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Executive Summary 1]

Executive Summary

Sector coupling allows the use of electricity from renewable sources in different sectors to
reduce their greenhouse gas emissions. Among others, renewable electricity from domestic
photovoltaic systems can be used in the heating sector through power-to-heat coupling. The
power generated by the photovoltaic system is then used for space heating as well as hot
water preparation. In this dissertation, a detailed simulation model of an integrated home
consisting of a photovoltaic system, a battery storage and power-to-heat coupling is
developed to investigate cost reduction potentials. Cost reduction can be achieved by
advanced operation strategies, optimization of the component sizes and market participation.
Operation strategies

This thesis presents advanced operation strategies for the electrical and thermal system and
examines the gain in efficiency by combined operation strategies. Forecast-based operation
strategies that reduce battery aging and costs are developed and compared to state-of-the-
art operation strategies. The results of the thesis indicate that advanced operation strategies
can reduce the annual costs of photovoltaic battery energy storage systems up to 12 %.
Optimization of component sizes

The most important aspect to improve the economics of integrated homes is system sizing.
Dimensioning of the different system components heavily influences the economics of
photovoltaic battery storage systems with power-to-heat coupling. The thermal and electrical
load profile as well as the solar radiation profile must be considered to find optimal
component dimensions. An optimization tool is presented that finds the most economic sizing
for each system component. The results indicate that integrated homes with optimized
component sizes and advanced operation strategies are economically competitive to
households with fossil heating concepts.

Additional market participation

During winter, storage systems in integrated homes are not used to their full capacity due to
the low solar irradiation. These unused capacities can be used to improve the economics of
integrated homes by implementing a second-use scheme. Second-use describes the value
stacking of home storage operation and participation on energy markets, e.g. the control
reserve market. Besides enhanced economics, a participation in the control reserve market
can improve grid stability and hence support further integration of renewable energies. A
major advantage of integrated homes with power-to-heat coupling in comparison to
standalone battery storage is the additional flexibility to absorb the negative control reserve
power, provided by the heating sector. This allows an extension of the operating limits of a
power-to-heat coupled battery.

This thesis presents a dual-use operation of an integrated home participating in the primary
and secondary control reserve markets. Results show that a dual-use operation can increase
the profitability of residential storage systems. The economics of the market participation are
highly sensitive to numerous factors. Participating on the negative secondary control reserve
market can lead to reduced annual cost up to 14.5 % in the investigated scenario. These
savings are mainly driven by “free-of-charge” energy. If a system participates on the primary
control reserve market, savings are mainly driven by additional revenues from market
remuneration. Annual net cost reductions of up to 12.5 % are possible.
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Energy supply in residential households 1

1. Energy supply in residential households

Still increasing emissions of greenhouse gases cause climate change and therefore the global
warming. In the last 55 years, the carbon dioxide emissions globally quadrupled [1]. This is
why the United Nations arranged the Paris agreement. The Paris agreement aims to reduce
the greenhouse gas emissions in order to reduce the risks and impacts of climate change [2].
Reduction of greenhouse gas emissions should start in the year 2020. The goal of the Paris
agreement is to limit the increase of the global mean temperature to a maximum of two
degrees Celsius above pre-industrial levels. To reach this goal, the expansion of renewable
energy production is one major prerequisite.

Modern renewable energies grow more than twice as fast as the demand in the last 10 years.
Leading to an estimated renewable share of 19.3 % of the total global energy consumption in
2015 [3]. Nevertheless, to fulfill the goals of the Paris agreement the share of renewable
energies hast to be doubled in the next 5 to 7 years [4].

The German government aims to reduce the CO; emissions by 61-62 % in the electricity sector
and by 66-67 % in the building sector until 2030 in comparison to 1990 [5]. 53.4 % of the total
energy consumption in Germany is used for heating [6] and one quarter of the German energy
production is consumed in the residential sector [7]. Therefore, residential households can
play a major role in the decarbonisation process. Over two third of the energy demand in
residual households occurs for heating, especially for space and water heating [7]. The
majority of the energy consumed for residential heating is generated by fossil energies. In
2016, 83 % of the energy for heating was produced by fossil energy e.g. gas, coal or oil in
Germany [8]. This is why 60 % of the CO,-emissions in German households are generated by
space heating. 12 % of the emissions are produced for the provision of domestic hot water
(DHW) [6].

To reach the targets of the German government, a change in the residential heating sector is
required [9]. A typical two-person household in Germany has an electricity consumption from
1,500 kWh to 3,000 kWh and a heating demand from 8,000 kWh to 18,000 kWh [10]. In the
heating sector the share of renewable energy is 13.9 % and in the electricity sector 37.8 % in
2018. Figure 1 illustrates this correlation. In Germany, a growing share of renewable energies
is seen. From 2010 to 2018 the share of renewable energy in the electricity sector doubled,
but the share in the heating sector rose only by 12 % [11]. With power-to-heat coupling in
residential households the renewable energy from the electricity sector can be used in the
heating sector and contribute to the CO; reduction goals.
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Figure 1: Left: electricity consumption of a typical two-person household in Germany [10]. Right:
share of renewable energy in the electricity sector and heating sector in Germany in 2018 [11].
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2. Introduction: The integrated home

One option for the decarbonisation of the residential heating sector is the coupling of the
heating sector with the electric power generation from PV systems in residential households.
The power generated by the photovoltaic (PV) system can be used for space heating and
domestic hot water to contribute to the energy transition in residential households. Sector
coupling of heat and power can be achieved, among others, by using heat pump systems.
Nevertheless, PV generated energy is supply-dependent and only available when the sun is
shining. Energy demand on the other hand, is independent of the solar radiation. Storage
systems are able to increase the share of locally used PV energy in residential households.
Photovoltaic battery energy storage systems can increase the self-consumption from
residential PV systems and therefore contribute to a decentralized renewable electricity
system. Section 2.1 provides an overview of PV battery storage systems in Germany.
Integrated homes incorporate power-to-heat coupling into photovoltaic battery energy
storage systems. The combined system is capable of providing renewable energy to the
household demand for heat and electricity. Furthermore, the flexibility of the battery storage
is combined with the flexibility of the heating system given by the thermal storage capacity of
the building itself and the thermal storage unit of the heating system. Section 2.2 provides
details of the power-to-heat coupling in integrated homes.

Integrated homes can contribute to the decarbonisation process and support the integration
of renewable energies by using them in the heating sector. To enhance the share of integrated
homes, their economics need to be improved. This can be achieved through advanced
operation strategies and optimization of the component sizes. Both topics are addressed in
this dissertation. Operation strategies are investigated in section 4 and the optimization of the
component sizes are presented in section 0.

Additionally, the economics of integrated homes could be enhanced by the gain of additional
revenues. These additional revenues could be generated on the control reserve markets.
Beside the enhanced economics, the contribution on the control reserve market, can enhance
the system stability and therefore pave the way for further integration of renewable energies.
The provision of control reserve with integrated homes is investigated in this dissertation and
introduced in section 2.3. Section 2.4 presents the structure of the thesis.

2.1 Residential photovoltaic battery energy storage
systems

The growing number of PV systems leads to a rising generation of renewable energy in the
residential sector [12]. With the continuously increasing penetration of residential
photovoltaic systems, the number of PV battery energy storage systems (PV BESS) is steadily
increasing [13]. Regarding to [14], energy storage deployments in emerging markets
worldwide are expected to grow over 40 percent annually in the coming decade. In Germany,
the costs for electricity are rising [15] and the subsidies for PV systems in form of feed-in tariffs
are decreasing [16]. This forms an incentive to use PV BESS in order to increase self-
consumption of energy from photovoltaic systems. At the end of 2018 around 125,000 PV
battery energy storage systems (BESS) with a total capacity of 900 MWh were installed [17].
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By 2030, a total capacity of 2 GWh of stationary batteries could be installed in German
households according to [18]. This trend can also be observed in other countries. In the UK,
for example, benefits in terms of lower energy costs, increased security of supply, increased
decarbonization and reduced network investment are expected [19]. In California, most new
homes built after January 1, 2020 will be required to include solar systems by law. This is
expected to also promote wider use of energy storage systems [20]. A growing interest in PV
BESS can also be seen in other countries, as PV BESS are investigated in many countries:

- Photovoltaic self-sufficiency of Belgian households using lithium-ion batteries and its
impact on the grid are investigated in [21]

- In [22], a performance investigation of grid-connected residential PV battery systems
focusing on enhancing self-consumption and peak shaving in Kyushu, Japan is
presented. The results show that PV systems influence the grid and can act grid-
friendly.

- A comparison of PV-based self-consumption and self-sufficiency in Germany and
Ireland is presented in [23]. The results show that self-sufficiency rates of up to 75 %
in Germany and 65 % in Ireland can be achieved.

Prices for battery storage and the overall cost of electricity for self-consumption from PV are
widely discussed. Bruch et al. calculate the cost-effectiveness of a PV battery system and
examine different battery technologies [24]. Bruch et al. conclude that PV Systems without
storages systems are more economical. A lithium-ion battery cost analysis in PV-household
application is done in [25]. The authors predict that, for the German market system
profitability is expected to be reached in the very near future. Weniger et al. investigate the
sizing of residential PV battery systems [26]. The results show that in a long-term scenario, the
conjunction of PV systems with batteries will be the most economical solution.

2.2 Heat power coupling in residential households

Coupling of power generation form PV systems with the heating sector is one option for the
decarbonisation of the residential heating sector in prosumer households. In this case, the PV
system generates electricity, which can be used by a heat pump system to heat up water.
Other opportunities are solar thermal collectors. Solar thermal collectors generate hot water
directly from solar energy without electricity production.

In the thesis, integrated homes with PV system and heat pumps systems are investigated.
Solar thermal collectors are not investigated in this thesis as explained in section 3.1.2.
Integrated homes combine PV BESS with heat pumps to use the PV power in the heating
sector. Figure 2 depicts an illustration of an integrated home.

One of the major technologies for the sector coupling in households are heat pumps [27]. In
Germany the number of heat pumps in the residential sector [28] has been grown sharply: In
2017 around 800,000 heat pumps were installed in Germany [29]. Hence, the growth rate of
heat pumps is not sufficient to meet the future heat pump demand of six million in 2030
according to [9].

Heat pumps can increase the self-consumption rate of residential PV generators and therefore
reduce the grid feed-in of PV systems which leads to grid-relieving effects [30, 31].
Furthermore, distributed battery systems can be applied in combination with a heat pump in
residential buildings [32] and office buildings [33].
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An overview of the different kinds of heat pumps is provided in [34]. In this dissertation, an
air-water heat pump is investigated, because the installation is location-independent. Heat
pumps that are able to incorporate into smart grids are labeled as SG ready heat pumps (smart
grid ready). Modern inverter-based heat pumps are able to adapt their output power in
dependency of a set input power by frequency adjustment. Therefore, they are able to
operate modularly. The flexibility, as a result of modular operation, can be used to
compensate variations of solar radiation

PV generator

heat pump =
I =

electrical load & /

Battery

converter

OF s —

|

\

buffer storage DHW Storage@ grid connection

Figure 2: Schematic of an integrated home with a DC-coupled PV BESS and a heat pump for power-
to-heat coupling.

2.3 Providing control reserve with battery energy
storage systems

The growing share of renewable energies [3] leads to a growing fluctuation of the feed-in and
therefore growing needs for flexibility options. Additionally, the decarbonisation process leads
to a reduced number of conventional power plants, which are today providing auxiliary
services. This is why, the request for provision of grid services is expected to increase with a
large share of renewable generation [35]. Hence, costs for grid balancing are expected to
increase [36]. Nevertheless, the German need for control reserve remained constant in the
recent years [37]. BESS can provide these flexibility options in the power grid [38]. Not only
grid scale battery systems but also distributed PV battery energy storage systems can provide
these flexibilities. Distributed battery systems can provide control reserve, if connected to a
virtual power plant [39]. These energy storage systems are often located in residential
households in combination with PV power plants and are used to increase the self-
consumption of the PV power plant [40] as pointed out in section 2.1.

During winter, storage systems in an integrated home and in particular the battery are not
used to their full capacity due to low solar radiation [41]. This potential can be used to enhance
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the economics of integrated homes by applying a second use scheme. Second use describes
the value stacking of home storage operation and participation on the reserve market, for
example. Besides enhanced economics, a participation in the control reserve market can
support grid stabilization and therefore enable potential for further integration of renewable
energies.

In Germany, the primary and secondary control reserve markets are promising markets for
integrated homes because of the favorable requirements regarding the energy-to-power ratio
of participating storage units. A major advantage of integrated homes with power-to-heat
coupling in comparison to standalone battery storage is the additional flexibility to absorb
negative control reserve power by means of the heating sector. This allows an extension of
the operating limits of a power-heat coupled battery. Figure 3 depicts the advantage of an
integrated home in comparison to a standalone battery system on the example of the primary
control reserve market.

A contribution in the control reserve market could support the pathway for further integration
of renewable energies and generate additional revenues [42]. Additional revenues can
support the market penetration of integrated homes. Besides enhanced economics, a
participation in the control reserve market could support the grid stabilization and therefore
enable potential for further integration of renewable energies.

Some countries decided a nuclear power phase-out. In Germany, all nuclear power plants are
scheduled to shut down until 2022. After 2020, these power plants are not available for
auxiliary services. With a decreasing share of conventional power plants and an increasing
share of renewables in the grid, there was a need to adapt the balancing power market rules
to the new conditions. This was one reason, the Germany primary and secondary control
reserve market was updated to remove burdens for participation of renewable energies and
storage units on the market. The update of the primary control reserve market became
effective in July 2019. The product time slot was shortened from a whole week to one day.
Additionally the 30-minute criterion was replaced by a 15-minute criterion in May 2019.

In July 2018, the latest revision of the German secondary control reserve market became
effective. The regulatory update of the market leads to an increased auction frequency and
shortened tendered time slot.

The German secondary control reserve market is dived in a positive and negative control
reserve. In the negative control reserve market, the energy has to be obtained from the grid
if necessary. In this case energy can be gained, which has lower costs compared to grid
consumption. Therefore, households with PV battery energy storage systems can gain
additional energy from market participation and benefit from energy at very low cost or
revenues from market participation.

Additional revenues on the secondary control reserve market can be generated especially in
winter months, when the BESS is only used few days a month for home storage operation. The
additional revenues from market participation increase the economics of integrated homes
and can support the market penetration. Primary control reserve is also known as the
frequency containment reserve (FCR) and secondary control reserve is also known as
automated frequency restoration reserve (aFRR). In this thesis the terms primary and
secondary control reserve are used.
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Figure 3: Operation of an integrated home participating in the primary control reserve market in
comparison to a standalone battery system. Left: operation of a standalone PV BESS participating
on the primary control reserve market. Capacity on the top and on the bottom of the battery has to
be reserved in order to meet the 30-minute criterion. Right: operation of an integrated home
participating on the primary control reserve market. Negative control reserve can be transferred in
the heating sector, leading to higher useable capacity for home storage operation.

2.4 Structure of the thesis

This thesis is structured in the following way. In section 3 the model of the integrated home,
considering a DC-coupled PV BESS with a power-to-heat coupling, is presented. In the
beginning of the section a literature review is given. The presented model is the base for the
analysis in the following sections. The model is based on real data measurement. Extensive
battery cell tests are preformed to parametrize the battery model. Additionally, the approach
for the economic evaluation is presented in this section as well. To evaluate the economics, a
separate analysis of levelized costs of energy (LCOEnergy), levelized costs of electricity
(LCOEle) and levelized costs of heat (LCOH) is made. The separate analysis enables the
potential of an inter-sectorial comparison.

To enhance the economics of the integrated home intelligent operation strategies are
investigated in section 4. In this section, new forecast-based operation strategies for increased
battery lifetime and reduced curtailment of PV power feed-in to enhance system economics
are presented. In addition, these strategies are compared to other commonly used operation
strategies in terms of economics and self-sufficiency of the system. Increased battery lifetime
is achieved by reducing the average state of charge of the battery by limiting the stored energy
according to the predicted energy demand during night. Forecast-based operation strategies
are used in combination with variable power feed-in limits of the PV battery storage system
to relieve the grid. Two different forecast strategies are discussed: The perfect forecast, which
is used as the best case, and the persistence forecast, representing the worst case in terms of
forecast accuracy. Additionally, an economic evaluation of combined operation strategies for
the heat and power sector is presented. Finally, different approaches for the operation of heat
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systems and combinations with the aforementioned forecast-based operation strategies for
PV BESS are compared.

Section 0 presents an economic optimization of the component sizes of the integrated home.
The section starts with a literature review. The dimensioning of the different system
components heavily influences the economics of photovoltaic battery storage systems with
power and heat coupling. Capital-intensive components such as photovoltaic generators,
battery storages systems, heat pumps, and thermal storage units play a major role in
increasing profitability. Moreover, the thermal and electrical load profile of the residential
household as well as the solar radiation profile must be considered to define efficient or
optimal component dimensions. This is why an optimization of component sizing is necessary
in order to enhance the economics of the system. The presented optimization results are
based on an evolutionary algorithm.

Section 6 and 7 present the participation on the control reserve market to gain additional
revenues. In the beginning of the sections a literature review is given. Section 6 provides an
overview of the operating reserve market in Germany. Section 7 addresses the topic of
integrated homes participating in the control reserve market. The first part of the section
presents an extension of the single-use operation of the integrated home to a dual-use
operation with participation in the primary control reserve market. This section investigates
the influence on the home storage operation as well as the influence on the battery aging. An
overall cost analysis of the household is performed. Therefore, revenues from the market
participation are taken into account, as well as additional savings due to the uses of the
degrees of freedom. Degrees of freedom, when providing primary control reserve can lead to
additional savings. Costs for market participation and reserved battery capacity are taken into
account. Advantages of integrated homes, due to the flexibility from the heating sector, in
comparison to standalone battery systems are evaluated. Seasonal variation of feed-in from
photovoltaics is considered by an advanced strategy for variable provision of primary control
reserve power. The second part of section 7 investigates the participation of the integrated
home on the secondary control reserve market. The negative control reserve provides energy
for the integrated home for lower costs compared to the grid. The participation influences the
operation, as well as the battery aging. Possible revenues from the secondary control reserve
market are calculated. Based on the revenues and the additional costs for battery aging, the
marginal costs and savings for the market participation are calculated.

The thesis closes with a conclusion and outlook presented in section 8. This thesis incorporate
different Publications An overview of the publications related to the thesis at hand is
presented in section 0.
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3. Power-to-heat coupling model for household

To evaluate the costs of a household with power-heat coupling a distinguished model of an
integrated home is used. The integrated home combines a DC-coupled PV BESS with a head
pump for heat-power coupling. An overview of the model is given in section 3.1. Different
system topologies for the PV BESS are presented in section 3.1.1. Solar thermal collectors are
not investigated in this thesis as explained in section 3.1.2.

3.1 Model overview

In the thesis, an integrated home with heat-power application is investigated. The used model
of the integrated home has separate electric and heating parts, which are inter-connected via
the heat pump and the energy management system (EMS). This integrated home consists of
a PV BESS and a heat-system to provide heat energy and domestic hot water (DHW). A heat
pump couples the electric DC-coupled PV BESS with the heat system. Different system
topologies for PV BESS are presented in section 3.1.1. Figure 4 provides an overview of the
model components.

A description of the electrical part is given in section 3.2. A detailed overview of the heating
part is presented in section 3.3. Section 3.4 presents the sizes of the analyzed integrated
home. The economic evaluation and the parameters are presented in section 3.5.

PV Grid
PV converter inverter Grid
— ~ @
Battery

_i_',' converter Electrical Load
>|= —
g+ —

—|_+ Thermal Load

T and Storage

Figure 4: Schematic model of the grid connected DC-coupled PV BESS (section 3.2) with heat power
coupling (section 3.3).

3.1.1 System topologies of PV BESS

Battery energy storage systems can be connected in the household in different ways. Three
different topologies can be distinguished regarding the electrical connection of the battery
storage device. Battery storage systems can be coupled on the DC side or on the AC side. A
further option is to connect the battery directly to the PV generator DC output.

An AC-coupled BESS is connected to the 230 V AC link via its own inverter. An AC-coupled BESS
is depicted in Figure 5. In a DC-Topology, they share the grid inverter. In this case, the PV
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System and the BESS are connected with a DC-DC converter to an intermediate circuit. The
intermediate circuit is connected via a DC-AC inverter to the AC link. A DC-coupled PC BESS is

depicted in Figure 4.

PV PV inverter Grid
Y @
Battery
—i_T inverter Electrical Load
== —
5T o2l
T (Lt ~
@ T,', Thermal Load
T and Storage

Figure 5: Schematic model of the grid connected AC-coupled PV BESS.

A special version of the DC connected PV BESS is the DC generator connected PV BESS. The
topology is presented in Figure 6. The BESS is connected directly to the PV generators DC
output. The advantage of this topology is that is possible to retrofit an exciting PV system. The
same advantage applies for the AC connected BESS.

PV PV inverter Grid
~o @
Battery
—i—',' converter Electrical Load
== | —
g+ L =
—|_+ Thermal Load
T and Storage

Figure 6: Schematic model of the grid connected DC-generator-coupled PV BESS.

The DC and AC topologies have advantages and disadvantages, which depend, among other
things, on the remuneration model. Currently the self-consumption is remunerated if the
losses occurred after the feed-in meter. In the DC topology, the losses occur before the feed-
in meter and were thus at the expense of the BESS operator. This situation will become
irrelevant with abolition of the feed-in tariff. In an AC system, stored energy has to pass one
conversion stage more compared to a DC system. On the other hand, the independent scaling
of the grid inverters can help the AC system to operate the battery inverter in better efficiency
range. Nevertheless, no big difference in overall system behavior is expected. A further
difference of BESS in privet households is the connection. A BESS can be connected to a single
phase or be connected to 3-phases. A comparison of AC and DC systems for the case of Tesla’s

powerwall is presented in [43].
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3.1.2 Comparison of photovoltaic heat pump systems and solar

thermal collectors

Two common alternatives to use solar radiation for the heating demand in residential
households exist: PV systems in combination with heat pumps and solar thermal collectors.
PV systems are distinguished between Thin-film solar panels, Monocrystalline or
polycrystalline solar panels. Solar thermal collectors are distinguished between flat plate
collectors and evacuated tube collectors.

PV system generates electricity, which can be used by a heat pump system to generate heat.
Solar thermal collectors generate heat directly from solar energy without electricity
production. This is why the efficiency rates of solar thermal collectors are higher compared to
PV systems. The average efficiency rate of a modern PV system is 17 %. Efficiency rated over
20 % are possible [12]. According to [44] the efficiency of a solar thermal systems is up to 44 %.
In [45] it is reported that the overall thermal efficiency of a solar collector is around 40 %. Data
from a field trial of solar water heating systems is analyses in [46]. An annual average efficiency
rate of 52 % is presented. The efficiency rate depends on the specifications of the application.
Even though the efficiency of a PV system is lower compared to a solar thermal collector, more
heat can be produced with a PV system because of the seasonal performance factor (SPF) of
the heat pump. The seasonal performance factor of a modern air-water heat pump is close to
four [47]. This is why from one kWh of PV generated electricity four kWh heat can be
produced. However, a general statement that PV heat pump systems are better cannot be
made, since the investment costs and seasonality have to be minded. The seasonality and
therefore the simultaneity of heating demand and PV radiation plays an important role,
especially because of the high heating demand and low solar radiation in winter.

