be included and considered. As discussed in
Chapter 5, PbA and VRF BESS could potentially offer an alternative to Li-Ion batteries. Yet
it has been determined that neither PbA nor VRF batteries fulfil the economic, ecological
and space requirements.

One further option would be to look at other storage technologies, their technical and eco-
nomic feasibility for the case and also environmental benefits or drawbacks. For example,
pumped hydro storage is an option for storing excess electricity, and given the mountainous
area close to the stadium, it could likely be implemented. No emissions derive from this
system, however, these storage systems significantly alter the environment given the large
area requirements [121]. Another option to consider would be hydrogen based storage sys-
tems, which is a promising storage technology regarding the energy transition towards RE,
but the techno-economic feasibility still requires improvement before it can be implemented
on a commercial scale [122]. EVs could also be considered as interim electricity storage, but
the required scheduling to make the load available calls for new business schemes in order
to make the solution feasible [123]. These are just a few alternatives to BESS, neverthe-
less, the unreliability as well as the previously mentioned requirements would likely not be
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fulfilled by these alternatives.

Battery lifetime
The management of charging cycles of the battery has a strong impact on the performance
and the lifetime of the battery, which is why they should be considered when planning the
use of the battery for different economic strategies. In this thesis, this aspect is neglected
and it is assumed that the battery suffers no grave troubles that cannot be avoided through
regular maintenance. This is an optimal scenario and it should be kept in mind that un-
expected additional costs for the battery could arise in the course of the next 20 years of
planning horizon. Furthermore, the capacity losses after a given time are not taken into
consideration even though the end-of-lifetime of the battery is likely to be reached after 10
years. This delimitation could be avoided by for example considering investing into a new
BESS after 10 years or by adding additional battery racks to increase the capacity.

7.2.6 Economic assessment
One limit of the economic assessment is the fact that only techno-economic factors were
taken into account. An interesting aspect could be explored in a socio-economic assessment
for example to identify the number of jobs provided given the maintenance works, oper-
ation for market trading but also the health benefits when DGs are replaced with battery
storage systems as back-ups. Furthermore, these factors could be expanded for example
on regional or even national scales by calculating the consequences of replacing the DGs of
every stadium in Germany with utility-scale batteries.

Neglecting transport costs
Transport costs of the purchased production units were neglected for all three systems.
This is because they can strongly vary depending on the retailer’s location and price offer,
as it is sometimes included in the overall expenses. Furthermore, it would narrow down
the generalisability of the calculations even more to this one case. Since the three systems
are compared to each other, the neglecting of transport costs may be overlooked, however,
especially for the PVBES system some additional 8 000 e can be expected for transport costs
of the battery storage according to a retailer. For the PV plant, around 1-1.7% of the total
CAPEX may account for additional expenses for the transport and logistics as specified
by another retailer, which in case of the 1.8 MW PV plant would be around 21 000 e in
addition. The higher transport costs compared to the battery could be explained by the
fact that the batteries can be transported with their containers while modules require the
extra work of packing and unpacking them for transportation. Nevertheless, these expenses
were not taken into account in this economic assessment and should be identified if further
calculations are to be carried out.

CO2 tax
There is no CO2 tax in place in Germany as of 2019, even though discussions are ongoing
given that CO2 certificates are not resulting in reduced emissions as it was aimed for by the
introduction of this scheme [5]. However, it is determined in this thesis that the proposed
tax of 30 e/tCO2e does not significantly affect the total expenses of the DG system and the
PV system. Nonetheless it should be kept in mind that fossil fuel based units in this system
are only used for around 5.6% of the total stadium load and therefore the conclusion of
the effectiveness of the CO2 tax cannot be viewed as a general conclusion. On the other
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hand, with the developments of the EEG surcharge and the consideration to use the CO2

tax income to support the EEG budget, it is likely that the tax will be set higher than the
current proposition.