An economic comparison is presented in the thesis from S. Poppi [48]. In the thesis, Poppi
investigate the techno-economics of solar systems, thermal and photovoltaic, in combination
with heat pump systems. He concludes a faster payback time of a solar photovoltaic heat
pump system for space heating (SH) and domestic hot water (DHW) preparation in
comparison to a solar thermal heat pump system.

Different systems for the use of solar energy to generate domestic hot water (DHW) and
electricity are compared in [49]. The cash return in dependency of the size of the PV power
plant is analyzed and lead to the result, that a PV heat pump system have a higher cash return
after 20 years in comparison to solar thermal systems.

In the publication the following reasons are given: lower investment and maintenance costs,
the possibility to use the generated electricity in different sectors and enhanced self-
consumption rate of the PV systems due to the use for DHW. These are reasons why in a study
from Agora Energiewende the number of solar thermal collectors are assumed to maintain at
the same level in most future scenarios [50]. Only if the prices for solar thermal collectors are
decreasing significantly, solar thermal collectors will play a more important role compared to
PV and heat pump systems.

[51] presents an economic analysis of solar thermal and PV in combination with a heat pump.
The paper reveals that the trends indicate advantage of PV over solar thermal systems. The
advantages of heat pumps systems with solar thermal collectors are shown in [52]. The
combination of solar thermal systems with heat pumps is investigated in [53] as well. The
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publication concludes that a combined solar thermal heat pump system the system
performance compared to a conventional heat pump system can be increased. In publication
[54] solar thermal systems with heat pumps are combined with different storage technologies.
A further opportunity is to combine solar thermal power plants with PV systems. The
combination with the goal of autarky is investigated in [55]. The enhanced investment costs
for both systems can reduced the economics as discussed in [56].

The thesis at hand focus on PV heat pump system, since according to [48] and [49] these
systems lead to reduced costs in comparison to solar thermal systems with heat pumps.
Additionally combination of solar thermal systems with heat pumps is already widely
discussed in literature. The combination of PV and solar thermal systems is not investigated.
The combination could be addressed in further research.

3.2 Electrical model of integrated home components

The electrical model of the integrated home represents a DC-coupled BESS with a PV power
plant as depicted in Figure 4. It consists of the PV panel model [57], a PV and a battery
converter model, one grid inverter model, the BESS model, the household load model and the
grid connection. A load profile to represent the household is included as well as a grid
connection to feed-in PV generated energy or for grid supply. The BESS is separated into an
electrical, a thermal and an aging model of the battery.

3.2.1 Load profile

The standard profile (HO profile) for a residential household in Germany with a 15 min
resolution does not suffice for the simulation of an integrated home, because load peaks are
smoothed. These load peaks highly influence the performance of the integrated home,
because the gap between solar radiation and load peaks are neglected or reduced if the
resolution of the PV radiation data and load profile data is too low. This topic is discussed in
literature. In [58] the dynamic mismatches between the battery power and the residual power
are analyzed. The paper concludes that a slow-reacting battery system diminishes the
economic benefit for the owner of the PV-battery system. Publication [59] concludes that
recommendation on dimensioning of BESS, when the self-sufficiency rate is calculated, can
only be given if data is available in high temporal resolution.

The load profile used for this model offers the consumption data of a German household in a
60-second temporal resolution. Instantaneous values are given. The consumption data is
based on synthetic load profiles by the “Institut flir 6kologische Wirtschaftsforschung” (I6W)
[60]. Therefore, the average power consumption of 32 different devices was determined from
measurement and market data. The profile provides the electricity consumption of a 4-person
household in Germany without holiday. Standard weeks with different usage profiles for
summer, winter and transition periods were modelled in order to consider seasonal effects. A
detailed description of the data is presented in [60]. The resulting annual electricity demand
for the 4-person household is 4,674 kWhe/a. The electricity consumption for a day in April is
depicted in Figure 7. This is the day with the highest load peak of 11,538 W. The total electrical
energy consumption on this day is 15.2 kWh.
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Figure 7: Exemplary electricity consumption of a 4-Person household in Germany based on a
synthetic load profile with a 60-second resolution.

3.2.2 Grid connection

The grid connection of the integrated home is modeled without constrains. Therefore, infinite
grid consumption as well as infinite grid feed-in is possible. The feed-in power is limited to
70 % of the installed PV generator power (§9 EEG 2014 Abs. 2 Nr. 2b). The influence of PV
feed-in limitations is analyzed in section 4.5.3.

3.2.3 PV Generator

The PV generator model is based on publication [57] and simulates the electric behavior of a
STP 210-18Ud by Suntech Power PV generator. The STP 210-18Ud Suntech Power PV
generator is a polycrystalline silicon-based solar cell. One module has a power of 210 W.
Further information can be found in the datasheet [61]. The PV model calculates the power
and DC voltage output of the maximum power point tracker (MPPT). Therefore, irradiation
data in form of global, diffuse and beam irradiation, and the temperature profile of the solar
modules are used. The thermal behavior of the PV system is modeled as well. The model is
used to calculate location-dependent PV power generation based on a local measurement
profile. For this thesis, the measured radiation data for Lindenberg (Tauche), close to Berlin,
provided by BSRN from the year 2006 [62] is used. The data is provided in a 60-second
temporary resolution. The annual PV energy production in dependency of the azimuth angle
and the tilt angle is illustrated in Figure 8. For the integrated home, the optimal orientation of
the PV system is used. The maximum energy is generated with a tilt angle of 30° and an
azimuth angle of -5°. This result is based on the optimization preformed in [63], resulting in an
annual PV generation of 1140 kWh/kWp. A detailed explanation of the PV generator model as
well as a validation of the model is provided in [63].
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Figure 8: Annual PV energy production in dependency of the azimuth angle and the tilt angle of a PV
power plant located in Lindenberg (Tauche) close to Berlin.

3.2.4 Converter

The electric model of the integrated home represents a DC-coupled PV battery system and
therefore uses three converters. The converter systems are defined by the efficiency
characteristic of their input and output power and a voltage-dependent efficiency and are
based on [57] and [64]. The intermediate circuit voltage is set to 650 V based on [63]. The
battery voltage is variable, as well as the PV output voltage. This is why the voltage
dependency has to be considered for the PV converter and the battery converter, because the
input voltages of these converters are variable. To depict the different voltage levels, multiple
sets of parameters of efficiency curves for different voltage level are used as inputs. The
resulting efficiency curves are linearly interpolated from the input efficiency curves. The
influence of the input voltage on converter efficiencies are presented in [63] and illustrated in
Figure 9 for the battery converter. The efficiency of the battery converter is analyzed in [65].
The battery voltage differs between 220 V and 336 V, depending on the state of charge (SoC).
The transmission ratio of the grid inverter is fixed, since the grid voltage as well as the
intermediate circuit voltage is fixed.

The efficiency is defined as the ratio between the input and the output power. The output
power is equal to the input power minus the converter losses.

l)out _ l)in - Ploss (1)
P Pin

The losses are calculated with a polynomic description presented in [63, 66]. Therefore, the
different kinds of losses are taken into account:

- no-load losses P,o_10ad

- voltage based losses, with a linear relation to the output current U}y

- ohmic losses, with a quadratic relation to the output current Ryyss
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Equation (2) depicts the evaluation of the converter losses [67].
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Figure 9: Efficiency curve of the battery converter in dependency of the input voltage of a 5 kW
converter.

3.2.5 Battery system

A detailed battery model is used in this thesis. The battery model is based on the model
presented in [68] and consists of a electrical model, thermal model and aging model. In [63]
the model is parameterized with a 45 Ah battery cell from Saft. The aging model consists of a
separated calendric and cyclic aging model. In section 3.2.5.1 the electrical model and in
section 3.2.5.2 the thermal battery model is presented. The model to calculate the battery
aging is presented in section 3.2.5.3. The calendric aging is specified in section 3.2.5.4 and the
cyclic aging is specified in section 3.2.5.5. In this thesis extensive battery cell tests are
performed to parametrize the battery model. The battery model is parametrized with the test
results of a cylindrical lithium-nickel-manganese-cobalt-oxide (NMC) 18650 lithium-ion
battery cell from LG-Chem (LG ICR18650MF1) with 2.15 Ah. The cell testing results are
presented in [69]. Additionally the battery aging model is enhanced as pointed out in section
3.2.5.3. To model the battery energy storage system (BESS), 80 battery cells are connected in
serial and 16 battery cells are connected in parallel (80s16p). A first approach to investigate
the influence of parallel and serial connection on the battery aging and efficiency is made in
[65] by the author and therefore not investigated in this thesis.

Battery Management System (BMS):

Besides the battery system, a Battery management system (BMS) is applied in the model. The
BMS monitors the battery and ensures that the battery is operated in the given operation
range. Therefore, the BMS prevents overcharging or deep discharging. Furthermore, it
monitors the temperature of the battery. A temperature derating is applied for the charging
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case. The BMS limits the c-rate of the battery, which determines the maximum charging and
discharging power of the battery. In the charging case, the c-rate is limited to one, therefore
the battery can be fully charged in one hour. In the discharging case, the c-rate is limited to
two. The battery can be fully discharged within half an hour.

Energy Management System (EMS):

The Energy management system used in the model depends on the application. Section 4
presents the overall EMS and describes the different examined operation strategies.
Operation strategies for the electric system are presented in section 4.1. Operation strategies
for the heating system are presented in 4.2. Adjustments of the EMS for the participation on
the primary control reserve are presented in section 7.3. The adjustments for secondary
control reserve market participation are presented in section 7.6.

3.2.5.1 Electrical model of the battery behavior

To model the electric behaviour of batteries different approaches are known. Physical-
chemical approaches model the battery behaviour at molecular level considering physical and
chemical laws. These models are rather complex and require high computational efforts. An
overview of different physical-chemical models can be found in [70]. To simulate the whole
lifetime of the battery the dynamic electric behaviour of the battery is important. For this
thesis, an impedance based battery model is used, because such a model requires less
computable effort and simultaneously offers a sufficient accuracy. To determine the electric
parameters of the battery the electrochemical impedance spectroscopy (EIS) is used. The
impedance spectroscopy is widely known and discussed in numerous publications. Publication
[71] analyses the impedance spectroscopy for industrial batteries. Impedance based
simulation models for automotive are analyzed in [72].

For impedance spectroscopy, AC signals with different frequencies are induced into the
batteries. The response of the battery is measured and the impedance can be calculated. The
impedance is measured for different SoC and different temperatures of the battery. The
resulting impedance spectrum is used to parametrize the electrical model. The impedance of
the battery is modelled with a serial connection of an inductance, a resistance and two ZARC-
elements and Warburg impedance. A ZARC element consists of a parallel connection of a
resistance and a Constant Phase Element (CPE) [73]. The measured impedance spectrum for
the LG ICR18650MF1 battery cell and the corresponding elements of the impedance model is
depicted in Figure 10.
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Figure 10: Impedance spectrum of the LG ICR18650MF1 battery cell and the corresponding elements
of the impedance model.

The battery in this application is used for a home storage system. For this purpose, the high
frequency parts are less important, because the input data uses a 60-second resolution as
presented in section 3.2.1 and section 3.2.3. The resolution of the input parameters does not
provide data to analyze the high frequency parts. Therefore the high frequency parts can be
neglected [63]. The impedance model can be simplified to the model presented in Figure 11.
The simplified model consists of a resistance and a serial connected Warburg impedance. The
Warburg impedance Zyy represents the diffusion of the battery cell.

The Warburg impedance is described with equation (3). The parameters R presenting the

diffusion resistance and tp representing the diffusion time constant. A derivation of equation
(3) is given in [63].

17
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Figure 11: Simplified impedance model of a battery used for a PV battery energy storage system.
7o = Rn - tanh (\/jotp) (3)
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For the parametrization, the measurements of the EIS impedance are not sufficient since the
measurement for low frequencies does not fulfil the requirement of a quasi-stationary
measurement. The requirements are not fulfilled, because the energy charging and
discharging the battery cannot be neglected. Therefore, the battery cell is induced with the
current profiles depicted in the first picture in Figure 12 and the voltage response depicted in
the second picture in Figure 12 is measured. The resulting fitting parameters of Rge, Rp and
Tp are shown in Figure 13. The Open circuit voltage (OCV) curve is depicted in Figure 14.
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Figure 12: First picture depicts the current profile induced into a LG ICR18650MF1 battery cell at
25°C. The second picture depicts the resulting voltage profile of the LG ICR18650MF1 battery cell.
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Figure 13: Fitting of the impedance parameters for different temperatures and SoC of the LG
ICR18650MF1 battery cell. Figure A R, , figure B R and figure C tp.
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Figure 14: Open circuit voltage (OCV) curve of the LG ICR18650MF1 battery cell at 25 °C with 1 C and
a relaxation time of 3 hours.

Validation of the impedance model

The validation is made with a measurement for the OCV curve. After the battery is fully
charged with 1 C the battery is discharged in 5% steps with a current of 1 C. After each
discharge step, a relaxation time of 3 hours is minded. Figure 15 depicts the comparison of
the simulation and the measurement. The results show a similar behavior of the measurement
and the simulation. Only for low SoC a significant deviation is visible. The reason for the
deviation at low SoC is the inaccuracy of the OCV measurement at low SoC. For the 0 % SoC
value an end of discharge voltage is defined. This voltage can be reached before the Ah based
definition of the 0 % SoC is reached. Since the battery is used for a home storage application,
the accuracy is sufficient. Additionally, the model uses acceptable computational effort. Figure
16 depicts the comparison of a discharge from 50 % SoC to 55 % SoC.
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Figure 15: Voltage of the discharging process of the LG ICR18650MF1 battery cell at 25 °C. A discharge
from 100 % to 0 % is performed in 5 % steps with 1 C and a relaxation time of 3 hours between every
step.
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Figure 16: Voltage of the Discharging of the LG ICR18650MF1 battery cell at 25 °C from 55 % to 50 %
with 1 C and a relaxation time of 3 hours.

3.2.5.2 Temperature Model

The temperature model influences the electric behavior of the battery cell as well as the aging.
Therefore, a thermal model of the battery is applied. The thermal model from [63] is used and
parametrized with the measurements of the LG ICR18650MF1 battery cell. The battery cell is
modelled as a dot-shaped heat source as shown in Figure 17. The thermal losses of the battery
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cell are the ohmic losses of the battery. Minding a heat transfer coefficient, the battery cell
transfers heat to the ambient. Therefore, the ambient temperature and the losses of the
battery influence the temperature model. The heating capacity of a NMC 18650 battery cell is
between 700 to 880 ﬁ based on [74] and [75]. This is why a heating capacity of 800 kg;-l( is

assumed. The heat transfer coefficient is adjusted so that measurement and simulation fit
best. The thermal model is depicted in Figure 17.

Rin

QLoss ool
P ¥

Cin
W — ‘lTBat Tambient

Figure 17: Temperature model of the battery cell: battery is considered as a point-shaped heat
source W feed from the ohmic thermal losses qioss. The thermal capacity Ci, determines the battery
temperature Tpa. The battery temperature is higher compared to the ambient temperature
Tambient. Cooling of the battery by the surrounding is approximated with the heat transfer resistance
R:h and the cooling energy gcool-

Validation of the temperature model of the battery cell

Figure 18 depicts the surface temperature of a battery cell when discharging with a constant
current of 1 C. This temperature is compared to the temperature of the simulation model. The
deviation of the measured temperature and the simulated temperature is less than one Kelvin.
The simulation model calculates the temperature for a dot-shaped heat source, whereas the
measured temperature is surface temperature of the battery cell. The measured surface
temperature deviated from the inner temperature of the battery cell. The inner temperature
influences the aging of the battery cell. The simulated temperature could be closer to the inner
temperature in comparison to the surface temperature.
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Figure 18: Temperature of the LG ICR18650MF1 battery cell, while discharging with a constant
current of 1 C. Stepwise temperature increase in the measurement is due to the resolution of the
temperature sensor.

3.2.5.3 Battery aging

The applied battery model is based on the model presented in [68] and described in great
detail in [63]. In this thesis extensive battery aging tests are performed, to parametrize the
battery model with the investigated LG-Chem (LG ICR18650MF1) battery cell. The test
procedure for the calendar and cycle aging tests and the test results are described in great
detail in [69]. For the simulation a battery system is used, which consists of 80 serial and 16
parallel-connected cells. The battery management system (BMS) limits the c-rate of the
battery to onein the charging case and to two in the discharging case. The influence of number
of serial and parallel connected battery cells on the efficiency and lifetime is analyzed in [65].
The capacity of a battery is reduced and the internal resistance is increased due to calendric
and cyclic aging. When the remaining capacity reaches 70 % of the initial capacity, the battery
reaches its end of life. The end of life is reached as well, if the internal resistance is doubled.
In this case the state of heath (SoH) of the battery is zero and the battery system will be
replaced with a new one. The state of the battery aging is represented by the parameter cgyp,-
This aging parameter cg,y, is the inverse element of the SoH. Therefore, cg,, is defined as the
factor of aging. cg,;y = 1 describes the end of life of the battery. At begin of life of the
battery csym = 0. The end of life is defined as 70 % of the initial capacity or a double internal
resistance. With the common definition of the SoH, the aging factor cg,, is defined as:

Csum = 1 — SoH (4)

The loss of capacity and the increase of the impedance are results of the aging of lithium-ion
batteries. Both aging results can be divided into reactions depending on time (calendric aging)
and usage (cyclic aging). A common approach is to assume an additive superposition of both
effects. Therefore, the applied aging model uses a separate calendric and cyclic aging model
based on [63, 76]. The total aging cs,, is the sum of both aging models.
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Csum = Ccal T Ceyc (5)

The calendric aging is presented in section 3.2.5.4 and the cyclic aging is presented in section
3.2.5.5. The charging and discharging losses of the battery cell are assumed as constant over
the battery lifetime. In this thesis, only the reduced capacity is used as the end of life criteria.
The aging results of the investigated battery cell presented in [69] show that the end of life
criteria considering the capacity loss is reached before the end of life criteria considering the
internal resistance. This finding is supported by publication [77]. Publication [77] investigated
the degradation of lithium-ion battery cells used for frequency regulation. The publication
points out, that the capacity loss of the battery limits the lifetime and not the power capability.

3.2.5.4 Calendric aging of the battery

The main calendric aging effect is the formation of the Solid Electrolyte Interface (SEl) on top
of the graphite anode [78]. The electrolyte reacts with the graphite and forms a layer, which
is still permeable for lithium-ions. Yet active lithium and parts of the electrolyte are bound
during the process and lead to a performance loss of the battery [79]. The loss of active lithium
is often referred as the loss of lithium inventory (LLI).

The calendric aging is determined by storage tests under float conditions. To get valid results
three battery cells are stored under identical conditions. Float conditions means that battery
cells are stored under constant voltage conditions. Doing this, the self-discharge is
counteracted. Additionally, the battery cells are stored at different temperatures (25 °C, 35
°C, 45 °C and 55 °C) and different SoC. The capacity change is measured every 2 to 4 weeks
depending on the temperature. The test matrix and the check-up test procedure are
presented in [69]. Exemplary results of the calendric aging tests are shown in Figure 19 for a
storage temperature of 25 °Cand in Figure 20 for a storage temperature of 45 °C. The depicted
results represent the average value of the battery cells. A detailed analysis is presented in [69].
The simulation results are depicted as well.
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Figure 19: Calendric aging test results: relative capacity change of the LG ICR18650MF1 lithium-ion
battery cell stored at 25 °C. When the SoHc is 0 % the battery has 70 % of the initial capacity left.
Simulation and measurement results are depicted.
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Figure 20: Calendric aging test results: relative capacity change of the LG ICR18650MF1 lithium-ion
battery cell stored at 45 °C. Simulation and measurement results are depicted.

Modelling the calendric aging

In literature, different approaches to model the calendar aging e.g. linear, square or
exponential functions are presented. In [80] an overview of different approaches to model the
calendric aging of commercial lithium-ion cells is presented. The irreversible aging mechanism
in this work is modelled with a linear function. Additionally, the extrapolated aging is extracted
minding the passive electrode effect. This effect describes a reversible capacity increase or
decrease due to a change of the SoC as investigated in [81, 82]. For the given case, the initial
SoC of the calendric tested cells was around 44 %. This is why the initial and reversible capacity
rise for the 2 % and the 20 % SoC tests and the initial capacity loss for 50 %, 80 % and 100 %
SoC test is neglected for the irreversible aging modelling.

The applied aging model is presented in [63] and parameterized in [83]. The linear aging model
is based on the Arrhenius equation and the Tafel equation. The Arrhenius equation describes
the dependency of the aging on the temperature, which is shown in equation (6). The Tafel
equation is given in (7) and presents the dependency of the aging on the state of charge and
therefore on the voltage of the battery. The calendric aging is calculated with equation (8).
This equation incorporates the Arrhenius and the Tafel equation. The average temperature
and the average voltage are used as input parameters.
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Arrhenius equation:
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Tafel equation:
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With the use of equation (6) and (7), the calendric aging can be calculated with equation (8).

Ccal = Acal " K7 " ky -t (8)

Table 1 shows the input parameters for the applied calendric aging model. All values are based
on cell tests.

Parameter Value description

E, 57573 Arrhenius parameter

Ryg 8.3144621 —L universal gas constant
mol-K

Ty 25°C nominal temperature

Uy, 3.6970V nominal voltage

a 0.0709 Tafel parameter

Acal 2.388e-4 calendric aging parameter

F 96485.3365 As/mol Faraday constant

Table 1: Input parameters for the aging model based on the calendric aging tests of the LG
ICR18650MF1 lithium-ion battery cell.

Validation of the calendric aging

The simulation of the calendric aging has a slight deviation of the measurements as shown in
Figure 19 and Figure 20. For high SoC the deviation is higher and especially for 100 % SoC the
calendric aging follows an exponential function. Ecker et al. [84] have performed calendric
aging tests for NMC cells in 5 % steps. The results show a linear aging trend for all cells until
95 % SoC and an exponential aging for 100 % SoC. They assume that “the disproportionally
faster aging compared to other SoC, (is) probably due to electrochemical instability of the
electrolyte in this potential window” (Ecker et al. S. 844 [84]). Kabitz et al. set up the theory,
that the anode can be subdivided into good and bad connected parts [85]. The bad connected
parts can be only charged until 85 % SoC and therefore the good connected parts are slightly
overloaded, which leads to increased stress and aging for the anode at very high SoC.

A further influencing factor on the extractable capacity is the homogeneity of the lithium
distribution (HLD) in the cell as described in [86, 87]. “A considerably low homogeneity might
lead to less extractable capacity due to reaching the cut-off voltage earlier, or even lithium
plating during charging” (Lewerenz et al. S. 4 [86]). In accordance a high HLD leads to more
extractable capacity and slower aging. The constant storage conditions of the calendric aging
tests (very little cycling with low c-rate and storage under floating conditions with constant
temperature) increase the HLD. This leads to a smaller slope of capacity fade over time in a
late stage of aging [88]. This positive influence is detected here and could also be observed in
other publications [81, 82, 89]. This effect should be noted for applications, which have long
resting periods without cycling. However, the battery home storage system is cycled almost
daily, so this effect is not considered in the model.
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3.2.5.5 Cycle aging of the battery

To determine the cycle aging of the battery system accelerated cycle aging tests were
performed. The cycle aging tests are performed on macro cells. A macro cell is a parallel
connection of nine single cells. This is why the presented results of the aging test are the
average aging of nine battery cells. A detailed description of the macro cells is presented in
[69]. To identify the cyclic aging without the calendric superposition, the calendric aging is
subtracted from the cycle aging as depicted in equation (9). The cyclic aging c¢y. depicts the
aging mechanism of the battery during operation.

Ccyc = Csum — Ccal (9)

Lithium Plating is a major factor and describes the formation of metallic lithium in the battery
and is caused by low temperature, high c-rates and inhomogeneities inside the battery due to
bad cell design and pressure differences [79]. As described in [87] for NMC cells and in [82] for
LFP cells, new and unaged batteries already show inhomogeneities in the laser microscope
analysis: little parts of the battery are bad connected or even isolated. This is why some
lithium-ions are not settled in the graphite after the discharge process and might form metallic
lithium and decrease the capacity of the battery. During the following charging process most
of the metal ionizes. But parts of the metallic lithium is electrically disconnected and decreases
the performance of the battery permanent, in addition this metallic lithium clogs the graphite
anode and accelerates the SEl formation [79].
The loss of active material (LAM) describes the destruction of both electrodes while usage. On
the cathode the mechanical stress of lithium intercalation leads to a dissolution of metallic
particles, which clog the anode and increase the SEl just as the plated lithium [79, 90].
Considering the anode, the intercalated lithium leads to an volume expansion for up to 10 %
[91, 92] or 13 % [93]. It is reported that this effect causes contact loss of the graphite anode,
additional mechanical stress and faster aging [87, 94, 95]. Generally speaking the main aging
process takes place at the graphite anode, while the NMC cathode shows good stability [81,
82, 87, 96].
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Modelling the cyclic aging: DOD dependency and cycle counting
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Figure 21: Woéhler curve of the LG ICR18650MF1 lithium-ion battery cell at 25°C. The equivalent full
cycles until the EOL criteria for measurement points of 20 % DoD and 50 % DoD, are linear
extrapolated based on the available data.

The cyclic aging is described by the Wo6hler curve, which is depicted in Figure 21. This is the
aging in dependency of the full cycles subtracted by the calendar aging. This is why, the given
number of full cycles are a cannot be reached, because the influence of the calendar aging is
not minded. The equivalent full cycles until the EOL criteria for measurement points of 20 %
DoD and 50 % DoD, are linear extrapolated based on the available data. The cycle aging follows
the nth root characteristic in dependency of the Depth of Discharge. The energy throughput
is described by the number of equivalent full cycles N(ASoC). The equivalent full cycles are
calculated by the sum of the energy throughput divided by the nominal capacity. The number
of full cycles represents the cycle lifetime without the calendar aging. The cycle aging ¢y can
be calculated with equation (10).
Ceye = Acye - N(AS0C)Peve,0 < beye < 1 (10)

The number of the equivalent full cycles can be determined with the Wdéhler function. The

Wohler curve can be described with the exponential function presented in equation (11) [97]

and depicts the correlation between Depth of Discharge (DoD) and the equivalent full cycles.
N(ASoC) = a,, - ASoCPw, free parameters a,, and b, (112)

The performed aging tests used constant cycle depths, however in reality the cycle depths are
not constant and micro and macro cycles occur. Therefore, a cycle counting algorithm is
necessary. To determine the number of cycles, with respect to micro- and macro-cycles, the
rainflow algorithm is used. The implemented rainflow algorithm is based on [98] and advanced
in [99].
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Modelling the cyclic aging: SoC dependency
Beside the dependency on the Depth of discharge, the cycle aging depends on the average
SoC as well. The cycle lifetime is accelerated for low and high SoC, therefore an acceleration
function is defined.

N(AS0C, S0Cayg) = Ksocyy, * aw - ASOCw (12)

The acceleration function influences the number of cycles as depicted in equation (12). The
acceleration function is one for SoC,yg = 50 % and shows an exponential development as

shown in equation ((13).

KSoCavg ((13

( 1 ASoC
S0Cayg +—5— > 100 %

exp ((50 % — (100 % — ASZOC)> : fSocavg>

1
_ other
exp ((50 % — SOCavg) ) fSoCan)
1 ASoC
S0Cayg — <0%
exp <(50 %~ (0+ %)) : fSoCan>
\

With fSOCavg free curve parameter.

With the known number of cycles, the cycle aging can be calculated with equation (14).

Poye 14
Ceyc = Qcyc* (kSOCavg - ASOCbW) mit 0 < by <1 (14)

The parameter a.y. depends on the average SoC and the DoD and is described in equation
(15). The derivation of the presented cycle aging calculation is shown in [63].

acyc(AS0C, S0C,yg) = — (15)
(N(asoCSoCayg))

The resulting parameters from the cell tests are shown in Table 2.
Parameter Value Description
by -43.4934  Wohler parameter
Ay 14254.37 Wohler parameter
bCyc 1 cycle aging parameter
fSOCan -0.014 acceleration factor cycle aging

Table 2: Input parameters for the Wohler curve based on the cycling aging tests of the LG
ICR18650MF1 lithium-ion battery cell.

Modelling the cyclic aging: phase transitions

Besides the influence of the SoC on the cycle aging, the measurement results presented in
[69] show a dependency of cycle aging on phase transitions of the lithium during intercalation
and deintercalation in the electrode host structure.

To identify the phase transition accelerated aging tests are performed with a constant DoD of
20 % and a variation of the SoC. The test results are depicted in Figure 22. The highest aging
occurs, when the average SoC is 50 %. The reason for the accelerated aging at 50 % SoC could
be the phase transition of graphite (stage 2) [68] and [100].
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Figure 22: Results of the accelerated cycling aging tests with a constant depth of discharge (DoD) of
20 % and a variation of the average state of charge (SoC).

According to recent models the lithium intercalation into the graphite structure can be
described by different stages [79, 90, 101, 102]. [103] explained it in the following way: “The
stage (n) [...] is determined by the number of graphene layers between two intercalant layers”
(Xu et al. S.3 [103]). The first stage for lithium-ions is stage-4 and is composed of four graphene
sheets in-between each lithium-ion layer. Loading the cell fills up the layers and Stage-1 is the
last stage describing a fully loaded cell with one graphene layer in-between each two li-ion
layers. The additional aging results from mechanical stress on the graphite anode due to
transitions from the different stages [84, 104].

. . . ., du . du
To detect phase transitions the differential voltage analysis (ﬁ curve) isused. The Isoc Curve

represents the voltage gradients of the SoC regarding the SoC. The local maximums of the %

.. du . . . .
curve suggest phase transitions. The Tsoc Curve is depicted in Figure 23 and leads to the

assumption that a phase transition occurs at an SoC of 50 %, 10 % and 80 %. According to [100]
the peak at 50 % SoC is associated with stage transition of graphite (stage 2). The first peak
around 10 to 15 % SoC is associated with other stages from graphite (stage 3 and 4). The peak
at 80 % SoC could be caused by the cathode (NMC) [105]. The two other transitions at 10 %
and 80 % SoC are less distinct and therefore more difficult to identify with accelerated aging
tests.
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Figure 23: Voltage gradient of the SoC with respect to the state of charge (% curve). The maximum
at 50 % SoC implies a phase transition at 50 % SoC. This peak is associated with stage 2 of graphite
[100].

To verify the effect of the phase transition the differential voltage analysis (% curve) is
applied during the cycle aging. The stage 2 peak changes as depicted in Figure 24. This leads

to the assumption, that stage 2 transition leads to an additional aging. A reason for the

additional aging might be the additional pressure in the cell. More details on the effects are

given in [105] for NMC battery cells and in [106] for NCA battery cell.
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Figure 24: Differential voltage analysis (% curve) of the LG ICR18650MF1 battery cell over the

battery lifetime.
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To model the influence of the phase transition on the cycle aging an penalty function from
[63] is adopted. The penalty function increases the battery aging, if the critical SoC is passed.
The critical SoC is passed, when the battery is charged from below to above 50 % SoC or
discharged from above to below 50 % SoC. The penalty function is modelled as a triangular
function. Additional aging is added, when the SoC passes the critical SoC of 50 %. The penalty
function of the phase transition is illustrated in Figure 25.
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Figure 25: Triangular penalty function for to mind additional aging of phase transition regarding [69].
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Validation of the cyclic aging

The measurement results and the simulation results of exemplary cyclic aging tests are shown
in Figure 26 for variation of the SoC and in Figure 27 for variation of the DoD. The simulation
results are close to the measurement results.
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Figure 26: Cyclic aging test results and simulation: relative capacity change of the LG ICR18650MF1
lithium-ion battery cell stored at 25 °C. When the SoH is 0 % the battery has 70 % of the initial
capacity left. Simulation and measurement results are depicted.
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Figure 27: Cyclic aging test results and simulation: relative capacity change of the LG ICR18650MF1
lithium-ion battery cell stored at 45 °C. Simulation and measurement results are depicted.
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3.2.5.6 Sudden cell-death and limits of the used model

As described, the main aging mechanism during calendric aging tests is the formation of a
consistent layer on the graphite anode (SEl). The constant aging conditions lead to an
improvement of the homogeneity of the lithium distribution (HLD) and a decrease of the aging
slope. This positive effect in a late stage of aging should be noted for applications, which have
long resting periods without cycling and does not match to a battery home storage system.
Considering the cyclic aging mechanism, usage of the battery decreases the HLD. In particular,
the initial formation of plated lithium and metallic deposits from the cathode lead to pressure
differences, which in turn lead to even more plating and SEl on the graphite anode [79, 87,
107]. Furthermore, the locally concentrated mix of SEl, metallic particles and plated lithium is
not permeable for li-ions [82, 86, 87, 108]. This effect “rapidly alters the balancing of the
electrodes, generating a self-amplifying circle of active material and lithium loss” (Bach et al.
S.1[87]). The turning point is, when these individual particles form a dense covering layer and
thus deactivate great parts of the graphite anode electrically [88]. The li-ions behind this layer
are inactive and decrease the capacity significantly. Research on this effect is published and a
guideline for avoidance is given in [82, 88, 96]: high charging c-rates, high DoD and low
temperature speed up the formation of the dense covering layer.

For many publications this sudden degradation of the capacity could be observed in the range
between 80 % and 70 % remaining initial capacity [84, 85, 96]. For the model presented here
an End of life (EoL) criteria at 70 % is chosen, because the battery storage system is cycled
with low c-rate and kept at room temperature. Furthermore, the cyclic aging tests show that
the batteries can be safely operated in this range with good simulation consistency [69].

3.3 Thermal model

The heat pump couples the thermal model and the electrical model. This heat pump supplies
a heat storage system with buffer storage and domestic hot water (DHW) storage. The buffer
storage is in flow line of the heating system and the DHW storage is parallel to the buffer
storage based on [109]. Figure 28 shows the topology of the heating system. The model of the
heat pump is presented in section 3.3.1. Different operation modes of the heat pumps are
shown in Section 3.3.6. Section 3.3.2 and 3.3.3 describe the modeling of the buffer storage
and the DHW storage. The building model (3.3.4) and the models of the pumps (3.3.5) are
presented in the following sections.
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Figure 28: Model of the heating system with a heat pump, DHW storage and buffer storage. This
heating system is part of the integrated home and is connected to grid and PV-BESS.

3.3.1 Heat Pump

The used heat pump model is presented in [109] and implemented in [110]. This model is
parametrized based on a Vitocal 200-S split heat pump from Viessmann [111]. The model is
verified in [112]. This heat pump is an air-water heat pump. The nominal thermal power of
the heat pump is 10kW and under nominal conditions (A 7°C / W 35°C) (air-
temperature/water-temperature) the heat pump has a COP (Coefficient of Performance) of
5.1. The COP is defined as
P (16)
Py
Py represents the emitted heat power and P, the consumed electric power. For modeling the
emitted heat power and the consumed electrical power, the respective ambient temperature
has to be known. These values were measured and linearized in the simulation model. Figure
29 show the measured values as well as the linearized values for the model. Figure 29
illustrates the heating power in dependency of the ambient temperature and the flow
temperature. Figure 30 depicts the consumed electric power in dependency of ambient
temperature and the flow temperature. The COP is proportional to the heating energy and
inversely proportional to the temperature difference between the ambient temperature Tv
and the room temperature T# as depicted in equation (17) [113].
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Figure 29: Heating power of the heat pump in dependency of ambient temperature and the flow
temperature according to [112]. The related electrical power is depicted in Figure 30.
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Figure 30: Consumed electric power of the heat pump in dependency of ambient temperature and
flow temperature according to [112]. The related heat power is depicted in Figure 29.
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With the known electrical and heating power the COP of the heat pump can be calculated.
The COP depends on the ambient temperature as well as on the flow temperature as shown
before. This is illustrated in Figure 31.
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Figure 31: COP in dependency of the ambient temperature and the flow temperature according to
[112].

With increasing ambient temperature, the deviation between values in the model and
measured values is increased. This effect is neglected since the ambient temperature is rarely
around 30 °C. The values from Figure 29 and Figure 30 are used in look-up tables in the
simulation model. These values are interpolated. Furthermore, the air defroster as well as the
fan, which sucks the air into the vaporizer, is modelled. The modelling is presented in [110].

3.3.2 Buffer storage

The heat storage is implemented as a stratified system with multiple layers. The volume of
storage is divided in five layers of horizontal slices. Each layer has a defined temperature range
within it is operated. Interactions with adjacent layers are considered. The lower and upper
temperature of each layer and the respective volume — as a fraction of the total volume of the
storage — define its thermal capacity. The heat losses of the storage are calculated separately
for each layer, depending on the respective temperature in every time step. Therefore, for
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each layer the energy balance equation according to [114] is solved. A heat loss coefficient of
1 W/(m?K) is assumed. The initial temperatures range from 32 °C to 40 °C in 2 K steps.

To determine the size of the buffer storage, the mass flow mg of the water in the buffer

storage has to be determined. Therefore, the following rule of thumb is used:

mg = Py - thin (18)
cp - AT

Py describes the heat power (10 kW) of the heat pump and AT describes the temperature
spread between water output and water input. AT is approximately 10 K [115]. cg describes
the heat capacity of the water and t,,;, the minimum runtime of the heat pump. The
minimum runtime is 20 minutes. Therefore, the minimum volume of the heat buffer storage
is presented in equation (19). Equation (19) is based on equation (56) in section 5. Section 5

presents the equations for the minimum volume in the optimization algorithm.
10 kW - 20 min 287k (19)
Wh = &

1.163 kg K 10K

mg =

This is why the parameterization of the buffer storage is based on a real storage from Schindler
und Hoffmann which contains 300 | [116].

3.3.3 Domestic hot water storage

The DHW storage is similar to the buffer storage, but additionally the DHW storage contains
an electric heater and a heat exchanger. The heat exchanger separates the heating water from
the drinking water. The input energy is calculated with the integral over the heating power.

. 20
QInput = f Mg - Cg - (Tflow,lnput - Treturn,lnput) dt ( )

Thow,mput is the flow temperature of the heating water and Tieturn,input i the return
temperature of the heating water. Accordantly the output energy Qoytpyt is calculated under
consideration of the drinking water temperature Toypye- The spreads between input and
output energy are the thermal losses of the DHW storage. The thermal losses of the DHW
storage are calculated based on the publications [117]. A further insight of the thermal loses
is given in [118]. Further information of the model of the DHW storage can also be found in
these publications.
I (21)

QOutput - f Mg - Cg - (Tﬂow,Output - Treturn,Output) dt
For a four person household a 300 | DHW storage is recommended [115]. Therefore DHW
storage from Schindler und Hofmann is used for parameterization [119].

3.3.4 Model of the building

The building model consists of different sinks (walls, windows etc.) and a floor heating as a
source block. The building model is based on the “Conventional And Renewable eNergy
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systems Optimization Toolbox“ (CARNOT) for Matlab/Simulink [120]. The modeled house is a
bungalow with 110 m? building area, which is built according to EnEV 2013 [121]. The mass of
the building is able to store heat energy and has the storage capacity of concrete. The total
storage capacity of the building is 16 kWh/K. The calculation of the total storage capacity of
the building is presented in the annex in Annex Table 1. Heat transfer from the windows,
ceiling and walls are considered. The dynamic convective heat transfer coefficients are

modeled according to [122]. A constant air ventilation rate of 0.5% [123] is assumed. The

house is equipped with a floor heating system. The floor heating systems are applied to reduce
the flow temperature of the heat pump. The hot water consumption is based on a static time
series generated with ,Domestic Hot Water (DHW) calc” [124] tool. A hot water consumption
of 200 I/day for the four-person household is chosen, based on [125].

3.3.5 Pumps

For the transport of the heating water, pumps are modeled. These pumps transport the
heating water from the heat pump to the heat sinks of the house (buffer and DHW storage,
floor-heating systems). The pumps are controlled, so that the mass flow can be adjusted.
Furthermore, the pumps ensure a satisfying mass flow for the heat pumps. The pumps require
electrical energy, which is considered in the electrical energy consumption of the heating
system.

3.3.6 Modular Heat Pump

As mentioned in section 3.3.1, the heat pump model is based on a Vitocal 200-S heat pump
from Viessmann. To optimize the size of the heat pump, a modular heat pump-model is
necessary. The COP of the heat pump is reduced when the thermal power of the heat pump
is reduced [111]. Figure 32 shows this COP in relation to the thermal power with respect to
different operating points. Therefore, the COP of the heat pump is scaled to illustrate this
effect. The modified parameters in comparison to the parameters of the heat pumps, based
on the datasheets, are shown in Figure 32.
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Figure 32: Comparison of simulation results and manufacturers data [111] for the COP subject to the
thermal power of the heat pump. Different operation points of the heat pumps are analyzed. The
operation points are defined as the ratio between air- or ambient temperature and water- or flow
temperature (A/W).

Modern inverter-based heat pumps are able to adapt their output power in dependency of a
set input power by frequency adjustment. Therefore, they are able to operate modularly. The
flexibility, as a result of modular operation, can be used to compensate variations of solar
radiation. The power as a share of the maximum power Ayp is calculated with equation (22):
(PPV - l:)load) (22)

App =
PmaXHP

The heat pump is only operated modularly if residual energy from the PV generator is
available. If heat power is necessary for room heating or hot water, the heat pump is operated
with maximum power. Figure 33 shows the heat consumption of the heat pump, if the heat
pump is operated in either modular or static mode.
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Figure 33: Comparison modular heat pump and static heat pump (pareto chart). If the heat pump is
operated in modular mode, the operating duration can be prolonged.

3.4 Component sizes non-optimized integrated home

The sizes of the integrated home are based on typical sizes for commercially available
components and the component sizes used for parametrization. Both storage systems have a
volume of 300 | as recommended for a four person household [115]. The simulated BESS has
a storage capacity of 10 kWh, according to typical sizes of commercially available systems with
the highest market penetration [13]. This model is parametrized with measurement data of a
Vitocal 200-S split heat pump from Viessmann [111] with a thermal heating power of 10 kWin.
Table 3 depicts the component sizes of the non-optimized integrated home, which is used to
calculate the influence of different operation strategies and the participation on the control
reserve market. The presented sizes are typical component sizes for residential households.
Except of the inverter size, which is oversized to offer control reserve (section 7).
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Electric system size Heating system size

PV power plant 10 kW Heat pump 10 kWi
converter sizes 10 kW DHW storage 300 liter
inverter 10 kW Buffer storage 300 liter
Li-ion battery 10 kWh

Table 3: Component sizes of the non-optimized integrated home.

3.5 Economic Evaluation

The economic evaluation of the integrated home is based on the annuity. The annuity
incorporates all costs over the system’s lifetime. Since each component has a different
lifetime, investment costs, operation costs, maintenance costs, the annuity has to be
calculated for every component individually. The annuity is the sum of the investment costs
A;, the variable costs Ay and the fix costs Ag. The calculation of the annuity is presented in
section 3.5.1. Based on the annuity the levelized costs can be calculated as presented in
section 3.5.2. The input data for the calculation are presented in section 3.5.3.

3.5.1 Calculation of the annuity

The annuity is calculated with equation (23). The product of the annuity factor F, and the net
present value (NPV) of the component is resulting in the annuity of the investment cost.

AI = FA . NPVI (23)

The annuity factor can be calculated with equation (24) considering the interest rate i.
: i (24)
=1+
(1 4+ i)teatc — 1

Fa

The NPV approach in finance uses the difference between the present value of cash flows and
the present value of cash flows over a period under investigation. The net present value
incorporates the adjustments for inflation and discount rates over time and enables an
assessment at present time values. The interest rate i represents an alternative reference
investment and incorporates inflation. The discount rate d represents savings by cost
regression or additional cost due to a price increase. The net present value is time-dependent,
since the time of the cash flow determines the influence of interest and discount rate.
Therefore, the net present value calculation is calculated for the time t.,. with equation (25),
minding the costs C; in every time step. L represents the lifetime of the component and d

represents the costs degression.
tealc—1

S S ey Bt
= 1+1) G@h

j=0

(25)
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The NPV has to be calculated for every component individually. Therefore, the NPV for the
battery as well as the NPV for the three converters and the PV system has to be calculated.
Cost for reinvest as well as savings, because of residual values at the end of the simulation,
are taken into account accordingly. Due to economics of scale the costs for BESS are expected
to decrease [126]. The cost degression in case of a reinvest is taking into account. The NPV
depends on the lifetime of the component, since the lifetime determines the point in time of
the reinvestment. The costs are the product of the specific costs and the size of the
component. In equation (26) the costs for the batteries are calculated. The costs for the three
converters, the PV generator, the buffer and DHW storage, the heat pump and the pumps are
calculated accordingly.

Cpat = Cpat CaPypattery (26)

The variable costs consist of the cost for the grid exchange, concerning the net present value
of the electricity costs and earnings due to the PV feed-in tariff.

AV = FA . NPVV (27)

The NPV of the variable costs are calculated similar to equation (25), but do not have to
incorporate a lifetime.
tealc—1

= S o

j=0

(28)

The revenues for the feed-in depend on the energy fed into the grid. Since the feed-in tariff is
guaranteed over 20 years, this value remains constant.

Cj,feed—in = Cfeed—in * Efeed—in (29)
The changes of the electricity prices are evaluated by using an electricity price-increasing
factor. The annual costs for electricity can be calculated with equation (30).

Cj,grid consumption = Celectricity(1 - delectricity) : Egrid consumption (30)

The annuity of the fix cost term depicts the maintenance cost for each component. Therefore,
the investment costs of the components and the factor f,,intenance are taken into account.

Ap = Cj * fmaintenance (31)

3.5.2 Calculation of the levelized costs

Based on the annuity, the levelized costs (LCO) can be calculated for an inter-sectorial
comparison. For the calculation of the levelized costs of energy (LCOEnergy), the weighted
sum of the levelized costs of heat (LCOH) and the levelized costs of electricity (LCOEle) are
used. With this separate consideration of the LCOH and the LCOEle, an inter-sectorial
evaluation is possible. The following formula depicts the calculation of the LCOEnergy.