FIT and market premium
For the FIT, an average price from historic data is taken by considering the tariff set through
tendering schemes that are required since 2017 for PV plants with capacities greater than
750 kW. However, the FIT but also other remuneration schemes like the market premium
are expected to change during the 20 years considered in this study [8]. Another critical
aspect is the remuneration of electricity that is sold from the battery storage and not directly
from the PV plant. As the electricity might be partly from grid charging and not from the
PV plant, it cannot be guaranteed that a market premium is provided for all electricity sold
by the PVBES system.

Electricity price
For electricity prices the average data is taken for both household and non-household tariffs.
Considering that different electricity providers offer different tariffs, the prices calculated
with in this thesis might not represent actual prices paid by the consumers. Nevertheless,
an average is considered for all electricity prices considered in this assessment, therefore
the uncertainty can be neglected.

Interest rate
As previously mentioned in Chapter 2, interest rates for investments in Germany have been
decreasing over the past years [18, 87]. However, considering that the battery storage makes
a significant part of the investment for the PVBES system and given that interest rates for
utility scale storage are higher in other research [85, 88] than the one set in this thesis (2%),
one can discuss the applicability of the interest rate given the different types of investments
that are compared in this thesis. Nevertheless, since the inflation rate (1% in this thesis) is
regarded separately, the real interest rate would be 3%. Still, by setting a rather low interest
rate the profitability of all systems is favoured and no risks or future developments for
either of the units are considered. This can be viewed as a strong limit to the reliability of
the results.

7.2.7 Consequences of large-scale battery implementation
With storage systems, the option is given to trade electricity according to the market’s high
and low prices. It is debatable how an increased number of storage systems and operators
taking advantage of this option will influence electricity prices in the future. With balanced
loads through storage systems, the variation of the electricity price might balance out as
well and therefore decrease the advantage of storage systems. Furthermore, as pointed out
earlier, with the combination of RE and battery storage in both residential and commercial
use, the self-reliance of those can be increased which brings up the question how increased
self-reliance will influence the market and the CFs between operators, consumers and also
the authorities.

7.3 Generalisability of the assessment
The topic of this assessment’s applicability in broader levels is already briefly mentioned
in Section 7.2.1. Some perspectives speak for, but most against the generalisation of this
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research on a broader perspective.

• Electricity prices considered in this thesis, as well as spot market prices, fuel price,
FIT, remuneration on the balancing market and surcharges are real prices taken from
Germany. The study can thus be broadened to a national level, but is limited to
Germany given the chosen input values.

• The proposed CO2 tax is limited to the German context as well, given that it derives
from a proposal set for Germany, which again limits the case to the country.

• The case of the stadium, especially the regulations of the off-grid measure during
game-events, is a national regulation and can, like the previous two factors, be broad-
ened to all Germany but not further.

• Given the unique load profile of the stadium, exact results are limited to this kind of
utility and cannot be compared to other utilities. However, the study can encourage
the assessment of more case studies related to PVBES systems or BESS combined with
RE in order to further demonstrate the economic potential of those.

• The effects of battery operation on its lifetime is not considered in this study. This
leaves room for generalisation given that the operation strategy depends strongly
on the supplied load profile and also market conditions. Nevertheless it should be
kept in mind that this limitation also neglects monetary losses that occur through
decreasing battery capacity or possible need for replacement of equipment within the
time-horizon of 20 years.

• Transportation costs were neglected for all systems considered. These expenses can
depend highly on the location of the system, which is why the considered area can be
broadened from the current location.

It can be concluded that while the case itself can be applied in the context of Germany,
it is limited to Germany only. Within that frame, the case narrows down to utilities with
unusual load profiles, where the PVBES system can be used for creating additional revenues
apart from peak consumption hours.
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8 | Conclusion
With the goal of proposing an economically and ecologically more favourable electricity
supply to the new stadium of Freiburg in Germany, a techno-economic assessment of three
systems is carried out. The DG system represents the current practice of supplying the
stadium with DGs during match while the rest of the time electricity is purchased from
the grid. With the PVDG system a PV plant is added, from which electricity is consumed
directly by the stadium, while excess electricity is fed into the grid or sold on the elec-
tricity market. Finally, the PVBES system offers a concept without diesel units, where the
stadium’s supply is covered with a Li-Ion battery storage.