E
Qheat + LCOEle - elect (32)

total total

Etotal = Eelect T Qheat (33)

LCOEnergy = LCOH -
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The LCOEle are the net present value of the unit-cost of energy for the lifetime of a generating
asset [127]. Therefore, the annuity of the electric system is divided by the electricity
consumption. The following equation (34) depicts the formula to calculate the LCOEle.
A +A, +A Asum
LCOEle = ——Y——F — total (34)

LB ELiEe

The LCOH is the present value of the unit cost of heat over the lifetime of a generating asset
and therefore calculated with the same method as the LCOEle. The load of the heating sector
can be covered either by the PV panel or by the grid. This might lead to additional battery
costs or savings if the lifetime of the BESS is influenced by the heat system.

To consider this, the calculation of the LCOH is made in two steps. At first, the annuity value
of the overall balance of costs and revenues (Asum;,,)) is calculated with the operation of
the heat system. In this case, the investment costs include the cost for the electric system as
well as the cost for the heat system. Furthermore, the variable costs include the consumption
of electricity of the heat system and the electric system. In a second step, the annuity value of
the overall balance of costs and revenues of the electricity system (Asumg).) without the heat
system is calculated. The annuity value of the overall balance of costs and revenues of the
heat system (Asumy,q,¢) is the difference between these two costs and it is calculated with the
following formula.

AsuMpeae = ASUMyoy — ASUMe)e (35)

The resulting LCOH are the calculated annuity costs divided by the total heat consumption.

Asumy e ¢ (36)
LCOH = ————

H: Heat consumption in t

3.5.3 Input data for economic evaluation

The target of the optimization presented in section 0 is to increase the economics of
integrated homes. Therefore, the target function is to minimize the annuity of the integrated
homes.

Table 4 and Table 5 provide an overview of the input data of the model. The investigated
integrated house is located in Lindenberg (Tauche, Berlin). The load is based on [128] resulting
in an electrical demand of 4,674 kWhei/a. The thermal demand depends on the operation of
the heating system, because the COP of the heat pump depends on flow temperature. The
economic parameters for the calculation of the LCOEle are depicted in Table 4. Table 5
illustrates the input parameters for the LCOH calculation.
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Parameter Value Unit  Description

teale 15 a calculation period for invest assessment

icale 1.3 %/a interest rate [63]

Chat,NMC 250 €/kWh  specific battery cost

Chat NCA 550 €/kWh  specific battery cost [63]

ipat 7 %/a annual battery cost degression [63]

dbat kfw 13 % subsidy rate on battery investment cost from KfwW
funding Q3 and Q4 2017 [129]

Ceonv equ. (37) €/kW  specific converter cost of one converter, the model
contains three converters

Leonv 20 a converter lifetime [63]

CPvgen 1170 €/kWp  specific PV generator cost [63]

Lpvgen 20 a converter lifetime [63]

Cfeed—in 0.122 €/kWh  feed-in tariff (Sep. 2017) [130]

Celectricity ~ 0-292 €/kWh electricity costs (Sep. 2017) [131]

lelectricity ~ 1.85 %/a annual electricity price increase [63]

Imaintenance 1.5 %/a annual maintenance cost relative to investment cost
[63]

CEPEX 0.0367 €/kWh average price EPEX 2017 [132]

Table 4: Input data for LCOEle calculation [133].

Heat system

Parameter Value Unit  Description

Cheat pump equ. (38) € specific costs heat pump

Chuffer equ. (39) € specific costs buffer storage

CpHW equ. (40) € specific costs DHW storage

Cpump DHW 150 € costs DHW pump [134]

Cpump heat 150 € costs heat system supplying pump [134]
Cheater rod,buffer 275 € costs heater rod buffer storage [135]

C3 way valve 300 € costs 3 way valve [136]

Celec. installation 200 € costs elec. installation [137]

Imaintenance HP 150 €/a  annual maintenance costs of the heat system
[137]

Lheat pump 20 a heat pump lifetime [138]

Lheater rod 25 a heater rod lifetime [139]

Lstorage 25 a storage lifetime [138]

L3 way valve 20 a 3 way valve lifetime

Lelec. installation 20 a elec. installation lifetime [139]

Lpump 10 a pump lifetime [138]
Table 5: Input data for LCOH calculation [140].
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The specific converter costs of one converter are calculated with equation (37) and they are
based on a market research done in [141]. The electric model contains three converters; a DC-
topology is used.

| 970.3 - (FEB1) =197 + 304.5) ¢ (37)
Ccony = Min| 1000, 3 T
Cconv. =  specific converter cost of one converter [€/kW]
Pconv = maximum power of one converter [kW]

Similar to the calculation of the converter costs, the calculation of the specific costs of the
heat pump and the thermal storages is based on formulas (38), (39) and (40). The equations
are based on market research. Therefore, the prices for different sizes of the heat pump [111]
and storages (buffer storage [116] and DHW storage [119]) have been analyzed. The costs are
calculated using linear interpolation.

€ (38)

Cheatpump = 1,11925 €+ 801.11 m . pheatpump
Cheatpump =  costs heat pump (€]
Pheatpump =  thermal power heat pump [kW]

€ (39)
Cbuffer = 480.33 € + 65653 F : Vbuffer
Cpuffer =  costs buffer storage [€]
Voutfer =  volume buffer storage [m3]

€ (40)
Cpugw = 62.90 € + 3,337.10 ol Vouw
Cpuw =  costs DHW storage (€]
Vouw =  volume DHW storage [m3]

To enable the possibility for a comparison of different heating concepts, the costs of radiators
are not taken into account. The costs of material and installation of floor heating depend on
the size and geometry of the building. Therefore, a statement on precise total costs is difficult
to make.

The specific battery costs represent the cost for a battery module and incorporate the cost for
the battery cells and assembling, but exclude cost for the converter. With regard to recent
market research, the NMC battery cells by LG Chem can be purchased for 163 €/kWh and
probably cheaper in larger quantities [142]. With respect to the cost for assembling, a module
price of 250 €/kWh is estimated. The NMC battery cell represents a low-cost and low-
performance consumer variant that is currently not representative for batteries used in PV
BESS. The NCA battery cell on the other hand is a high-performance cell already used for this
type of application. The main difference is the lifetime expectancy provided by the
manufacturers. The price for the NCA battery cell is based on [63].

The economic evaluation is used to compare the different operation strategies and used as
the target function for the optimization. The optimization requires linearized values for the
evaluation. Therefore, the economic values and the model are described with the presented
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functions. Additionally, the economic evaluation is used to compare an operation of the
investigated home with and without participation on the control reserve markets. In this
thesis, it is evaluated if the additional incomes from market participation exceed the
additional costs for market participation.
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4. Behind the Meter: Operation

This section investigates different operation strategies for integrated homes. The goal is to
reduce the costs of the integrated home behind the meter. Therefore, the integrated home
aims to reduce the energy purchase from the grid, while enhancing the grid feed-in. The
integrated home has an electrical and a heating part. In section 4.1, operation strategies for
the electrical part are investigated. In the beginning of the section a literature review is given.
Operation strategies for the heating sector are presented in section 4.2. This section provides
a literature review as well. Three different ways to combine the operation strategies of the
electrical part and the heating part are presented in section 4.3. Some of the presented
operation strategies use forecasts. Section 4.4 presents two different forecast methods: the
perfect and the persistence forecast. The perfect forecast is used as a best-case scenario and
the persistence forecast is used as the worst-case scenario. The presented operation
strategies for the electricity part are investigated in section 4.5. Additionally, the influence of
different system topologies is investigated in section 4.6. Section 4.7 investigates the
operation of integrated homes. In this section, the operation strategies of the heating system
as well as the combination of electrical and heating operation strategies are examined. The
conclusions for the operation of integrated homes are presented in section 4.8.

4.1 Operation strategies for battery energy storage
systems

Section 4.1 presents a new forecast-based operation strategy to enhance the battery lifetime
and therefore the economics of PV battery energy storage systems (4.1.6). To increase the
lifetime of PV BESS, forecast-based operation strategies are used to limit the average state of
charge (SoC) of the battery by storing only the amount of energy predicted to be needed
during the following night. The lifetime of the lithium-ion battery systems can be increased,
because higher SoC conditions lead to faster aging, as shown by the evaluation of the aging
tests in section 3.2.5 and in various publications e.g. [68, 143]. With these strategies, the
lifetime of PV battery energy storage systems can be enhanced without drastic reduction of
the self-consumption rate. This is an advantage in comparison to the fixed state of charge
(SoC) limit investigated in [63].

These newly developed operation strategies are compared to commonly known operation
strategies. Therefore, an overview of different operation strategies is provided in this section.
This enables an understanding of the importance of intelligent operation strategies for BESS
and of the advantages and disadvantages of certain operation strategies. All strategies are
explained in detail and the mathematics behind these strategies are presented.

To evaluate the influence of forecast inaccuracies, two different methods of forecast
algorithms are introduced. The perfect forecast represents the best case and the persistence
forecast represents the worst case (4.4). These operation strategies are applied to the DC-
coupled model of a PV BESS presented in section 3.2. To evaluate the performance of the
different strategies, the levelized costs of electricity (LCOEle) are used (3.5).
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Due to the use of persistence forecasts, the presented operation strategy can be implemented
without an additional communication interface. More advanced forecast concepts can further
enhance the efficiency of the operation strategy.

The forecast-based operation strategies to enhance battery lifetime are combined with
strategies to reduce cut-off energy, as suggested in [144]. Two different strategies to store
cut-off energy are investigated: the fixed feed-in limitation and the variable feed-in limitation.
Additionally, two different forecast methods are investigated: perfect forecast and
persistence forecast, similar to [145]. The effectiveness of the presented operation strategies
is investigated with simulations using a model of a DC-coupled PV BESS. The influence on
battery lifetime is investigated on parameter sets for two different battery cell types
implemented in the model. These are based on the results of extensive lithium-ion cell tests
that are also presented in detail.

Different combinations of the strategies are discussed as well as the influence of the KfW
funding (see section 4.1.1), which results in lower investment costs but decrease possible
feed-in revenues. Furthermore, the influence of the battery size is discussed in this section.
Sensitivity analyses regarding feed-in limitations, different profiles for load and solar radiation
are investigated to validate the positive influence on the economics of the home storage
system provided by the developed operation strategy. The optimal system configuration in
dependency of the operation strategy is presented in section 5.3.1.

4.1.1 Literature review operation strategies BESS

Different operation strategies for residential PV battery storage systems are investigated in
numerous publications. The most common operation strategy is the maximization of self-
consumption. This operation strategy is addressed in different publications. In [40], Luthander
et al. investigate the PV self-consumption in buildings. Their findings show that the potential
for increased self-consumption is higher with battery storage than by demand side
management. Braun et al. investigate battery storage systems to enhance PV self-
consumption and conclude that PV battery systems increase the local consumption of PV
energy at the point of common coupling [66]. The enhancement of the self-consumption rate
in households with an electric vehicle with home charging is investigated in [146]. The
increased rate of utilization of residential photovoltaic generation by electric vehicle charge-
discharge control is examined in [147].

Furthermore, the operation of PV battery storage systems under consideration of different
feed-in tariffs is investigated. Schreiber et al. examine capacity-dependent tariffs and
residential energy management for photovoltaic storage systems [148]. Ratnam et al.
investigate battery storage with solar PV operation strategies under consideration of feed-in
tariffs and conclude that the majority of customers exhibited annual savings in the context of
feed-in tariffs [149]. Hassan et al. investigate the optimal battery storage operation for PV
systems with tariff incentives [150].

Further publications focus on operation strategies to enhance the battery lifetime. Li and
Danzer investigate optimal charge control strategies for PV BESS and conclude that the battery
lifetime is prolonged by minimizing the dwell time at high states of charge [143]. To minimize
the dwell time at high states of charge, a fixed maximum state of charge limit is used in [63].
Additional operation strategies, e.g. limiting the charging power [151] or delayed charging
[152] are discussed as well.
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Another important topic is the influence of PV systems on the distribution grid and the role of
battery storage systems. In [153], PV BESS with limited feed-in power and their impact on the
distribution grid are examined. Similar results are shown in [154], with focus on curtailment
in distribution grids with high PV penetration. The limitation of PV feed-in power in
combination with battery energy storage systems is discussed in this thesis as well.

An incentive to use PV BESS in Germany is the funding scheme introduced in 2014 by the KfW
Group, a German banking group focused on economic development [129]. To receive the
funding, the KfW Group demands additional grid relief of a funded PV BESS in the form of a
reduction of PV power feed-in to a maximum of 50 % of the rated PV power [13]. This
reduction of the feed-in power leads to loss of energy that cannot be fed into the grid. This
energy is called cut-off energy. Forecast-based operation strategies can reduce the cut-off
energy, as shown in a study by HTW-Berlin [144]. Two different strategies to store the cut-off
energy are investigated: the fixed feed-in limitation and the variable feed-in limitation [155].
The influence of forecast-based operation strategies on the grid are investigated in [145]. This
thesis compares a persistence forecast and a perfect forecast algorithm as forecasting
methods. A comparison of different operation strategies under consideration of feed-in limits
is conducted in [156]. The reduced impact on the energy system when using a forecast-based
operation is investigated in [157]. The authors conclude that forecast-based strategies for
grid-friendly operation are less profitable. Other publications focus on operation strategies for
PV BESS in micro grids [158].

4.1.2 Operation strategies

A huge variety of different operation strategies for PV BESS exists. The most common ones are
direct self-consumption and a fixed SoC limit to reduce the battery aging. These strategies are
compared with forecast-based operation strategies that pursue the goal of reduced battery
aging as well. Furthermore, operation strategies to gain grid relief are introduced. Some of
these strategies use forecasts to reduce the power feed-in to the grid. This might be necessary
e.g. to obtain the KfW funding for PV BESS in Germany [129]. Table 6 shows the discussed
operation strategies and the sections in which they are discussed. Furthermore, the
abbreviations, to identify the strategies, are shown. The two different kinds of strategies are
limiting the SoC to reduce battery aging and limiting the feed-in power of the PV systems to
gain grid relief. Table 6 gives an overview of the discussed strategies divided into these two
categories. Furthermore, a classification is given on how the feed-in limitation is realized.

limiting SoC
no limit fixed limit variable limit
limiting no limit max SC (4.1.4) fix SoC (4.1.5) FOS (4.1.6)
sower fixed limit fix P (4.1.7) fix SoC, fix P(4.1.8) | FOS fix (4.1.9)
variable limit | X X FOS variable (4.1.10)

Table 6: Overview of PV BESS operation strategies and their abbreviations and inter-dependencies
(section numbers in parentheses).
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4.1.3 PV power plant without BESS

In a household with a PV power plant, without battery storage system, the aim is to cover as
much of the occurring load of the household directly with the energy from solar generation as
possible. Therefore, the goal of this strategy is to maximize the direct consumption of the PV-
generated energy. If the residual power at the grid connection Pregiqual(t) is positive, the
remaining power is fed into the grid. The negative residual power is covered by the grid. Figure
34 shows the solar power production of a PV power plant and the covered load. The green
curve shows the PV-generated power. This energy is used to cover the load. Load covered by
PV generation is marked in dark blue. The excess energy is fed into the grid, marked by the
light green area. Load that cannot be covered by PV generation has to be taken from the grid,
marked in light blue. As seen in the picture, the PV generation reaches its peak at lunchtime,
which leads to a high grid feed-in during this time [159]. The residual power Pregiquar (t) is
calculated as

Presidual (t) = Ppyac(t) — Proadgac(t) (41)
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Figure 34: PV generation (6 kWp PV system) and load of a residential household with a PV power
plant without BESS. Load from the household is partly covered by PV generation.

4.1.4 Maximizing PV self-consumption

Maximizing self-consumption (max SC) is a simple operation strategy for BESS aiming to use
as much solar power for self-consumption as possible. The battery will store energy as soon
as positive residual power is available. This energy covers the demand of the household at
times of negative residual power. If the residual power is positive and the BESS is not fully
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charged, the PV BESS stores the residual energy. When the SoC of the battery reaches 100 %,
the positive residual power is fed into the grid. When the residual power is negative and the
battery is not fully discharged, the load is covered by discharging the battery. If the required
power of the household is higher than the maximum discharge power of the battery, the
missing energy is covered by the grid. As shown in Figure 35, the solar energy is shifted by this
strategy to cover load at times when there is not enough solar radiation available. So if there
is enough PV-generated energy and storage capacity, this strategy makes it possible to cover
the whole load. Figure 35 illustrates this scenario. The load is covered completely by the PV
generation and therefore marked in dark blue. This is due to energy stored during the day,
indicated by the dark green area. The load that occurs after the battery is fully charged is fed
into the grid, which is highlighted by the light green area. This operation strategy mainly aims
to reduce energy consumed from the grid [155]. On sunny days, the battery may reach the
target SoC already in the morning, subsequently the PV system feeds the surplus energy into
the grid. Thus, this strategy is not suitable to reduce feed-in peaks [160]. However, it can partly
contribute to the grid relief. Nevertheless, this operation strategy represents an economical
way for the use of a battery [155]. If the battery is oversized, the stored energy cannot be fully
discharged during the night and thus the full potential of the PV BESS cannot be used.
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Figure 35: PV generation (6 kWp PV system) and load of a residential household with a PV BESS.
Energy produced by the PV power plant is used to cover the load. Surplus energy is stored in the
BESS until the BESS is fully charged. The load is covered from the direct self-consumption of the PV
generated energy and the energy stored in the BESS (blue area). This operation strategy maximizes
the self-consumption of the PV power plant.
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4.1.5 Fixed SoC limit

The calendric lifetime as well as the cyclic lifetime of a lithium-ion battery, depends on the
average state of charge (SoC). An increase of the lifetime of a lithium-ion based battery system
can be achieved by reducing the average SoC [68]. Therefore, PV BESS often use fixed SoC
limits to reduce battery aging. The operation strategy remains more or less the same as for
the maximized self-consumption, except that the battery is not fully charged because of the
upper SoC limit. Depending on the solar energy production and the load demand of the
household, the limit could lead to a non-optimal use of the battery, for example if the SoC
limit is reached before the battery has stored enough energy to satisfy the energy demand of
the following night. This case is illustrated in Figure 36. The load that occurs in the morning
has to be covered from the grid as shown by the light blue area. The load in the afternoon and
night can by covered by the energy stored in the battery during day. This is highlighted by the
dark blue area.

A limit for the minimum SoC could also be applied. This limit is used to prevent deep
discharging of the battery. Deep discharging of the battery leads to severe aging of lithium-
ion batteries as shown in section 3.2.5.5 and [161]. Depending on the application, self-
discharge can lead to deep discharging if the battery is not stored correctly [162].
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Figure 36: PV generation (6 kWp PV system) and load of a residential household with a PV BESS.
Energy produced by the PV power plant is used to cover the load. Surplus energy is stored in the
BESS until the BESS reaches a fixed SoC limit. The load is partly covered from the direct self-
consumption of the PV generated energy and the energy stored in the BESS (dark blue area). Partly
the load is covered from the grid (light blue area). The SoC limit is set to enhance the lifetime of the
BESS.
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4.1.6 Forecast-based operation strategies

As mentioned in the introduction, a high average SoC leads to quicker aging of lithium-ion
batteries [68]. Operation strategies that maximize the self-consumption tend to store positive
residual power from PV when the energy is not needed. As a result, the battery might be
charged during day, but not completely discharged during night. This leads to the effect that
the average SoC is unnecessarily high and decreases the battery lifetime. Therefore, an
operation strategy is developed which stores only the amount of energy that is predicted to
be needed during the following night [163]. With this information the target SoC is calculated,
which stores exactly the amount of energy that is needed during night. The operation strategy
only stores energy until the target SoC is reached. It will not exceed the target SoC even if
there is more positive residual load available during daytime. This strategy is illustrated in
Figure 37. The dark blue load is covered from the PV-generated energy. Only the load that
occurs when PV generation is available but not sufficient to satisfy the complete power
demand, needs to be covered from the grid. This load is highlighted by the light blue area.
However, most of the load is covered by PV generation and thus indicated as the dark blue
area. Besides the forecast horizon of one night, longer forecast horizons are possible. In this
thesis a one-, two- and three-day forecast horizon is discussed.
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Figure 37: PV generation (6 kWp PV system) of a residential household with PV BESS using the
forecast-based operation strategy to enhance battery lifetime. Due to a flexible SoC limit of the BESS
the self-consumption can be enhanced in comparison to a fixed SoC limit shown in Figure 36.
Additional energy from battery is the additionally stored energy due to the use of the forecast-based
operation strategy.

The prediction of the energy that is needed during night is essential to determine the target
state of charge. Therefore, the determination of day and night time is crucial. The applied
approach defines the beginning of the night as the point where the residual power becomes
negative for the first time, and accordingly the end of the night is defined as the point when
the residual power becomes positive again. As a boundary condition, the time between these
two points should be a least seven hours. The seven-hour boundary condition is chosen
because an analysis of PV generation data from Lindenberg (Tauche), close to Berlin in
Germany, has shown that the shortest night of the year has 7.24 hours without sunlight [62].
If the time between negative and positive residual power is less than 7 hours, the negative
residual power is considered as a drop in generation during the day and not as the beginning
of nighttime. The energy demand during night (Econsumption_nignt) is the integral of the
residual power demand during night (Presiqual):

(42)
end night time

Econsumption_night = f Presidual (t) dt
begin night time
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To determine Prqgiqual (t), load forecasts are necessary. Two different forecast algorithms that
represent the best and the worst case are used. These algorithms are presented in section 4.4.
The target SoC (SoCy,rget ) fOr a one-day forecast is determined as:

E:consumption_night (43)

SoC =
CaPpattery

Cappattery IS the capacity of the battery. If the target SoC for a longer forecast horizon shall be
calculated, a PV production forecast is necessary. If the surplus PV production on the second
day (Epy 2nd_day ) is able to cover the energy demand (E¢onsumption_2nd_night) Of the second
night, the target SoC is the same as the target SoC of the one-day forecast. If the PV production
during the second day is not able to cover the energy demand of the second night, the
determination of the missing energy (AE,y_1oad2nd night) iS necessary. Epy_girect,2nd_night
describes the direct self-consumption of the second night.

AEpv—load,an_night = EPV,an_day - Econsumption_Zrld_night - Epv—direct,an_night (44)

This leads to a new target SoC for the first night (SOCarget,2 day prog)- This SOC will be calculated
with equation (45).
Econsumption_night T AEpy—10ad,2nd_night (45)

SOCtarget,Z day prog — CaPpatter
y

The three-day forecast strategy needs to calculate the energy demand of the following three
nights. If the energy production of the two following days can cover the corresponding energy
demand, the target SoCis calculated in the same way as the one-day forecast. If not, the target
SoC is calculated as

Econsumption_night + AEpv—load,an night + AEpv—load,Bth night (46)

SOctarget,S day prog — CaPpart
attery

AE Ly _10ad,2nd night @d Epy_10ad 3th night are calculated as described in equation (44). The
target SoC determination for the two- and three-day forecast is done on a daily basis to
minimize the influence of forecast errors. For these forecast horizons the additional aging due
to the increasing SoC needs to be evaluated. This is presented in section 4.5.1. A penalty
function to internalize the additional battery aging is not minded by the operation strategy.
Therefore, the operation strategy does not take the costs due to increased battery aging into
account. This function could be used to optimize the operation strategy. Instead, this analysis
uses static forecast horizons.

4.1.7 Fixed cut-off limit

To reduce the influence of PV BESS on the grid [160] the new funding scheme for PV BESS by
the KfW Group in Germany requires additional grid relief. To gain this grid relief, a reduction
of PV feed-in power to a maximum of 50 % of the rated PV power [13] is required. The feed-
in power limit leads to energy that cannot be fed into the grid. The most direct operation
strategy to gain this grid relief is to cut off the feed-in power. The energy that has been cut-
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off cannot be fed into the grid and causes losses of PV production. This energy is called cut-
off energy. The corresponding limit value is called cut-off limit.

This strategy charges the battery as quickly as possible, similar to maximizing self-
consumption. If the battery is already fully charged, the PV facility feeds the residual power
below the cut-off limit P, into the low-voltage grid, while the surplus energy is discarded
by power derating of the converter. Figure 38 illustrates the strategy. The green curve shows
the PV production. The part that is used to charge the battery is represented by the dark green
area, and the part that is fed into the grid is represented by the light green area. The cut-off
energy is the cyan space below the green curve. Disadvantages of this operation strategy are
the losses of PV energy due to the limitation. Nevertheless, this strategy can contribute to the
grid relief and can help to avoid feed-in peaks [155].
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Figure 38: PV generation of a residential household with a 6 kWp PV power plant and a BESS under
consideration of a feed-in limit of 50 % of the rated PV power. Residual PV-generated energy is
stored in the battery until the battery is fully charged. PV-generated power, which exceeds the feed-
in limitation and cannot be stored in the battery, has to be cut-off.

4.1.8 Fixed SoC limit with fixed cut-off limit

The fixed SoC limit with fixed cut-off limit combines the strategies limiting SoC (4.1.5) and
applying a fixed cut-off limit (4.1.7). The power feed-in to the grid is limited to a fixed value to
gain grid relief, and the target state of charge is limited to a fixed value to reduce battery

aging.

4.1.9 Fixed cut-off limit with forecast-based operation strategy

Both forecast-based operation strategies with cut-off limits, the fixed limit as well as the
variable limit pursue two goals. The first goal is to enhance the battery lifetime without
reducing energy throughput of the battery dramatically. To fulfil the goal of enhancement of
battery lifetime, the algorithm as described in section 4.1.6 is applied. Only the amount of
energy predicted to be needed during night is stored to reduce the average SoC.
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The second goal is to store the cut-off energy if a cut-off limit is set. To reduce the cut-off
energy, the PV BESS stores energy as soon as the residual power is higher than 50 % of the
maximum normalized power of the solar panels [164].

This energy is stored in the BESS, even though it exceeds the energy demand of the following
night. In this case excess energy for the following day is produced. The calculation of the
energy limit of the following day considers this surplus energy.

The forecast-based operation strategies estimate the energy that is stored in the PV BESS due
to the PV rated power limit. If this cut-off energy is not able to cover the energy demand
during the following night, the missing energy will be stored in the battery using the residual
power below the limit in the morning. After charging in the morning, the battery will only be
charged with the residual power above the PV rated power limit, shown by the dark green
area in Figure 39. Energy that is not directly used or stored in the battery is fed into the grid,
represented by the light green area in Figure 39.

If the residual energy that is needed to be stored due to the feed-in limitation exceeds the
battery storage capacity, energy is cut-off.
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Figure 39: PV generation of a residential household with a 6 kWp PV power plant and a BESS under
consideration of a feed-in limit of 50 % of the rated PV power. The BESS is operated with a forecast-
based operation strategy. The BESS stores the PV-generated power over the feed-in limitation to
avoid cut-off energy. Additional energy is stored in the morning to cover the energy demand of the
following night.

To calculate the cut-off energy E utofr Of the current day for a household with PV system and
battery storage, the predicted daily course of the residual power Pr.qgiquar(t) is used. The
different prediction strategies are described in section 4.4. The residual load values
Presidual,order (t) are arranged in a so-called Pareto chart according to their value in descending
order [145]. With the ordered residual power values, the cut-off energy E o5 Can be
calculated with equation (47).
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47
Ecutoff = .f maX{Presidual,order(t) - Pcutoff,fix(t)’ 0} dt ( )

Peutott fix is the fixed cut-off limit. If the KfW funding requirements shall be fulfilled, this limit
is set to 50 % of the PV nominal peak power. The SoC limit to which the battery needs to be
charged in the first phase can be calculated with equation (48). Therefore, the battery is
charged with the cut-off energy. If the cut-off energy is not enough to fulfil the energy demand
of the following night, some additional energy needs to be charged into the battery. The SoC
until the battery needs to be charged in this first phase is called first phase SoC limit
(S0Ctarget first phase)- In the case this limit is reached, the battery will store enough energy to
cover the load in the following night.

Ecutoff (48)

SoC = max {SOCtarget,first phase — 03

)
Capbattery

4.1.10 Variable cut-off limit with forecast-based operation strategy

The variable cut-off limit with forecast-based operation strategy is similar to the strategy
described in 4.1.9. Both strategies pursue the same goals: enhancing the battery lifetime
without reducing the energy throughput dramatically and storing the cut-off energy. The
advantage of the variable feed-in limitation is a higher grid relief compared to the fixed feed-
in limitation as shown in [31]. The variable cut-off strategy calculates a power feed-in limit for
every day depending on the predicted energy demand at the following night. Only the energy
above the power limit will be stored at the battery system. In Figure 40 this energy is
highlighted by the dark green area. All the energy below this limit would be fed into the grid
as well. If the calculated cut-off limit is higher than 50 % of the PV rated power, the limit is set
to 50 % of the PV rated power [164]. The principle of this strategy can be seen in Figure 40.
Similar to the aforementioned strategy this strategy in section 4.1.9 stores the entire residual
load above the feed-in limit, even though this energy exceeds the energy demand of the
following night. In this case the surplus energy is taken into account for the calculation of the
feed-in limit of the following day.
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Figure 40: PV generation of a residential household with a 6 kWp PV power plant and a BESS under
consideration of a feed-in limit of 50 % of the rated PV power. The BESS is operated with a forecast-
based operation strategy and a variable cut-off limit. The BESS stores the PV-generated power over
the feed-in limitation to avoid cut-off energy. Additional energy is stored to cover the energy
demand of the following night. To gain further grid relief the additionally stored energy reduces the
PV feed-in limit over the 50 % feed-in limit. The PV feed-in is less than 50 % of the rated PV power
even though more is produced.

The feed-in limit is set for every day. Considering the forecast, the limit is daily adjusted to
cover the demand during the night. The battery is charged only with the energy above this
limit, which is presented in Figure 40. To calculate the feed-in limit, an iterative algorithm
searches for the cut-off limit Pcyiofevar until equation (49) is satisfied. The algorithm makes
sure that the variable cut-off limit is always below the fixed cut-off limit P, off fix- If nOt, the
fixed cut-off limit is applied.

(49)

f ncharge ' maX{Presidual,ordered (t) — max {Pcutoff,var(t)f Pcutoff,fix(t)}' O}dt

= Eresidual,neg

The energy demand E ¢giqualneg iS calculated based on equation (50). This equation is similar
to equation (42).
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(50)
fend night time

begin night time Presidual (t)dt

Eresidual,neg = Mdiseh
ischarge

4.2 Operation strategies heat system

4.2.1 Literature review

The literature review is focused on literature concerning operation strategies for integrated
homes. Numerous publications deal with topics related to operation and sizing of BESS. A
review of energy storage technologies is given in [165] and a review addressing the BESS size
is given in [166]. Furthermore, a wide range of publications addresses the topic of PV systems
with power-to-heat coupling in residential households. [167] investigates the operation of PV
heating systems without storage systems. Other publications address PV BESS heat coupling
systems. Publication [168] for example, focusses on the influence on the self-consumption.
Klingler et al. investigate the influence of heat pump and electric vehicles (EV) on the self-
consumption rate and the market potentials of PV systems [169]. Operation strategies for heat
systems are analyzed in further publications. In [170], the heat storage system is charged
preferred to the battery system. The approach in [171] investigates a preference charge of the
battery storage system. Further publications focus on the demand side management (DSM)
potential of these systems and the different roles they play in the market [172]. [173] presents
a work on cost-optimal and rule-based control for buildings with PV, heat pumps and storages
to increase the value of PV for the prosumer. The rule-based control aims at maximizing PV
self-consumption. The demand side management through heat pumps, thermal storage and
battery storage to increase local self-consumption and grid compatibility of PV systems is
investigated in [174]. The influence of residential power-to-heat systems on the gird is
investigated in further publications. The reduction of heat pump induced peak electricity use
through thermal energy storage and demand response is investigated in [175]. [176] presents
a scheduled operation of heat pump systems for voltage control. Fixed feed-in limits are
addressed in [177], where the PV curtailment reduction with smart homes and heat pumps by
appropriate control of the heat pumps is discussed. In [178] the authors examined different
topologies and sizing of PV-heat systems.

4.2.2 Heat sector operation strategies

A heat management system (HMS) ensures a reliable operation of the heat system. The heat
management system is required to ensure that the demands of domestic hot water (DHW)
and heating are covered at all time. To accomplish that, the HMS requests electric energy to
operate the heat pump. Two boundary conditions have to be considered. In accordance to
DIN EN 15450, the heat pump has a minimum runtime of 20 minutes and thus maximum three
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switching operations are allowed each hour in order to ensure sufficient lifetime.
Furthermore, the coverage of the DHW demand has priority over the coverage of the heat
demand. If the demand of heat could not be covered by the storages, the heat pump is
operated with full power (Agp = 1) to ensure that the demand is always covered. In the case
that the heat pump is not able to cover the demand, the electric heaters in the storages are
used to deliver the additional heating energy.

Room Heating:

The most important control variable for room heating is the room temperature. Regarding
DIN EN 12831, the minimum temperature for the living area is 20 °C. Furthermore, the
maximum heat flux density of 100 W/m? considering DIN EN 1264-1 is considered as well as
the maximum surface temperature of floor heating, which is 35 °C. A heating period from
October 15t to April 30t is applied. Apart from this heating period, the heat system is shut
down [179].

DHW:

The DHW should have a temperature of 40 °C [172]. To provide this temperature and
considering the maximum output temperature of the heat pump of 55 °C, the minimum
temperature of the heat storage is set to 45 °C. If a higher temperature is requested, the
electric heaters have to support the system.

The HMS reacts to the charge order from the EMS. The three storages, buffer storage, DHW
storage and the room temperature, can provide flexibility. These storages operate in a certain
temperature range. If one of them reaches the lower boundary temperature, the heat pump
starts and charges the storages until one storage reaches the upper boundary temperature. If
the HMS should charge the storages in order to enhance the self-consumption, the charge
boundaries are considered. The charge boundaries are the normal boundaries plus the spread
temperatures. The spread temperatures are determined by the optimization. In this case, the
temperatures are higher in order to store energy for shortages. The storage units are kept at
a higher temperature in the charging case in comparison to the non-charging case. Therefore,
the minimum boundary temperature is higher in the charging case.

A layered storage model is used. Therefore, the temperature of the top layer is considered. If
the room or the DHW storage falls short of a certain temperature limit, the “necessary” mode
is activated. In this case, the electric heater provides additional heating power. During the
summer months, the buffer storage is not charged because the buffer storage supplies the
room heating.
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CHARGE==true CHARGE==false Necessary
Tmin Tmax Tmin Tmax
[°C] [°C] [°C] [°C]
TBuffer,min TBuffer,max T ) T
Buffer storage =32 °C+ =TBuffer,upper+ Buffeor,mm Buffer,max
=32 °C =TBuffer,upper
TBuffer,spread TBuffer,spread
ToHW,min ToHw,max= T T _ | Tonwrop <44.5°C
DHW storage =45 °C  + | Touw,uppert DHW,min DHW,max
45 °C TDHW,upper
TDHW,spread TDHW,spread
R00m temperature Troom= Troom= 22 DC Troom= Troom= Troom <195 0C
20°C 20 °C 21°C

Table 7: Storage temperatures in dependency of the operation mode.

The data of maximum temperature of the DHW storage and buffer storage as well as the data
of spread temperature of the buffer storage are used as optimization variables. For the non-
optimization setting, the values given in Table 8 are used. These values are illustrated in Figure

41.

[°C] | [kWh]
TBuffer, max 40 6.1
TBuffer, spread 5 1.75
TDHW, max 55 10.5
TDHW, spread 5 1.75

Table 8: Temperatures applied to the non-optimized scenario. The maximum storage capacity is
calculated based on a 300 | storage volume (300 | DHW, 300 | buffer) and a minimum temperature
of 20 °C for the lowest layer.
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Figure 41: Boundary temperatures of the DHW and buffer storage in the non-optimization scenario.
The temperatures of the water storage units in the charging case and non-charging case are
depicted.

4.3 Combined operation strategies

This section combines the operation strategies for the electrical part presented in section 4.1
and for the electrical part presented in section 4.2. The operation of the heat-power coupling
system is based on a Master-Slave-Architecture. The Energy management system (EMS)
receives information from the heat management system (HMS) and the battery management
system (BMS). Hence, the EMS operates as the master. The EMS priority is to satisfy the
demand of electric power and heating power of the household. To satisfy the heat demand,
the HMS requests an electric demand for the heat pump and the auxiliary heating. Based on
this information, the EMS calculates the residual load. The operation of the heat storage and
the battery storage depends on the residual load. The calculation of the residual load is based
on the following equation:

Pri = PLy — Ppy (51)
Pri, = residual load[W]

P.y = load of household with heat pump [W]

Ppy = PV feed — in [W]

If the residual load is negative, which means that more PV energy is available than needed for
the actual demand, the EMS charges the storages. Therefore, the EMS sends a charging order
to the different storage facilities in dependency of the applied operation strategy. An overview
of the investigated operation strategies is presented in Figure 42. The operation of heating is
independent of the operation of the electrical system. Both sectors are coupled with an
intelligent energy management system that controls the operation of the storages.
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Figure 42: Investigated operation strategies and their interdependencies.

The operation strategy of the heat system is not influenced by the operation strategies applied
to the battery system. In dependency of the applied operation strategies of the heat system,
the EMS charges the battery or the heat storages. The examined operation strategies are
explained in the following sections.

4.3.1 Heat storage as a passive element

The simplest strategy is to let the heat system work only as a passive element. In this case, the
heat system is used as an additional load. The storage units are only used to reduce the
number of cycles of the heat pump and to make sure that the heat pump is only operated in
an efficient mode. The heat storage units are not used to increase the self-consumption of the
PV system by storing surplus energy.

4.3.2 Priority battery charging

The operation strategy “priority battery charging”, charges the battery storage system first,
because electric energy is a “higher” form of energy than heat. Only if the battery storage is
fully charged in case of the maximized self-consumption strategy, or the BESS is charged until
the max SoC limit in case of the forecast based operations strategy (FOS), and there is still
negative residual load available, the thermal storages are charged. The battery is employed if
the EMS sends a charging order to the BMS. Before the EMS sends a charge command to the
HMS, the EMS checks whether the available negative residual power is enough to run the heat
pump. Otherwise, the residual power is fed into the grid. The modeled heat pump is only
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switched on or off in the static operation mode, therefore there has to be enough surplus
power to run the heat pump. The algorithm does not check if the surplus will be high enough
to run the heat pump for the minimum runtime.

4.3.3 Priority heat storage charging

This operation strategy for heat systems charges the heat storage with highest priority.
Therefore, the EMS sends a charging order to the HMS whenever residual power is available.
This operation strategy aims to avoid conversion losses of the BESS. If energy is stored in the
battery during daytime and is used for heating after sunset, conversion losses due to charging
and discharging of the battery occur, as well as additional battery aging. Therefore, the heat
storages are charged preferentially in order to avoid these conversion losses. To prevent that
too much energy is stored in the heat system, a persistence prognosis is applied. The
assumption is made, that the heat demand will be the same as the heat demand of the
previous day. Therefore, the residual energy is only charged to the heat storage as long as the
actually stored thermal energy is less or equal to the total thermal energy of the previous day.

4.4 Forecasting methods

The aforementioned forecast-based operation strategies use generation and consumption
forecasts. To investigate the influence of forecast errors, two different scenarios are
presented, which represent the variety of prediction methods. A perfect forecast is used,
which constitutes the best case and a persistence forecast is used to constitutes the worst
case [145]. The perfect forecast cannot be reached in reality, because this strategy uses the
assumption that we can predict the future without forecast errors. The persistence forecast is
a widely known method of meteorology. The assumption is that the weather changes very
slowly. It is assumed that today's weather is similar to yesterday’s weather and therefore the
PV generation will be the same as the day before.

PPV,forecast(t) = l:)PV,measured (t - 1d) (52)

The advantage of this strategy is that it is easy to integrate into other models. The
implemented strategy assumes the load demand for the actual weekday as well. The
assumption is made that the load will be identical to the load last week on the same day [145],
which is presented in equation (53).

Pload,forecast(t) = pload,measured (t - 7d) (53)

The comparison between perfect forecast and persistence forecast is used to present a worst-
case scenario (persistence forecast) and a best-case scenario (perfect forecast or ideal
forecast-based operation strategy). The implementation of advanced forecasting methods, for
instance artificial neural networks or the incorporation of weather forecasts would enhance
the forecast accuracy in comparison to the worst-case scenario presented in this work. The
disadvantage of advanced forecasting methods is additional computational effort, which leads
to higher losses of the BESS and data availability. If weather forecasts are used, additional
costs for forecasting fees and a connection to the internet might add to the other cost. The
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influence of further, advanced forecast-based operation strategies on the economics of home
storage systems is not investigated in this thesis.

The forecast-based operation strategies are only applied in the summer months, to use the
full potential of the storage system during winter, because only in the summer months a
violation of feed-in limitations appears.

4.5 Comparison of operation strategies for photovoltaic
battery storage systems

The strategies presented in section 4.1 are applied on the presented PV BESS model. In this
section, the power-to-heat coupling is not presented. The analyses in section 4.5.1 to section
4.5.4 are performed on the PV BESS model with the aging characteristic of the 18650 LG Chem
cell. Finally, the influence of the operation strategies is evaluated on the PV BESS model
parametrized with the 45 Ah NCA Saft cell, leading to the results presented in section 4.5.5.
The forecast-based operation strategies (FOS) are combined with the two forecast strategies
and are analyzed for different forecast horizons. Table 9 contains the abbreviations for the
analyzed strategies. These abbreviations are used to identify the strategies precisely.

Name of the strategy Section Abbreviation

PV power plant without a PV BESS 413 without PV BESS

maximize PV self-consumption 4.1.4 max SC

limiting SoC 4.1.5 fix SoC limit

ideal one-day FOS 4.1.6 ideal one-day FOS

ideal two-day FOS 4.1.6 ideal two-day FOS

ideal three-day FOS 4.1.6 ideal three-day FOS
persistence one-day FOS 4.1.6 persistence one-day FOS
persistence two-day FOS 4.1.6 persistence two-day FOS
persistence three-day FOS 4.1.6 persistence three-day FOS
fixed cut-off limit 4.1.7 fix P limit

fixed SoC limit with fixed cut-off limit 4.1.8 fix SoC fix P limit

fixed cut-off limit with ideal FOS 4.1.9 ideal one-day FOS fix

fixed cut-off limit with persistence FOS 4.1.9 persistence one-day FOS fix
variable cut-off limit with ideal FOS 4.1.10 ideal one-day FOS variable
variable cut-off limit with persistence FOS | 4.1.10 persistence one-day FOS variable

Table 9: Abbreviations of the analyzed PV BESS operation strategies.
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4.5.1 Analysis of battery lifetime enhancement due to forecast-based

operation strategies

Forecast-based operation strategies (FOS) are used to enhance the battery lifetime.
Therefore, the influence of FOS on the battery lifetime is analyzed. This analysis is based on
[163].

The state of charge (SoC) characteristic during a week in July is illustrated in Figure 43. The
blue curve shows the SoC behaviour when the maximize PV self-consumption operation
strategy (max SC) is used. The red curve shows the SoC behaviour when the ideal one-day FOS
is applied. The battery reaches exactly a SoC of 0 % at the end of the nightly discharge. Using
the max SC strategy, the average SoC from July 15t to July 6™ is 68 %, while the use of the ideal
one-day FOS strategy reduces the average SoC to 29 %. With this strategy the average SoC for
the selected week in July can be halved. The annual average SoC can be reduced as well. The
SoC of the max SC strategy is 30 %, whereas the annual average SoC using the ideal one-day
FOS is 17 %. Due to the reduction of the average SoC, the lifetime of the battery is enhanced
by around 4.3 years as shown in Figure 45.
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Figure 43: State of charge of the PV BESS with and without a forecast-based operation strategy from
July 1%t to July 6.

To analyze the influence of the forecast horizon the FOS are used with different forecast
horizons on the same household. Longer forecast horizons aim to use an excess of PV energy
on the first day to overcome shortages of PV generation on the next days. For this analysis, a
one-day forecast horizon is compared to a two- and a three-day forecast horizon. The result

is depicted in Figure 44.
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Figure 44: State of charge of the PV BESS operated with forecast-based operation strategies from
April 21° to April 26"™. Comparison of different forecast horizons for one-, two- and three-day
forecast.

The red line in Figure 44 represents the ideal one-day FOS which uses a load forecast for the
following night. The green line depicts a forecast horizon of two days, and the blue line
represents the SoC when a three-day forecast is applied on the FOS. The selected example
shows changes of the SoC curve at multiple points if different forecast horizons are applied.
At these points, energy is stored over two or three days to satisfy the energy needs of the
following nights. The analysis shown in Figure 44 is based on an ideal forecast.

The SoC is strongly related to the battery lifetime, according to [68]. Figure 45 illustrates the
lifetime of the battery for different operation strategies. The correlation between SoC and
lifetime can be observed. Due to the use of FOS, the SoC can be reduced as shown in

Figure 43. This leads to an enhanced battery lifetime as shown in Figure 45. The increased SoC
of a two- or three-day forecast as shown in Figure 44 leads to a reduced lifetime according to
Figure 45. The simulations show that due to forecast errors the average SoC of the persistence
forecast is lower compared to the multi-day forecasts, which leads to a longer battery lifetime.
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Figure 45: Influence of different forecast strategies and different forecast horizons on the battery
lifetime of a PV BESS with a 10 kWp PV power plant and a 10 kWh BESS.

4.5.2 Influence of forecast-based operation strategies on the LCOEle

of PV BESS

This section focuses on the influence of FOS on the LCOEle of households with PV BESS. To
assess the economy of the operation strategies, the LCOEle described in section 3.5 is used.
Besides the lifetime of a battery, the energy throughput of a BESS plays an important role for
the LCOE. Analogous to Figure 45, the annual energy throughput of the different operation
strategies is illustrated in Figure 46. The comparison of these results shows a strong
correlation between battery lifetime and annual energy throughput. The annual throughput
increases while the lifetime decreases. The highest annual energy throughput is reached when
the max SC strategy is used. This is obvious because in this case energy is stored as soon as
positive residual power occurs and the battery is not fully charged. If the ideal three-day FOS
is used, the annual energy throughput is closer to the max SC strategy. Accordingly, the ideal
one- and two-day FOS strategies have a lower annual energy throughput.