8.1 Results of the systems
The results from the DG system (Chapter 3) clearly show a high net cost after the 20 years
time horizon, as it can be seen in Figure 8.1.

Figure 8.1: NPC results DG system (orange - Case 1 results, red - Case 2 results) (own illustration and
calculations)

The PVDG system (Chapter 4) offers a far better economic option given the potential rev-
enues that are created by selling excess electricity from the PV plant. Even with the consid-
ered CO2 tax the NPC is less than half the amount of the DG system’s NPC.

Figure 8.2: NPC results of the PVDG system including CO2 tax

The reason for the much higher NPC of the fixed tariff scenario is due to the fact that elec-
tricity prices are much higher than the received FIT for a power plant of this size. Neverthe-
less, the investment is never amortised. Additionally, despite less electricity consumption
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from the grid which is supplied by both RE and fossil fuels, the DG units still operate dur-
ing the match and thus the emissions of 30 tCO2e/year remain unchanged in both systems.

With the PVBES system (Chapter 5) a more flexible trading can be carried out on the mar-
ket where higher revenues can be achieved. Nevertheless, neither by trading on the spot
market nor with addition of a market premium pay back the high investment costs of the
system. Various scenarios were considered, like different PV capacities which do not result
in a lower NPC than the PVDG system. Smaller battery capacities result in more favourable
NPCs, with the 2 MWh battery being even lower than the PVDG system. Even with a
capacity of 3 MWh, an almost similar NPC is achieved. It can be concluded that if the
regulations for the electricity supply of match in a stadium are altered or neglected, lower
battery capacities would suffice for replacing the DG unit and thus offer an economically
more favourable option to the stadium operator than the use of DGs. Finally, with lower
battery prices that are predicted to be reached by 2030, the PVBES system offers the eco-
nomically most favourable option to the stadium operator.

For achieving a positive NPV with the PVBES system, more economic scenarios were as-
sessed (Chapter 6). By offering primary energy reserve on the electricity balancing market,
constant revenues can be gained that are more profitable than when electricity is sold on the
spot market. For the assessment a high and a low remuneration scenario were considered
of which both result in a positive NPV. Furthermore, two PPAs were considered as well,
with one selling excess electricity to a nearby student residence and another selling to EV
charging stations located at the parking area of the stadium. While the former achieved
a positive NPV, the latter did not gain enough revenues to amortise the high costs of the
PVBES system. Nevertheless, by considering a combination of the two PPAs, an even higher
NPV is the result.

8.2 Research questions
In this section the research question and subquestions from Chapter 1 are answered.

How can the Freiburg stadium’s current electricity supply system be changed from diesel
units to a utility-scale PVBES, what are the technical, economic and environmental con-
sequences and what economic factors hamper or support this transition?

Given the requirements of the stadium operator and the available area on the rooftop of
the stadium, a PV plant with 1.8 MWp power and a Li-Ion battery storage with 4 MWh
capacity are chosen to replace the current practice electricity supply. With the DG system a
self-reliance of 6% is given and thus, a high amount of OPEX (88%) derive from the costs of
electricity purchased from the grid, whereas the self-reliance is increased to 58% with the
PVDG system and even 76% with the PVBES system. Considering different economic sce-
narios, the PVBES system results in significantly more favourable NPVs than the DG system
and can even achieve a positive NPV through trading on the electricity balancing market
or by entering into a PPA. Furthermore, by replacing the diesel units with the battery, no
CO2 or GHG are emitted during the operation phase, if the electricity mix from the grid is
not taken into account. It has been identified that certain measures like the EEG surcharge
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pose a disadvantage to the PVBES system as they make up a notable amount of the OPEX.
Indeed, the self-consumption surcharge makes up 16% of the total OPEX in a year when
a fixed tarrif scenario is considered. Furthermore, the expenses of direct trading through
PPAs make a notable amount of the outgoing CFs, with 59% being paid for direct trading
and 18% for the self-consumption surcharge (PPA with student residence scenario). The
CFs of the economic scenarios are shown in Figure 8.3 compared to the market premium
scenario.