When the persistence forecast is used, the predicted target SoC differs from the one when the
ideal forecast is used. If the target SoC is overestimated by the persistence forecast, the PV
BESS cannot store enough energy to gain the calculated target SoC at times. This is the case
when there is not enough residual energy available. If the target SoC is underestimated, the
chance that enough residual energy is available to achieve the target SoC is higher. This is why
the forecast inaccuracies lead to lower annual energy throughput when the persistence
forecast is used. If the persistence forecast is used, the battery lifetime is higher because the
battery has a lower average SoC compared to the ideal forecast.
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Figure 46: Influence of different forecast strategies and different forecast horizons on the annual
energy throughput of a PV BESS with a 10 kWp PV power plant and a 10 kWh BESS.

To compare the efficiency of the different operation strategies, the total energy throughput
over the battery lifetime has to be taken into consideration. This value shows how efficient
the same asset is used. If the BESS has a higher energy throughput over its lifetime, the BESS
is being used in a more efficient way. Therefore, the energy throughput over the battery
lifetime E,jfe can be used as an indicator to determine how efficiently a PV BESS is used.
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Figure 47: Influence of different forecast strategies and different forecast horizons on the total
energy throughput over the battery lifetime of a PV BESS with a 10 kWp PV power plant and a
10 kWh BESS.

The resulting total energy throughput for the different operation strategies is shown in Figure
47 and calculated by a simulation over the whole lifetime of the BESS. The reduction of battery
lifetime when the max SC strategy is used leads to the lowest overall energy throughput. The
highest energy throughput over the battery lifetime is reached with the ideal one-day FOS. As
described in section 4.1.6 a penalty function to internalize the additional battery aging is not
implemented in the operation strategy. This is why multi-day forecast horizons lead to an over
proportional battery aging. Nevertheless, all FOS have significantly higher energy throughputs
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compared to the case of the max SC strategy. The persistence one-day FOS shows a slightly
reduced energy throughput over the battery lifetime compared to the ideal one-day FOS.
The annual energy throughput has a higher influence on the revenue than the battery lifetime
due to scale and annuity effects. Scale effects lead to lower costs for future PV BESS, often
favoring the implementation of cheaper and less long-lasting PV BESS. Annuities lead to the
effect that payments in the future are less valuable than payments in the present due to
interest rates. BESS with a long battery lifetime generate more revenues in the future, which
are less valuable than revenues in the present. This is why the levelized cost of electricity
(LCOE) is used to evaluate the economy of PV BESS.

PV only
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Figure 48: Levelized cost of electricity (LCOEle) of different operation strategies of a PV BESS with a
10 kWp PV power plant and a 10 kWh BESS.

Theillustrated results in Figure 48 confirm the results of Figure 47. A higher energy throughput
over the battery lifetime leads to lower LCOEle and therefore to a higher profitability. The
ideal one-day FOS is the most profitable strategy and reduces the LCOEle in comparison to the
max SC strategy. Even the utilization of the persistence one-day FOS leads to a reduction of
the LCOEle compared to the max SC strategy. When the persistence forecast is used, the one-
day forecast horizon leads to lower LCOEle as well as shown in Figure 49. Certainly, the three-
day forecast leads to lower LCOEle than the two-day forecast, because the forecast
inaccuracies compensate for each other. A system with sole use of photovoltaics leads to the
lowest LCOEle.
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Figure 49: Effect of different forecast horizons on the LCOEle using persistence forecast. Results are
for a residential 4-person household with a PV BESS with a 10 kWp PV power plant and a 10 kWh
BESS.

4.5.3 Usage of forecast-based operation strategies with feed-in

limitations

As described in section 4.1.6, the consideration of feed-in limits for PV BESS can be useful.
Section 4.1.8 and section 4.1.10 pointed out that FOS for PV BESS could be used to reduce the
cut-off energy of PV systems. The cut-off energy could be stored in the battery in order to
reduce cut-off losses. In this section, the introduced strategies FOS fix and FOS variable are
compared with a fix P limit strategy and a PV system without a BESS. Furthermore, the
influence of different forecast strategies is investigated as well.

persistence one-day FOS

ideal one-day FOS

max SC

without BESS

0 100 200 300 400 500 600 700 800 900
Cut off energy [kWh/a]

Figure 50: Cut-off energy using forecast-based strategies.
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If the PV feed-in is limited to 50 % of the initial PV rated power, as claimed by the KfW to
obtain the funding, about 840 kWh/a have to be cut off from a 10 kWp PV system if no BESS
is installed. Figure 50 shows the comparison of the cut-off energy for different operation
strategies. If a 10 kWh PV BESS is used, which focuses on increasing the self-consumption, the
cut-off energy can be reduced to about 816 kWh/a, if the PV BESS considers the feed-in limit
(fix P limit strategy). This result is comparable to the results in [144] and [31]. When the ideal
one-day FOS or the persistence one-day FOS is used, the cut-off energy can be stored almost
completely because the used battery size is big enough to store the complete energy of the
midday peak. It is evident that cut-off energy can be reduced by using forecast-based
operation strategies as shown in Figure 50 and presented in [144].

The funding of a PV BESS by the KfW Group requires a feed-in limit for the PV system. The KfwW
Group grants a subsidy to the installation cost of the BESS. The amount of the subsidy depends
on the installation year of the BESS [129]. In this thesis, an installation of the BESS in 2017 and
therefore a subsidy of 13 % is assumed as shown in Table 4.

The subsidy leads to reduced LCOE. The feed-in limit leads to rising LCOEle because the cut-
off energy needs to be compensated. This specifically applies to the maximized self-
consumption strategy. The LCOEle of the forecast strategies are increased because more
energy is stored on days with high-energy supply than needed in the following night. The BESS
stores more electricity to minimize the cut-off losses than needed due to forecast
inaccuracies.

oot || ]
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W with variable feed-in limit O with fixed feed-in limit

Figure 51: LCOEle of a residential 4-person household with a PV BESS (10 kWp PV power plant;
10 kWh BESS) under consideration of cut-off limitation of the PV-system to 50 % of the peak power.
Two different cut-off methods are analyzed: variable feed-in limitation and fixed feed-in limitation.

Figure 51 shows the resulting LCOEle under consideration of the PV cut-off limit and the KfW
funding. The reduced installation cost due to the funding overcompensates the cost of
curtailment. The small difference between the variable and the fixed feed-in limitation using
the ideal FOS can be explained by the efficiency of the battery converter. When the fixed feed-
in limit is used the converter operates in a slightly more efficient range, due to higher charging
power in the morning. The higher forecast inaccuracies using the persistence forecast lead to
increased LCOE.

The limitation of the target SoC is a strategy often used to enhance battery lifetime and is
described in section 4.1.5. Concerning [63], an SoC limit of 70 % of the maximum capacity is
used when the fix SoC limit strategy is applied. This limit is also applied on the one-day ideal
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FOS. Figure 52 shows the comparison of the LCOEle under consideration of the fixed SoC limit.
The fixed limit reduces the LCOE. The positive influence of the FOS on the LCOEle remains,
especially under consideration of a PV feed-in limitation. The results presented in Figure 52
indicate that a fixed SoC limit leads to lower LCOE. A reason might be that the BESS is
oversized. The oversized BESS was chosen because the market analysis based on [180], which
was mentioned in section 3.4, shows that 10 kWh is a very common size for the PV BESS
available today.

ideal one-day FOS and SOC limit -

70%

fix SOC limit 70%

[
024 025 026 027 0,28
LCOEle [€/kWh]

W with fixed feed-in limit O without feed-in limit

Figure 52: LCOEle of a residential 4-person household with a PV BESS (10 kWp PV power plant;
10 kWh BESS) under consideration of cut-off limitation of the PV-system to 50 % of the peak power.
The max SoC limit is considered to reduce the battery aging.

4.5.4 Influence of the battery size on the LCOEle of forecast-based

operation strategies

An alternative to limiting the maximal SoC is a reduction of the battery size. A reduced battery
size leads to a higher burden on the battery, but also to lower investment cost. A battery size
of 5 kWh is chosen for this analysis. In this case, the cut-off energy, under consideration of the
max SC operation strategies, is increased to 831 kWh/a compared to 816 kWh/a if a 10 kWh
BESS is installed. The resulting LCOEle is depicted in Figure 53. Even though the battery size is
smaller, the one-day ideal FOS still has a positive influence on the LCOEle compared to the
max SC operation strategy, due to a longer lifetime of the BESS.
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Figure 53: LCOEle of a residential 4-person household with a PV BESS (10 kWp PV power plant; 5 kWh
BESS).

Figure 54 depicts a sensitivity analysis of different battery sizes regarding the self-sufficency
SS;ate rate and the LCOEle. The calculation of the self-sufficency rate is presented in equation
(54).

Epy (54)
SSrate = used

Etotal load

The self-sufficiency rate is enhanced with increasing battery size. The self-sufficiency rate
when the ideal-one-day FOS is applied leads to saturation because of the forecast horizon of
one day. This is why the self-sufficiency rate is higher when the max SC operation strategy is
applied at BESS with higher capacities. The LCOEle, under consideration of the max SC
operation strategy and the ideal-one-day FOS, is presented. The utilization of the ideal-one-
day FOS has a positive influence on the LCOEle and increases the economics of the BESS
accordingly, especially under consideration of BESS capacities greater than 5 kWh. The reason
for the lower LCOEle when the ideal-one-day FOS is used is the longer lifetime of the BESS.
The analyses point out that lower capacity of BESS leads to lower LCOE, which is consistent to
[63]. The optimal system configuration in dependency of the operation strategy is presented
in section 5.3.1.
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Figure 54: Self-sufficiency rate (left) and LCOEle (right) of a residential 4-person household with a PV
BESS (10 kWp PV power plant). Different battery sizes are compared.

4.5.5 Influence of the rated PV power on the LCOEle of forecast-

based operation strategies

To test performance of the presented FOS with a different size of the PV system the following
analysis is presented. For this analysis, a 5 kWp PV power plant is chosen instead of the
10 kWp PV power plant. Analog to the analysis in section 4.5.4, the feed-in limitation to 50 %
of the PV peak power and no feed-in limitation is examined. A reduced rated PV power of
5 kWp leads to reduced cut-off energy of 353 kWh/a compared to 840 kWh/a with a 10 kWp
PV system. An additional 10 kWh BESS, operated with a max SC strategy, reduces the cut-off
energy to 252 kWh. Figure 55 shows the results of the analysis for the LCOE. The decreased
rated PV power increases the LCOE, because generation costs for PV energy are lower than
the feed-in tariff for PV energy. The application of the one-day ideal FOS reduces the LCOEle
compared to the max SC operation strategy. In this case, a PV system without a BESS leads to
the lowest LCOE.
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Figure 55: LCOEle of a residential 4-person household with a PV BESS (5 kWp PV power plant; 10 kWh
BESS) under consideration of different operation strategies.

4.5.6 Influence of the load profile on the LCOEle of forecast-based

operation strategies

To determine the influence of different load profiles, the used load profile is scaled by a factor
of 1.2. This is due to the fact that the applied profile amounts to an annual energy
consumption in accordance to the standard load profile of a 4-person household. Findings
from the WMEP monitoring program [13] suggest that the type of analyzed households has a
20 % higher energy consumption in comparison. Figure 56 presents the resulting LCOEle for
the variation of the load profile. The increased load leads to slightly higher LCOE. Due to the
higher load, a higher amount of energy needs to be stored during the day. This leads to a
increased battery aging, which increases the LCOEle slightly. Nevertheless, the one-day ideal
FOS still has a positive influence on the LCOE. If the load is increased by the factor 1.2, the cut-
off energy under consideration of a max SC operation strategy is reduced to 808 kWh/a
compared to 816 kWh/a.
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Figure 56: LCOEle of a residential 4-person household with a PV BESS (10 kWp PV power plant;
10 kWh BESS) under consideration of cut-off limitation of the PV-system to 50 % of the peak power.
The load of the household is increased by the factor 1.2 compared to the aforementioned scenarios.

4.5.7 Evaluation of the influence of the operation strategies on the

45Ah NCA Saft cell

The influence of the forecast-based operation strategies is verified on the 45 Ah NCA battery
cell from Saft. This battery cell is used for the analysis published by [163] and [164] as well.
The specifications of the cell are given in [181]. This battery has a higher quality and therefore
a higher lifetime and a higher price compared to the LG Chem 18650 battery cell. The price for
high quantities is assumed to be 550 €/kWh based on [63] and is applied for the LCOEle
calculation. All other input data and costs for the LCOEle calculations are the same as in Table
4. Figure 57 compares the lifetime of ideal one day FOS and persistence one day FOS compared
to the max SC strategy.
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Figure 57: Battery lifetime of a residential 4-person household with a PV BESS (10 kWp PV power
plant; 10 kWh BESS). Influence of different forecast strategies and different forecast horizons on the
battery lifetime of the Saft NCA VLA45E battery cell.

The lifetime-enhancing effects of FOS on the Saft NCA VLA5E battery cell are illustrated as well.
These results are similar to the results shown in section 4.5.2. The application of FOS further

reduces the LCOEle as illustrated in Figure 58 and therefore enhances the economics of the
PV BESS.
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Figure 58: LCOEle of a residential 4-person household with a PV BESS (10 kWp PV power plant;
10 kWh BESS with a Saft NCA VLA45E battery cell).

4.6 Impact of different system topologies

Besides the PV BESS the integrated home contains a system for power-to-heat coupling. In
this section, the self-consumption rate of the integrated home is compared to homes with
different configurations. The self-consumption rate is an indicator for households with PV
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systems. The influence of the different components is illustrated. The influence on the self-
consumption rate is examined on a monthly basis. The self-consumption rate (SCy,te) is
defined as the used PV-generated energy divided by the energy produced by the PV system.

EPVused (55)

SCrate = E
PV,
gen

Figure 59 illustrates the self-consumption rate of the integrated home in comparison to self-
consumption rates of different energy supply systems. By installing a 10 kWh BESS, the self-
consumption rate can be increased to 45 % on annual basis. This value depends largely on the
capacity of the battery system. The use of a heat pump for power-to-heat coupling can
increase the self-consumption rate to 58 % per year. The increase due to power-to-heat
application is rather small because of seasonal effects. For this analysis, the maximized self-

consumption operation strategy in corporation with the heat storage as a passive element is
used.
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Figure 59: Self-consumption rate of different systems: 10 kWp PV system; PV BESS with 10 kWp PV
system and 10 kWh BESS; 10 kW heat pump.

Below, the self-sufficiency rate (SS;,te) is analyzed. The self-sufficiency rate is defined as the
energy from the PV system used to cover the load, divided by the total load, as presented in
equation (54).

The influence of different topologies on the self-sufficiency rate is depicted in Figure 60.

The use of PV energy for the heating sector leads to an increased total load. Therefore, the
self-sufficiency rate of systems with power-to-heat coupling is rather low during winter. The
self-sufficiency rate is dominated by the demand of the heating system. Nevertheless, during
summer, the thermal demand is relatively low and therefore the influence on the self-
sufficiency rate of the system is smaller. The application of a BESS has a high influence on the
self-sufficiency rate. This is why seasonal effects influence the self-sufficiency rate.
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Figure 60: Self-sufficiency rate of different systems: 10 kWp PV-system, PV BESS with a 10 kWp PV
system and a 10 kWh BESS; 10 kW heat pump.

The self-consumption rate of the analyzed PV BESS with a heat pump for power-to-heat
coupling is 100 % in January and December, while the grid feed-in is almost zero. In summer,
the PV generation is able to cover almost the complete energy demand. Therefore, the grid
consumption in summer is almost zero. The low grid consumption leads to a self-sufficiency
rate of almost 100 % in summer. Figure 61 depicts the grid exchange of the integrated home
in a non-optimized scenario. The big capacity of the storage units leads to an optimal use of
the PV energy in winter and summer. In spring and autumn, the PV generation and the load
do not occur close in time. Therefore, the storage units are not able to use the full potential
of the PV generated energy.
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Figure 61: Grid exchange of a PV BESS with a 10 kWp PV system and a 10 kWh BESS; 10 kW heat
pump.
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4.7 Operation integrated homes

In this section the maximize self-consumption operation strategy (4.1.4) and the FOS (4.1.6)
for the BESS in combination with the heating part are investigated. These operation strategies
are combined with the operation strategies for the power-to-heat system presented in section
4.3. In section 4.3 the operation strategy: heat storage as a passive element (passive), battery
priority charging (bat prior) and priority charging of the heating storages (heat prior) are
presented. Furthermore, section 3.3.6 presents two different operation modes for the heat
pump. The influence of the different operation strategies is examined below. To evaluate and
assess the different operation strategies, the annuity and therefore the annual costs are
calculated. The annuity is used because the load of the heating system depends on the
operation of the storage units and the heat pump. The flow temperature influences the COP
of the heat pump and therefore the electric consumption to cover the heating demand.
Figure 62 depicts the influence of the heat pump operation. Modular heat pump operation
always leads to lower annual costs compared to static heat pump operation. The finding does
not depend on the operation strategies of the heating system or the electricity system. The
influence of the operation of the heat pump is rather low. It ranges from 15 €/a to 50 €/a. The
reason for the savings is the higher self-consumption rate due to a flexible use of the heat
pump. In [171], the influence of the operation of the heat pump on the autarky rate and the
self-sufficiency rate is investigated. This thesis shows minor influence as well.
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Figure 62: Annuity of PV BESS system with power-to-heat application (10 kWp PV system; 10 kWh
BESS; 10 kW heat pump) and different operation modes of the heat pumps.

Figure 63 depicts the influence of the operation strategy on the annual costs. Two operation
strategies are investigated: the maximization of the self-consumption and the forecast-based
operation strategy. The application of a forecast-based operation strategy leads to lower
annual costs in all scenarios. The savings are between 75 €/a and 125 €/a. The reason for the
savings is the higher lifetime of the BESS. A detailed analysis on these effects is shown in [133].
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Figure 63: Annuity of PV BESS system with power-to-heat application (10 kWp PV system; 10 kWh
BESS; 10 kW heat pump) and different operation strategies of the electric system.

The influence of the different operation strategies of the heat system is presented in Figure
64. The influence of the operation strategy of the heating system is rather low and depends
on the operation of the heat pump. A battery priority charging leads to the lowest annual costs
in most scenarios. A detailed analysis of the influence of the different operation strategies is
presented in [182].
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Figure 64: Annuity of PV BESS system with power-to-heat application (10 kWp PV system; 10 kWh
BESS; 10 kW heat pump) and different operation strategies of the heating system.

In conclusion, forecast-based operation strategies (FOS) for the electrical side lead to reduced
LCOEle compared to a self-consumption maximizing strategy. The battery priority charging as
well as modularly operating heat pump can reduce the costs of an integrated home. Hence,
the forecast-based operation strategy in combination with a modular operating heat pump
and a battery priority charging of the heating system is defined as the “advanced operation
strategy”. An economic comparison to fossil heating concepts is presented in section 5.3.
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4.8 Conclusion and discussion

This section presents operation strategies for integrated homes. In the beginning, operation
strategies for the electrical part and for the thermal part are analyzed separately and then
they are combined.

For the electric part, a new forecast-based operation strategy to enhance the battery lifetime
and therefore the economics of PV battery energy storage systems is presented. This
operation strategy is compared to different commonly used operation strategies. To evaluate
the economics of the examined strategies, the different resulting levelized costs of electricity
are compared. Results show that forecast-based operation strategies can enhance battery
lifetime. The annual energy throughput is slightly reduced, but in combination with the
significantly prolonged lifetime, the total energy throughput can be increased. The lifetime of
the low-cost consumer lithium-ion NMC battery cell can be enhanced by around five years,
i.e. doubled, if the forecast-based operation strategy is used instead of a maximized self-
consumption operation strategy. The forecast-based operation leads to a reduction of the
levelized cost of electricity of up to 3.5 c€/kWh compared to a self-consumption maximizing
strategy (10 kWp PV system, 10 kWh BESS, 4-person household (consumption: 4,674 kWhei/a)
in Lindenberg close to Berlin, Germany). The costs are reduced by 12 percent. A similar
operation strategy is promoted by SOLARWATT GmbH [183].

Forecast-based operation strategies use predictions for load and PV generation. To investigate
the influence of forecast inaccuracies, two different forecast strategies are examined. The
persistence forecast is used as the worst-case forecast and the perfect forecast is used as the
best-case forecast. This approach allows evaluating the potential of the forecast-based
operation strategies. Advanced forecast methods would lead to results within the range
provided by both cases.

Different forecast horizons are examined in addition to the worst and best case of forecast
accuracy. The results show that a one-day forecast is sufficient and leads to the lowest
levelized cost of electricity in most cases. This could be further improved by implementation
of a variable forecast horizon. The proposed operation strategies work with static forecast
horizons. This means that the forecast horizon is fixed and the operation strategies always try
to store enough energy to satisfy the energy demand for a constant period of time. If a penalty
function is introduced to internalize the additional battery aging when storing energy over
multiple days, even lower levelized cost of electricity could be reached.

Besides improved economics, a forecast-based operation strategy in combination with a
variable feed-in limit can be used to reduce the influence of PV systems on the grid. In this
case, forecast-based operation strategies could be used to reduce the resulting cut-off energy
if a feed-in limit for PV is applied. Results show a reduction of cut-off energy to a few kilowatt
hours compared to over 800 kWh per year. If a fixed feed-in limitation strategy is used, all the
energy above a predefined feed-in limit will be stored in the battery. In contrast, the variable
feed-in limitation strategy sets a feed-in limit for every day, depending on the predicted
energy demand during the following night. The forecast-based operation strategy with a
variable feed-in limitation leads to a reduction of the levelized cost of electricity by 4 c€/kWh
in comparison to the maximized self-consumption operation strategy. The application of such
an operation strategy can be advantageous in consideration of possible or existing feed-in
limitations. These could be issued by regulatory frameworks [130] or by funding schemes
[129].
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A sensitivity study has been conducted regarding different component sizes of the battery and
PV system as well as regarding solar irradiation and load profiles. Results show that the use of
forecast-based operation strategies can enhance the economics of the battery energy storage
system regardless of component size or applied profiles. A small battery with a capacity of
only 2.5 kWh shows a negligible influence of the operation strategy. With increasing battery
size, the cost decreasing effect of the forecast-based strategy improves. This is mainly due to
fact that an oversized battery system is not fully discharged every night during summer
because of overproduction from PV. This leads to a higher average state of charge and
therefore accelerated aging of the battery. The forecast-based operation strategy limits
battery charge to the demand of the following night to avoid this.

The influence of the presented operation strategies is analyzed for two different battery cells,
a low-cost consumer NMC battery cell and a high-performance NCA battery cell. The
developed strategy has a significant effect in both cases. The lifetime of the NCA cell can be
prolonged by nine years or up to 60 percent, and the levelized cost of electricity can be
reduced by 2 c€/kWh or 7 percent if the developed operation strategy is applied.

Due to the huge variety of different lithium-ion battery cells and their properties, the values
resulting from this investigation need to be verified for each specific cell individually. Still, all
common lithium-ion cells show accelerated aging along with a higher average state of charge.
This means that the general principles of the findings and the overall validity of the operation
strategy should apply to all types of lithium-ion-based PV battery energy storage systems.
The developed forecast-based operation strategy is used in conjunction with the operation
strategies for the heating sector. The results show that forecast-based operation strategies
(FOS) for the electrical side lead to reduced LCOEle compared to a self-consumption
maximizing strategy, even under consideration of power-to-heat coupling. Furthermore, a
battery priority charging as well as a modular operating heat pump can reduce the costs of an
integrated home. In conclusion, the forecast-based operation strategy in combination with a
modular operating heat pump and a battery priority charging of the heating system lead to
reduced costs for the integrated home. These operation strategies are defined as the
“advanced operation strategy”. The savings due to advanced operation strategies for the
investigated integrated home range from 15 €/a to 50 €/a in comparison to basic operation
strategies. Basic operation strategies are defined as the maximization of the self-consumption
rate without the use of the heat storages for the storage of excess PV generated energy.

The implementation of the presented operation strategy can be done without an additional
communication interface if persistence forecast is used. To implement such a strategy,
additional computational effort in the energy management system might be required. This
could lead to higher costs for the energy management system and an increased energy
demand of the system itself. It is not investigated whether the savings gained by the
implementation of such strategies overcompensate the costs for implementation.



Behind the meter: Optimization 89

5. Behind the meter: Optimization

In contrast to section 4, this section investigates the optimization of integrated homes with
power-to-heat coupling.

5.1 Literature on Optimization

A vast number of publications address the topic of optimization of sizing, placement and
control of PV and storage systems. The investigated algorithms and solving methods are as
manifold and varied; Linear Programming (LP), Mixed Integer Linear Programming (MILP),
evolutionary algorithms, gradient methods, self-learning algorithms, dynamic programming
and many more. The literature review does not present all possible approaches, but rather
those using well-established methods for optimal component sizing of PV combined with
storage systems.

In [63], the optimization of a PV BESS using an evolutionary algorithm is investigated, with the
result that small BESS are more economic compared to large BESS. The optimal sizing of PV-
coupled batteries from a household's economic perspective is presented in [184]. An
algorithm for optimal battery sizing of smart homes with convex programming is presented in
[185]. Optimization of sizing of PV battery systems and break-even analysis of PV battery self-
consumption systems are presented in [186]. A Mixed Integer Linear Programming (MILP)
algorithm for optimal PV battery sizing and energy scheduling is proposed in [187]. The paper
presents similar results: larger PV systems with smaller battery systems have a higher
economic efficiency. In [188], a mixed integer linear programming optimization model for
operation and investment of PV battery systems is presented. MILP is used in [189] as well
for optimal operation of household applications. In [190] the mixed integer linear
programming optimization method is used for optimization of the operation and investment
of PV battery systems. The mixed integer linear programming algorithm to optimize the
operation schedule of a heat pump system is presented in [179]. The results point out the
importance of variable electricity prices to incentivize flexible heat pump operation. A mixed
integer linear programming for optimal sizing and operation of, electric boiler and thermal
storage in combination with PV applications is presented in [191]. Results show that only large
PV sizes, or highly fluctuating electricity prices, create a need for large storage sizes. An
optimization of an integrated home with the target to enhance the self-consumption is
presented in [178]. This publication investigates the sizing and comparison of different types
of PV heat systems using mixed integer linear programming method as well. In [192], the
optimal battery size was calculated under different parameters including electricity tariff,
feed-in electricity price, and battery performance and price. The paper concludes that that the
optimal battery size is strongly influenced by the local conditions especially the feed-in
electricity price. A similar investigation is made in [193]. In this publication, an optimal sizing
of PV and BESS for a smart household considering different price mechanisms is presented.
The results show a strong dependency on the pricing structure. The sizing of residential
photovoltaic systems in combination with battery storage systems and heat pumps is
investigated in [194]. This publication investigates the investor’s perspective as well as the
DNO'’s perspective and focuses on the impact of different incentives on sizing and operation.
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Nevertheless, the publication does not investigate forecast-based operation strategies to
enhance economics of the house. The sizing of residential PV systems with heat pumps and
battery storage systems with the focus on changing economics and regulatory is investigated
in [195].

5.2 Optimization approach

5.2.1 Target function

The aim of the optimization is to reduce the overall system costs of the integrated home
behind the meter. Therefore, the annuity is used as an indicator of the costs of the integrated
home. The annuity depicts the annual costs of the integrated home. The calculation of the
annuity is presented in section 3.5.

5.2.2 Optimization parameters

The optimization parameters have a direct influence on the target function presented in
section 3.5. These optimization parameters and the corresponding boundary conditions are
given in Table 10. The optimization parameters are the variables for different components,
which have a direct influence on the economics. The investment costs of these components
depend on the sizes of the components. The investment costs of the electrical system
(converter and inverter, PV system, BESS) and the investment costs of the thermal system
(DHW and buffer storage, heat pump) are optimized.

Furthermore, parameters that influence the behavior of the systems are optimized. These
parameters are the maximum temperatures of the buffer storage and the DHW storage.
Additionally, the spread temperature of the buffer storage and the spread temperature of the
DHW storage are optimized. These temperatures determine the temperature increase if the
heat storage is charged. Furthermore, the storage temperatures influence the flow
temperature of the heat pump and therefore it influences the efficiency (COP) of the heat

pump.
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parameter symbol min. max. unit
PV-generator size Ppvpeak 5 10 kWp
power MPP-tracker Pwmpp 5 10 kw
power inverter Pinverter 5 10 kw
power battery converter PBatconv 2 10 kw
capacity battery system Cgess 0 24 kWh
volume buffer storage VBuffer variable 2 m3
volume DHW storage Vbhw variable 2 m3
power heat pump PHpth 2 15 kWih
max. temperature buffer storage Thuffermax 39 60 °C
spread buffer storage Taufferspread 0 7 K
max. temperature DHW storage ToHWmax 45 55 °C
spread DHW storage ToHWspread 0 7 K

Table 10: Optimization parameters of the integrated home and the corresponding boundary
conditions.

The minimum size of the buffer storage is flexible, because it depends on the size of the heat
pump as presented in section 3.3.2 and 3.3.3. The buffer storages ensure the minimum
runtime of the heat pump. The maximum output temperature of the modeled heat pump is
60°C. The minimum volume of the buffer storage can be calculated with equation (56) and is
used in equation (12).

v — PN tmin (56)

i CpP- ATyin
ATpjn = min(Tpax — TSpread — 32°C,5°C) (57)
Vinin = min. water volume of the storage [m3]

PN = thermal power heat pump [kW]

tmin = min runtime heat pump [h]

Cp = thermal capacity of water [kJ/(kg-K)]

p = water density [kg/m3]

AThin = min temperature spread storage [K]

5.2.3 Optimization algorithms

The described optimization problem is a non-linear (battery aging), non-convex and
multimodal-optimization problem. Due to the complexity of the optimization problem, a
probabilistic algorithm is chosen. Probabilistic algorithms require less computational effort in
comparison to deterministic algorithms. Due to the complexity and non-linearity of the model,
a linear programming algorithm cannot be chosen. Therefore, an evolutionary algorithm is
applied [196], in particular, the Covariance Matrix Adaptation Evolution Strategy (CMA-ES)
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algorithm [197]. This algorithm is a state-of-the-art evolutionary algorithm and one of the
standard tools for continuous optimization [198]. The algorithm is used for non-linear non-
convex multimodal-optimization problems as described in [199]. The algorithm provides some
advantaged in comparison to other evolutionary algorithms like the genetic algorithm. Due to
the use of a covariance matrix, a weak performance of non-linear optimization problems is
avoided. Additionally, due to the implementation of a step-size control, an early convergence
is avoided [200].

The CMA-ES algorithm is based on Hansen et al. [201] and uses a stochastic method. The
population size is variable. Big population sizes can avoid local minima, whereas small
population sizes lead to fast convergence at the risk of premature convergence.

5.3 Optimization results

5.3.1 Optimization results for optimal component sizing

As shown in section 4, the costs of the integrated home for the energy supply depend on the
operation strategies. Therefore, the integrated home is optimized for two scenarios. A “basic
operation strategy scenario” with a static heat pump, a maximized self-consumption
operation strategy for the electricity supply and a passive operation strategy for the heating
system. The “basic operation strategy scenario” is compared to the “advanced operation
strategy scenario”. The “advanced operation strategy scenario” uses a flexible heat pump, the
battery priority charging of the heating system and the forecast-based operation strategy as
pointed out in section 4. The algorithms, target functions and parameters presented in section
5.2.1 are used for optimization.

If the annuity of the best individual does not improve significantly, the optimization is stopped.
The presented results are based on an optimization that executed 1036 annual simulations
with a one-minute resolution for the advanced operation scenario and 1079 annual
simulations for the basic scenario. The lifetime is extrapolated after one year of simulation.
The optimum set of parameters for the electric system found by the optimization algorithm is
presented in Table 11.

The optimization of the electric system in the “basic operation strategy scenario” leads to the
following results. The feed-in tariff is higher than the generation cost of the PV energy,
therefore the optimization chooses the upper boundary of the PV generator size (10 kWp).
The optimal power of the MPP tracker is 79 % of the maximum peak power of the PV
generator, because the energy losses due to the power restriction of the MPP tracker are low.
The costs for the losses of the PV generated energy due to the undersizing of the MPPT are
lower compared to the savings due to undersizing. The phenomena is commonly known and
analyzed in [202]. The optimal inverter size is slightly lower compared to the optimal MPP
tracker size, minding the losses of the converter. A battery storage system is not chosen by
the optimizer, because of the relatively high investment costs.

The optimization of the electric system in the “advanced operation strategy scenario” leads
to the same results as the optimization of the electric system in the “basic operation strategy
scenario”. The difference between these two scenarios is the use of the forecast-based
operation strategy (FOS) in the advanced scenario. The FOS reduces the battery aging by
storing only enough energy to meet the demand of the following night. The optimization leads
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to the same results for both scenarios, because a battery system is not minded. The LCOEle
are 19.18 ct/kWhel.

In the “advanced operation strategy scenario”, the persistence prognosis is used. The use of
the ideal FOS, without forecast errors, leads LCOEle of 18.82 ct/kWhel. The use of the FOS can
enhance the economics of BESS [133] even under consideration of the optimal component
size, when a sufficient forecast algorithm is chosen. In this case a 9.5 kWh BESS is applied. The
battery converter power in the in this case is 1.6 kW. The BESS is mainly discharged during
night with base load. During day when the BESS is charged, especially in summer, there is
enough excess PV radiation to charge the BESS until the BESS reaches the maximum SOC. This
is why a small battery converter is sufficient [63]. The optimal sizes of the electrical sector
based on the operation strategy are presented in Table 11. In following the persistence
prognosis presented in section 4.4 for the advanced operation strategy scenario is chosen.

Parameter Symbol max  FOS FOS unit
SC pers ideal
PV-generator Size Ppvpeak 10.0 10.0 10.0 kWp
power MPP-tracker Pmpp 7.9 7.9 7.8 kW
power inverter Pinverter 7.8 7.8 7.7 kw
power battery converter PBatconv 0.0 0.0 1.6 kW
capacity battery system Caess 0.0 0.0 9.5 kWh

Levelized cost of Electricity LCOEle 19.18 19.18 18.82 ct/kWhe

Table 11: Optimum set of parameters found by the optimization algorithm for the electricity sector
in dependency of the operation strategy.

Table 12 depicts the optimal sizes of the integrated home in dependency of the applied
operation strategy. The optimization of the heat and power system lead to the conclusion that
the use of the thermal storage of the investigated optimized integrated home to store excess
PV energy is not economical, due to a reduction of the seasonal performance factor (SPF). The
seasonal performance factor (SPF) is a measure on the efficiency of the heat pump and defined
as the ration between the electrical energy consumption and the produced heat power over
one year. The seasonal performance factor (SPF) of the heat pump is 3.7, which is close to the
upper boundary for air-water heat pumps in real operating conditions according to [47]. When
the excess PV energy is stored in the thermal storage, the temperature of the heat system is
increased. The increased temperature of the thermal storage leads to a lower SPF of the heat
pump. The diminished SPF of the heat pump leads to higher losses of the excess PV energy. If
the spread of the DHW and buffer storage is set to 5 °C, the SPF decreases to 3.3 in comparison
to 3.7 for a temperature spread set to 0 °C. The diminished SPF increases the electricity
demand of the heating sector from 3800 kWh/a to 4230 kWh/a. Due to an increased utilization
of the PV radiation, the grid consumption is reduced by 25 kWh/a. On the other hand, the grid
feed-in is reduced by 450 kWh/a, resulting in additional annual cost of 50 €/a, if the spread
temperature is set to 5 °C.

Furthermore, the results imply that a thermal system with relatively small heat storage
components and a relatively small heat pump is economical. A reduced buffer storage size
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reduces costs of the integrated home, but increases the switching rate of the heat pump.
Therefore, the optimizer chooses a buffer storage size close to the minimum size defined in
section 5.

The heat pump increases the electrical demand of the household. This is why a BESS is
economical, if a power-to-heat coupling system is applied. In the case of the basic operation
strategy, the optimal capacity of the BESS is 7.1 kWh. If the advanced operation strategy is
applied, the optimal size of the BESS is increased to 7.6 kWh. The size of the battery converter
is relatively small, because of the discharge at base load. The sizes of the inverter and the
MPP-tracker remain constant over the different scenarios.

Parameter Symbol Elec Elec Heat Heat unit
basic  adv. basic adv.
PV-generator size PPVPeak 10.0 10.0 10.0 10.0 kWp
power MPP-tracker PMPP 7.9 7.9 7.8 7.8 kw
power inverter Plnverter 7.8 7.8 7.3 7.6 kW
power battery converter  PBatConv 0.0 0.0 1.6 1.6 kW
capacity battery system CBESS 0.0 0.0 7.1 7.6 kWh
volume buffer storage Vbuffer 0.16 0.16 m?3
volume DHW storage VDHW 0.11 0.11 m?3
thermal power heat PHP,th 2.8 2.8 kWth
pump
max. temp. buffer storage Tbuffer,max 42.0 42.0 °C
Spread buffer storage Tbuffer,spread - 0.0 °C
max. temp. DHW storage  TDHW,max 48.0 48.0 °C
Spread DHW storage TDHW,spread - 0.0 °C

Table 12: Optimum set of parameters found by the optimization algorithm for the “basic operation
strategy scenario” and the “advanced operation strategy scenario”.

5.3.2 Optimization cost analysis

The resulting costs of the presented system, based on the sizes given in Table 12, are
presented in the following table. The results are based on an electrical household demand of
4,674 kWhe/a. The levelized costs of energy are calculated based on equation (55).

Advanced operation Basic operation
Levelized cost of Energy (LCOEnergy) 14.83 ct/kWh 14.72 ct/kWh
Levelized cost of Electricity (LCOEle) 19.18 ct/kWhel 19.18 ct/kWhel
Levelized cost of Heat (LCOH) 13.16 ct/kWhth 13.05 ct/kWhth
Heating demand 12242 kWh/a 12499 kWh/a
Annuity 2508 €/a 2528 €/a

Table 13: Cost analysis for the result of the “basic operation strategy scenario” and the “advanced
operation strategy scenario”.

The resulting levelized cost of electricity (LCOEle) of the optimized system is shown in detail
in Figure 65 and is compared to a conventional energy supply from the grid (29.2 ct/kWh). The
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main costs for the electric system are the investment cost for the PV generator. The PV
generator due to the feed-in tariffs (FIT) generates the revenues. Load that cannot be covered
directly by the PV generator or by discharging the storage units has to be covered by the grid.
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Figure 65: Electricity costs of an optimized integrated home with a PV BESS and power-to-heat
coupling in comparison to a household with conventional energy supply.

The LCOH of the optimized integrated home is depicted in detail in Figure 66 and is compared
to a fossil fuel heating system. The costs for the fossil heating system are based on [137]. In
[137], different costs for fossil heating are given since the age of the building and therefore
the insulation standard is important, as well as the type of fuel used. Therefore, minimum and
maximum costs for fossil heating are given. The main share of the LCOH is the electricity costs.
These costs are mainly generated in the winter month. The thermal energy demand is higher
in the winter month and at the same time, the PV generated electricity is lower.
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Figure 66: Heat costs of an optimized integrated home with a PV BESS and power-to-heat coupling
in comparison to a household with conventional energy supply.

The levelized cost of energy (LCOEnergy) is mainly driven by the cost for energy consumption.
Investment costs play a minor part. This cost consists of energy cost for grid consumption and
diminished feed-in revenues. The resulting LCOEnergy for the integrated home is compared
to a conventional supply system with fossil heating and grid supply. The results are illustrated
in Figure 67. The energy costs for the integrated home are at the lower end of the costs for a
house with a conventional energy supply concept.
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Figure 67: Energy costs of an optimized integrated home with a PV BESS and power-to-heat coupling
in comparison to a household with conventional energy supply.

The costs of the two different scenarios, presented in section 5.3.1 in combination with the
results presented in section 4.5, lead to the following conclusions: An optimization of
component sizes is more cost saving compared to the use of advanced operation strategies.
In section 4.5 it is pointed out that the savings due to advanced operation strategies for the
investigated integrated home range from 15 €/a to 50 €/a in comparison to basic operation
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strategies. The non-optimized investigated integrated home has annual costs of 3582 €/a,
depending on the operation of the system. The optimized integrated home has annual costs
of 2528 €/a if basic operation strategies are used. Therefore, it is concluded that an
optimization of component sizes is more cost saving compared to the use of advanced
operation strategies. The optimization results show only a slight reduction of the annuity if
the advanced operation strategy is used. In this case, the annuity is 2508 €/a. This leads to the
conclusion that advanced operation strategies have a minor influence on the annuity
compared to an optimization of component sizes. The advanced operation strategy uses a
persistent forecast. The implementation of more sophisticated forecast algorithms can further
enhance the economic benefit of advanced operation strategies. A comparable household
with fossil heating and a conventional electricity supply from the grid have annual costs of
2990 €/a (4674 kWhel/a electricity consumption and 29.2 ct/kWhel electricity costs;
12499 kWhth/a thermal consumption and 13 ct/kWhth heating costs). The application of an
optimized power-to-heat coupled system can lead to savings of up to 15.5 % in comparison to
a residential household with electricity consumption from grid and fossil heating.

5.3.3 Non-optimal component sizes

The results presented in Table 12 are the optimal component sizes leading to the lower annual
costs of the integrated home. On non-optimal sizing of the components lead to higher cost for
the integrated home. A reason for a non-optimal sizing of the complements might be that the
components with an optimal size are not available on the market. The influences on deviating
component sizes for the electric system are presented in [63]. The publication concludes that
the economics are highly sensitive regarding a misarranged dimensioning of the PV generator
and the converter. The sensitivity regarding a non-optimal dimensioning of the BESS is lower.
An increased size of the heat storages leads to increased costs. The optimization algorithm
chooses the minimum size of the heat storages, to make sure the requirement regarding the
minimum runtime of the heat pump can be fulfilled. Therefore, an under dimensioning of the
heat storages should be avoided.

The optimal sizing of the heat pump depends on multiple factors and influences the economics
of the integrated home. An enhanced heat pump size leads to enhanced investment costs and
less operating hours. The number of operating hours has a high influence on the optimal heat
pump size as shown in [203]. An enhanced head pump size on the other hand reduces the
usage of the heating rod. A reduced heat pump size leads to an enhanced usage of the heating
rod, which leads to an additional energy consumption. In [204] it is pointed out that a “small
size heat pump [...] is unable to fully exploit its energy saving potential since an appreciable
fraction of the building energy demand is fulfilled by the back-up system” (Dongellini et al.
S.10 [204]). The influence of an increased heating demand on the optimal heat pump size is
investigated in section 5.4.2.
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5.4 Influence of changed load profiles

5.4.1 Influence of changed electrical load profiles

The influences of disturbance functions on the costs are calculated to assess how the
operation strategies influence the economics when the consumption profile of the residents
is changed. Hence, a scenario is presented that analyses the influence of an electric vehicle
(EV), that is introduced to the household, on the performance of the integrated home. The
influence of EV on the self-consumption rate is presented in [205] and [206]. In [205] a
collaborative strategy is introduced to reduce the forecast uncertainties between the
photovoltaic (PV) participants and electric vehicle (EV). In [206] a management software for
smart buildings with V2G and BESS is presented. The load profile is based on real data
measurement of a Mitsubishi iMiev. The load profile of the iMiev is shown in Figure 68 and
has a maximum charging power of 3200 W. The average energy consumption of the iMiev is
around 15 kWh per 100 km during summer and around 23 kWh per 100 km during winter,
resulting in an average energy consumption of roughly 18 kWh per 100 km. This energy
consumption includes charger losses when a type-1 plug with a maximum charging power of
3.2 kW is used. The usage profile represents an EV, which is used in the morning and is charged
at home in the late afternoon. The annual energy consumption of the EV is 2391.5 kWh/a,
resulting in cost for charging of 832.7 €/a if only charged by grid consumption. The total annual
charging costs include the interest rate and annual electricity price increase presented in
section 3.5.
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Figure 68: Charging cycle example of an iMiev with a maximum charging power of 3200 W.

The simulation results lead to an annuity of 3282 €/a for the advanced operation strategy and
annuity of 3297 €/a for the basic operation strategy, if the optimal sizes of integrated homes
presented in 5.2.2 are considered. The results show that the influence of operation strategies
is small. The EV is mainly charged in the afternoon as shown in Figure 69, therefore it is mainly
charged by energy consumption from the grid. In conclusion, the additional load from the
electric vehicle should be taken into account if the component sizes of the integrated home
are optimized. An optimization of the component sizes of the integrated home for the basic
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operation strategy is presented below. The total load for an exemplary day is depicted in
Figure 69.
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Figure 69: Electricity consumption of an integrated household in Germany on April 20 with an electric
vehicle in a 60-second resolution.

If the load profile of the EV is minded in the optimization, a further reduction of the annual
costs can be achieved. The optimization is preformed minding the basic operation strategy.
The annual costs can be reduced from 3297 €/a to 3274 €/a. The cost reduction is relatively
low, since the EV is mainly charged in the evening. The optimal sizes of the components are
depicted in Table 14. The consideration of the EV load profile influences the optimal size
especially of the BESS. If the EV is minded, the optimal storage size is increased from 7.1 kWh
to 12.2 kWh, because of the higher energy demand in the afternoon.

The electricity costs of the integrated home with EV are shown in Annex Figure 122. The
energy costs are shown in Annex Figure 123.
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Parameter Symbol without gy WIthout  h BV unit
EV EV

PV-generator size Ppvpeak 10 10.0 10 10.0 kWp
power MPP-tracker Pmpep 7.9 8.0 7.8 8.0 kw
power inverter Pinverter 7.8 7.6 7.3 7.4 kW
power battery Patcony 0 0.3 1.6 2.0 kw
converter
capacity battery system  Caess 0 3.1 7.1 12.2 kWh
volume buffer storage Vbuffer 0.16 0.16 m3
volume DHW storage VoHw 0.11 0.13 m?
thermal power heat P )8 58 KWth
pump
max. temp. buffer

P Tbuffer,max 42 42 °C
storage
Spread buffer storage Thuffer spread - - °C
max. temp. DHW ToHw,max 48 48 °C
storage
Spread DHW storage ToHW, spread - - °C

Table 14: Optimum set of parameters found by the optimization algorithm for the “basic operation
strategy scenario” without and with minding the load profile of the EV.