Figure 8.3: CFs of four PVBES scenarios compared

It can be seen that the costs of direct trade for the two PPA scenarios strongly outweigh
the other costs. However, given that the income is tremendously higher, this high cost does
not pose a notable disadvantage to the economic feasibility. Furthermore, given that these
expenses flow into the EEG budget, it could be argued that the outgoing money is used to
finance transitions from fossil fuel based units to RE power plants. Therefore, this factor
should be viewed rather as an opportunity for more systems like the one proposed, as costs
for grid expansion or curtailment would decrease and the money saved can be used to fi-
nance the investment costs of the proposed system.

What is the stadium’s electricity supply with only DGs, what are the costs for the system and how
high are the CO2 emissions? It is identified in Chapter 3 that the DGs only cover around 6%
or 90 MWh of the total annual load of the stadium. The base load is supplied by the grid
in exchange for the average industry price in Germany as of 2018. Figure 8.4 compares the
amount of load covered by the different units.
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Figure 8.4: Amount of load covered by the different units within the different systems

The expenditures for electricity obtained from the grid make up 88% of the total expenses
to supply the annual electricity load of the stadium. CO2 emissions are calculated as CO2

equivalent and determined to be 30t of CO2 emissions per year.

How can a utility-scale PV plant combined with battery storage replace the DGs, supply the stadium
in Freiburg and what is the economic feasibility? This is answered in Chapter 5, where the
techno-economic feasibility of the PVBES system is determined. Different economic scenar-
ios with lower battery or PV plant capacity and lower costs are considered as well. The
results show that all economic scenarios are more preferable than those of the DG system.
What is more, with the right electricity trading strategy the PVBES system pays back within
8 to 16 years when balancing market trading or PPAs are considered.

What electricity selling scenarios could improve the techno-economic feasibility of this system in order
to pay back the high investment and operation costs? By assessing different economic scenarios
in order to achieve a positive NPV the answer to this question is given. The payback times
identified are 16 years for the minimum income from the balancing market and 8 years
for the maximum balancing market income considered. A PPA with the student residence
nearby the stadium has a payback time of 8 years, as well as a combined PPA scenario with
EV charging stations and the student residence. Figure 8.5 shows the results of all NPVs
from the PVBES system.
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Figure 8.5: NPV of all economic scenarios of the PVBES system calculated with energyPRO compared to the
NPC of the PVDG system with market premium scenario indicated by the yellow line

What are the environmental benefits in terms of CO2 emissions during operation? The answer is
found with the proposition of the PVBES system in Chapter 5, as the system has no CO2

emissions during operation. This means that without the use of DGs, 30 tonnes of CO2e
are saved every year. Nevertheless, by carrying out a complete LCA of the three systems, a
more accurate conclusion could be provided concerning the environmental benefits.

In the discussion of the generalisability of the work, it should be kept in mind that the
outcome is applicable in a German context only. Factors like charges and taxes apply for
Germany, therefore the resulting CFs cannot be considered for cases in other countries.

8.3 Future outlook
It is expected that the number of utility-scale PVBES will increase in the future, given the
economic potential in Germany. This development will make way to new business concepts
like PPAs, but also make use of strategies that are already common for BESS operators, like
offering a reserved load to the balancing market. As prices are expected to drop further for
both PV plants and BESS, especially Li-Ion, the economic feasibility is expected to improve
in the following years.
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