The component sizes and the annuity depend on the load profile as shown in this section. It
depends on the total load as well as on the time of the load. If demand and PV radiation occur
at the same time the storage demand is decreased as pointed out in [63]. If the time between
load and PV feed-in is increased, the storage demand is increased as well. The optimal sizes of
the converters are influenced as well. Special characteristic of load profile should be minded
by the choice of the component sizes.

5.4.2 Influence of changed heat profile

The heating demand of the household influences the component sizes of the heating system.
The size of the house influences the heating demand. To depict the influence of the heating
demand on the component sizes the living area of the house is doubled, resulting in an
increased heating demand of 20,745 kWht/a. The increased heating demand leads to an
increased size of the heat pump of 4.4 kW in comparison to 2.8 kW. As pointed out in section
5.2.2 the minimum size of the buffer storage depend on the size of the heat pump. This is why
the size of the buffer storage is increased as well. Furthermore, the sizes of the electrical sector
are increased slightly as well. The component sizes of the integrated home with the increased
living area are shown Table 15.

The increased component sizes lead to increased annual costs of the integrated home.
Nevertheless, the LCOEnergy are reduced from 13.05 ct/kWh to 12.22 ct/kWh, because the
overall energy demand is increased. The resulting LCOEnergy are depicted in Annex Figure
127.
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Parameter Symbol 110 m? 220 m? unit
PV-generator size Ppvpeak 10 10.0 kWp
power MPP-tracker Pwmpp 7.8 7.8 kw
power inverter Pinverter 7.3 7.6 kw
power battery converter  Pgatconv 1.6 2.2 kW
capacity battery system Caess 7.1 6.6 kWh
volume buffer storage Vbuffer 0.16 0.26 m3
volume DHW storage VoHw 0.11 0.12 md
;Z?;r;al power heat P 3 44 KW
ma. temp- BT 2 a7
Spread buffer storage Thuffer,spread - - °C
max. temp. DHW storage  TpHw,max 48 475 °C
Spread DHW storage TDHW, spread - - °C

Table 15: Optimal component sizes of the integrated home in dependency of the living area for the
“basic operation strategy scenario”. An increase of the living are from 110 m? to 220 m? is
investigated.

5.5 Analysis of feed-in tariffs and electricity costs

5.5.1 Influence of the feed-in tariffs of the PV generated energy

The economics of the integrated home highly depended on the economic parameters
presented in section 3.5. Therefore, the influence of the feed-in tariffs (FIT) for PV-generated
energy is examined in the following. Figure 70 depicts the LCOEle of the integrated home
under consideration of a FIT of 6 ct/kWh. If the FIT are higher than the generation cost of the
PV energy, the optimization chooses the upper boundary of the PV generator size (10 kWp).
The PV generator size is reduced when the FIT is lower than the generation costs. If no FIT is
applied, the revenue for feed-in of PV-generated energy is slightly above the exchange price.
Therefore, a price of 6 ct/kWh for PV generated energy is expected. In this case, the PV
generator size is mainly driven by the energy consumption of the household, because PV-
generated energy reduces grid consumption. This is why the generator size is bigger when a
power-to-heat coupling is applied [207].
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Figure 70: Electricity cost of an optimized integrated home with a PV BESS and power-to-heat
coupling in relation to the feed-in tariffs (FIT) for PV generated energy.

If the PV generator is only used to cover the electricity demand, the optimal size is 4.3 kWp. If
a power-to-heat coupling system is applied, this value increases to 7.6 kWp. The costs for the
increased PV generator size are attributed to the LCOH. The LCOEnergy are increased in this
case, because of the falling revenues from the feed-in. The LCOEnergy, as well as the costs for
the PV generator are illustrated in Figure 71. The component sizes of the optimized integrated
home with FIT of 6 ct/kWh are depicted in Annex Table 2.
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Figure 71: Energy costs of an optimized integrated home with a PV BESS and heat power coupling in
dependency of the feed-in tariffs (FIT) for PV generated energy.

5.5.2 Influence of electricity costs and the annual electricity price

increase

Besides the feed-in tariffs, the electricity price influences the optimal component
dimensioning. An increased electricity price or an increasing electricity price leads to a higher
storage demand. With an increasing electricity price, the self-consumption of PV generated
energy has a higher economic benefit. This is why, the demand for storage capacities is
increased as pointed out in [63].

5.6 Influence of solar radiation on optimized integrated
homes

The solar radiation highly influences the PV generation of the integrated home. For the
investigated integrated home a global radiation of 1151 kWh/m2 per year is used. An analysis
of the highest and lowest radiation in Germany for the years 2007 to 2017 results in a
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maximum global radiation of 1386 kWh/m? and a minimum global radiation of 997 kWh/m?

[208]. An enhanced solar radiation leads to lower costs of the integrated home as depicted in
Figure 72. Afurther interesting finding is that the optimal size of the battery system is reduced,
with high solar radiation. Less energy needs to be shifted from time with high radiation to
times with low radiation, because the higher solar radiation leads to higher PV generation in
the afternoon.

The component sizes of the optimized integrated home in dependency of the solar radiation
is presented in Annex Table 3. Annex Figure 124 illustrates the influence of the solar radiation
on the electricity costs.

997 kWh/m2 1151 kWh/m?2 1386 kWh/m2
10

LCOEnergy in ct/kWh

-20

-25

B nvest I Battery system
I PV generator I cost from grid
I revenue FIT =—= | COEnergy

Figure 72: Energy costs of an optimized integrated home with a PV BESS and heat power coupling in
dependency of the solar radiation.

5.7 Influence of changing component costs

The costs for the components influence the optimal size of the components. A decreasing
price for one component leads to an increased optimal size of the component. The sizes of the
other components are influenced as well. The influence in the same sector is high, whereas
the influence in the other sector is minor. Falling battery system prices will lead to an
enhanced battery size and an enhanced battery converter size. The sizes of the heating sector
are influenced to a minor degree. The influence of the price of the battery system on the
optimal battery size of the integrated home is investigated in the following.
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Battery system prices are expected to decrease. For this analysis a future price of halve the
price of the battery system today is assumed. This price reduction is in line with different
publications. The following publications analyze prices for automotive battery systems on
pack level. The costs for battery systems for battery home storage systems are expected to be
slightly higher compared to the prices in the automotive section. Still these prices give a lower
boundary for the battery price development. Curry [126] expect prices in the automotive
section for lithium-ion systems of 74 USD/kWh in 2030. Berckmans et al. S.17 [209] conclude:
“The 100 dollar/kWh sales barrier will be reached respectively between 2020-2025 for silicon
based lithium-ion batteries and 2025-2030 for NMC batteries”. The IRENA study estimates
best case prices for NMC battery packs of 79.5 USD/kWh in 2030 and 167.3 USD/kWh in the
reference case [210]. In [211] the costs for EV battery cells are expected to be slight above of
the material cost. In 2026 a price of 100 €/kWh is given in this publication.

For this analysis costs of 125 €/kWh for a NMC battery is assumed, which is half of the price
presented in section 3.5. The reduction of the price for the battery system leads to an
enhanced optimal battery size. For a PV battery energy storage system without a power-to-
heat coupling, the optimal battery size is 8.9 kWh. The optimal battery size with power-to-
heat coupling is 12.6 kWh as depicted in Table 16. The annual costs for the integrated home
with the basic operation strategy are reduced from 2528 €/a to 2308 €/a with a battery system
price of 125 €/kWh. Annex Figure 125 shows the electricity costs of the integrated home with
battery costs of 125 €/kWh. The energy costs are depicted in Annex Figure 126.

Heat
Parameter Symbol Elec basic 125 € baes?c 125 € unit
PV-generator size Ppvpeak 10 10.0 10 10.0 kWp
power MPP-tracker Pwpp 7.9 7.8 7.8 8.1 kW
power inverter Pinverter 7.8 7.6 7.3 7.8 kW
batt

power dattery Paatcony 0 2.5 1.6 26 kW
converter
capacity battery system  Caess 0 8.9 7.1 12.6 kWh
volume buffer storage Vbuffer 0.16 0.16 m?
volume DHW storage VoHw 0.11 0.11 m3
thermal power heat Pr i )3 28 KWth
pump
max. temp. buffer

P Tbuffer,max 42 39.7 °C
storage
Spread buffer storage Thuffer,spread - - °C

.t . DHW

max. temp TDHW,max 48 479 OC
storage
Spread DHW storage TDHW,spread - - °C

Table 16: Optimum set of parameters found by the optimization algorithm for the “basic operation
strategy scenario” without and with battery price decrease. A battery price decrease form 250
€/kWh to 125 €/kWh is assumed.
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5.8 Influence of changes of economic parameters or
economic circumstances

The economic parameters such as the interest rate and the economic circumstances e.g. the
KfW-funding influence the optimal component sizes of the integrated home. The economic
parameters are the interest rate and the calculation period for invest assessment. An
increased interest rate leads to enhanced costs for capital-intensive assets. This is why an
increased interest rate would lead to a reduced optimal size of the battery storage system as
pointed out in [63]. From an increased calculation period for the invest assessment would
profit assets with an annual cost degression e.g. the battery storage system.

Changing economic circumstances would influence the optimal component sizes as well. The
diminished KfW-funding under consideration of changing feed-in limits is already discussed in
section 4.5.3. The KfW-funding is not minded in the optimization presented in this section O.
In [63] the influence of the externalization of the power price from the electricity price is
discussed. An externalization of the power price would lead to a reduced electricity price and
therefore to a reduced storage demand as presented in section 5.5.2. On the other hand, this
would generate new markets for battery storage systems. In this case, home storage systems
could be used for peak shaving in residential households. Battery storages systems are already
used for peak shaving in industrial applications. The optimal component sizing for peak
shaving with battery storage system for industrial applications are presented in [212].
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6. Operating reserve markets

The provision of control reserve with integrated homes depends on the market situation. This
section gives an overview of the current market situation, which is used in the thesis at hand.

6.1 Operating reserve market structure

The power market liberalization on the European continent started in 1996 and transformed
the market from traditional direct trading agreements into a decentralized bilateral market
model which enabled different players to enter the market and introduced competition [213,
214]. In this thesis an overview of the control market in the decentralized bilateral market is
given. The control market and its related products are extensively analyzed, market options
for battery energy storage systems need further investigation [213]. The participation of BESS
on the control markets still is an emerging topic.

6.1.1 Electricity market structure

The electricity market in Germany is divided into a wholesale, retail and a control reserve
market. In the wholesale market, operators of generation units and importers of electrical
energy from other European countries act on the supply side, while wholesale traders as well
as key accounts or utilities act on the demand site. The retail market comprises (local) utilities
on the supply side and smaller industrial customers and residential consumers on the demand
side. The goal of the power reserve market is to balance the deviation between supply and
demand at all times and in real time.

All the German transmission system operators (TSO) are members of ENTSO-E and follow the
guideline concerning load-frequency control (LFC) which defines the technical framework for
duties and responsibilities of TSOs regarding LFC [215]. The major tasks are described as
follows [213]:

Frequency stability: TSOs are obliged to maintain enough balancing and reserve power
(primary, secondary and minute reserve power) within the scope of their responsibilities to
ensure reliable system operation. The transmission system must provide enough transmission
capacity and infrastructure for both the transmission of the projected maximum load and the
transmission of reserve power. The TSOs procure control power via bidding on competitive
terms and conditions, and the bidding results are published. The ability of primary control
reserve (PCR) providers to satisfy the ENTSO-E minimum requirements must be proven
through a prequalification procedure. Finally, the framework agreements concerning the
terms and conditions for providing control power between the TSOs and the PCR providers
are settled. The control reserve market is investigated in more detail in section 6.1.2.
Voltage Stability: Each TSO must ensure voltage stability in its control area, which involves the
power grid (transmission and distribution networks), generating units, power stations,
consumers, and the boundary areas to the adjacent networks. To ensure balanced reactive
power management, the TSOs must maintain facilities for reactive compensation or provide
reactive compensation by contractual arrangements.




108 Operating reserve markets

Restoration of supply: To prepare for large-scale failure, the TSOs are obliged to draw up
appropriate plans for preventive and operational measures in conjunction with adjacent TSOs
or with subordinated DSOs and power station operators. TSOs must also have black-start
capability and the capability of isolated operation to provide supply restoration.

System management: System Management comprises of several tasks, such as the assurance
of network security, the performance of voltage/reactive power and power/frequency control
operations, or metering and pricing between TSOs and PCR providers. Moreover, it includes
the operational implementation of the generation schedules for power stations in accordance
with the requirements for secondary control power, the activation of minute reserve and, if
necessary, emergency reserve. The latter task requires congestion forecasting, congestion
management, load forecasting for the control area, observation of the instantaneous
commitment of the power stations, and the coordination or utilization of ancillary services.

6.1.2 Control reserve structure

The goal of the power reserve markets is to balance the deviation between supply and
demand at all times and in real time in order to keep the energy system stable. Electrical
power cannot be stored within the electricity network itself, meaning electrical power
generation and consumption must be equal at any time. Any deviation from balanced
generation and consumption leads to deviation of the frequency from the set point of 50 Hz.
The European Network of Transmission System Operators (ENTSO-E), represents 43 electricity
transmission system operators (TSOs) from 36 countries across Europe, including all German
TSOs. The ENTSO-E members follow the guideline concerning load-frequency control (LFC)
which defines the technical framework for duties and responsibilities of TSOs regarding LFC
[215]. According to the guideline, three steps are defined for the load-frequency control (LFC):
The primary (FCR: frequency containment reserve), secondary (aFRR: automatic Frequency
Restoration Reserve) and tertiary (mFRR: manual Frequency Restoration Reserve) control
reserve. In case the deviation of the frequency is larger than the LFC can manage, load
shedding will be activated as a last option. Figure 73 represents the control concept of the
German control reserve.

—primary control reserve

Power
A ——secondary control reserve
Compensation through the balancing group affected
Time
>
30s S5min 15 min > 60 min

Figure 73: Three-step control concept of the German control reserve.
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Primary control reserve (PCR):

A common (coupled) auction-based PCR market exists for the countries Germany, Belgium,
Netherlands, France, Swiss and Austria. Units providing PCR must take part in the auction
process and fulfill the technical prequalification requirements. Besides, from the instant
reserve, the PCR is first control mechanism. If the grid frequency deviates more than £10 mHz
from the set point (50Hz), units are to provide power linearly to the frequency deviation with
full power activation in less than 30 seconds. Within less than five minutes after primary
control reacts to a deviation, secondary control is activated to bring the frequency back to the
nominal set point and free primary control capacity [213, 216].

Secondary control reserve (SCR):

Within less than five minutes after PCR reacts to a frequency deviation, SCR is activated to
restore the frequency back to the set point and to replace PCR [213, 216]. Secondary control
is designed to take action only in the control area (TSO), which is affected by the power
imbalance. Units providing SCR get the power set point signal from a communication link to
the locally responsible TSO which calculates the SCR demand for its control zone. In order to
prevent different TSOs of providing counteracting SCR power, multiple TSOs work together
in a grid control cooperation (GCC) to control the overall SCR requests. TSOs of Germany,
Denmark, Netherlands, Swiss, Czech Republic, Belgium, Austria and France are participating
in the GCC. Efforts are made to expand the cooperation among TSOs by also procuring the
SCR demand in a common auction in order to minimize SCR demand and costs [37]. A
common auction market already exists for all German TSOs and Swissgrid (Austria).

Tertiary control reserve (TCR):

Tertiary control frees the faster responding SCR, has a maximum activation time of 15 minutes
and is automatically activated (Merit-Order-List-Server) by the TSOs. The main contribution of
tertiary control is to satisfy economic reasons. The tertiary reserves free the faster responding
secondary control reserve. Tertiary reserves should be fully available 15 minutes after
activation. In [38] a analysis of markets for gird connected BESS is presented. The publication
concludes that the SCR as well as the PCR market could be promising. Regarding the TCR
market, the publication pointed out, that the operation profile for a battery storage system is
the same as for SCR since except for the ramp-up time, the control reserve product is very
similar. BESS can react much faster than that, therefore no benefits are seen in comparison to
the SCR market. Nevertheless, the negative TCR market could be promising, because of the
low-cost energy provision.
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6.2 Primary control reserve market

6.2.1 Dimensioning primary control reserve

The primary control reserve also known as frequency containment reserve (FCR) is tendered
on a weekly basis in Germany. The bid capacity price is paid to the accepted units (first price
auction).

A total of 3,000 MW primary control reserve (PCR) has to be provided in the synchronously
interconnected continental European system to satisfy the rules of the ENTSO-E Operation
Handbook [215]. Currently, large nuclear power plants exist in the grid with an approximate
nominal power of 1,500 MW which explains the demanded value for PCR. In this rule, a loss
of one such power plant is recognized as reference incident and the rule is set such that PCR
can compensate two simultaneous reference incidents. The German PCR market is coupled
with the PCR market in Belgium, the Netherlands, France, Swiss and Austria. This market is
tendering roundabout 1400 MW PCR. The quantity of PCR depends on the energy produced
in each TSO zone [216].

6.2.2 Primary control reserve markets

Market rules and access conditions are determined by the grid regulator after consulting with
TSOs and bidders. Table 17 provides an overview of different PCR markets in comparison to
other international markets for fast responding reserve. The investigated markets are similar
to the coupled PCR market. The adapted energy management system can be used in the other
markets, if adapted.
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Service
Activation
time

Min
possible
runtime

min. size
Pooling

Tendering
Duration

Renumer-
ation
Market
size

Revenue

coupled
PCR
market California California UK UK Ireland
[37] [217] [217] [218,219] [218, 219] [219, 220]
Firm Frequency
Primary Enhanced | frequency contain-
Reserve | Regulation Regulation frequency | response ment
Control Up Down response Primary reserve
30s to less than
max Immediately | Immediately | 1s 10s to max. | 5-15 sec
30 min
(since
May
2019
15min) n/a n/a n/a further 20s
1 MW 300-400 MW | 300-400 MW | n/a 10 MW
yes n/a n/a n/a yes Regulated
Weekly services
(since via
May bilateral
2019 Day ahead/ Day ahead/ contracts
15min) real time real time n/a monthly
1 day 1h / 15 min 1h /15 min 4 years 1-6 months
availability
&
Pay as availability | nomination
bid n/a n/a fee fee
ca. 1400 200-700
MW ca. 340 MW ca. 330 MW 201 MW MW n/a
EirGrid
average 2.22
1500 - price 15000 - €/MWh
3400 0.09-50 up to 9.44/MW | 20000 SONI 1.95
€/ MW S/MWh 60S/MWh EFR/h €/ MW £/MWh

Table 17: Comparison of different fast responding reserve market. The coupled PCR market
represents the German, Belgium, Netherlands, France, Swiss and Austria market.

The PCR is procured as a symmetrical product. Suppliers have to provide an upward and
downward regulation related to the power offered. However, for both regulation directions,
different technical units can be deployed. The bidding period for PCR is one week. Offers for
PCR must guarantee a provision over a weekly period in one time slot. For the PCR market
only the provided power capacity is paid [216, 221].
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6.2.3 PCR price development

In this section, the price fluctuations and developments for the primary control reserve market
are discussed. Before December 2007, PCR was tendered in the four control zones for periods
of six months and the prices had been stable during this period in the range of 2,500 €/MW
per week (15 €/MW per hour). Since December 2007, PCR is tendered on a monthly basis in
one common auction. The price development is depicted in Figure 74. Since December 2007
prices fluctuate between less than 1,900 and above 6,000 €/MW per week (12 to 30 €/MW
per hour) with peaks during summer seasons [222]. The prices were fluctuating with sharp
rise and downfall in the period of 2011 to 2015 which can be explained by bidding behavior
[214]. The development of prices both on the spot market and on the primary control reserve
market is subject to great uncertainty. The PCR market is facing a price decrease from 2016
onwards. In these years, the share of battery storage systems participating in the PCR market
raised from low values up to around one third.
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Figure 74: Price development 2008 to 2019 on the German PCR market.

This assessment is based on historical price data, thus this approach does not take possible
price developments into consideration [222]. From 2016 to 2019 the market prices were
falling in comparison to 2015. In 2019 the market prices were below 1,500 €/MW per week as
shown in Figure 75. In winter month the prices are higher compared to the summer month,
even though peak prices occur during summer month. This is positive for PV home storage
systems with power-to-heat coupling. Since the battery is used less in winter moth. Therefore,
more PCR power can be offered during winter.
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Figure 75: PCR price development comparison of the years 2017, 2018 and 2019.

Possible reason for the PCR price decrease might be the market expansion. On August 1st,
2016 the Belgian market joined the Swiss-German market. Another reason might be that
existing power plants are searching for new markets. An evidence of this might be the rising
number of successful biddings since 2015 as depicted in Figure 76. Furthermore, the power
per bidding in 2016 was lower compared to 2015. In 2015 the average power per bidding was
5 MW and in 2016 the average power per bidding was 3 MW. Therefore, the market is facing
a higher share of “small“ participants. This effect and the rising number of battery storage
systems participating in the PCR market lead to a rising number of weekly accepted bids in
2017. The high number of the accepted bids since 2017 result from the market coupling of the
German, Belgian, Dutch, France, Austrian and Swiss market. This is why a prognosis of the
market development is difficult. A raising number of participants could lead to lower market
prices.
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Figure 76: Development of the unweighted numbers of bids on the PCR market in Germany.

6.2.4 Market update of the PCR market

To enhance the penetration of renewable energies in the PCR market, the market is updated
continuously. On 23 May 2019, new prequalification requirements were presented. The 30-
minute criterion was replaced by the 15-minute criterion. Therefore, units with limited
capacity are required to reserve capacity for 15 minutes instead of 30 minutes as described in
the previous sections [223].

Another update was the shortening of the product time slot. Since 01 July 2019, PCR has to be
delivered for one day instead of a whole week. The auction takes place two days before
delivering. On 01 July 2020, the delivery time will be reduced to six products per day with a
product duration of four hours each (00:00 to 04:00, 08:00 to 12:00, 12:00 to 16:00, 16:00 to
20:00, 20:00 to 24:00) [224].

6.3 Secondary control reserve market

6.3.1 New secondary control reserve market design

In Germany, the SCR capacity demand is calculated by the TSOs and tendered in an auction.
The provision of positive and negative SCR is tendered separately. Since July 2018, new market
regulations are in effect. These regulations are defined in publication [224] and aim to reduce
excess barriers for renewable energy generation, demand-side-management-systems and
BESS to the SCR market. So far a high minimum capacity offer in combination with long lead
times and decreasing prices have prevented BESS for participating in the market [225]. The
key changes are pointed out in publication [225] and presented in following. The time slots of
the SCR are shortened. With the old regulations, only two time slot per day were auctioned.
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In the new market design, six time slot each with a four hour duration are auctioned (see
Figure 77.). Furthermore, the auction’s lead time is reduced to one day before delivery. The
time schedule for the SCR auctions are presented in Figure 78 and based on the information
given in publication [224]. The minimum bid size of 5 MW is still present, but if the bidder
submits only one bid per SCR product, time slot and control area, the bid size can be reduced
to 1 MW. The minimum increment of 1 MW for bid endure, as well as the merit-order
principal. The changes for positive and negative control reserve as depicted in Figure 77.

Updated tendering conditions

Current tendering conditions

SCR_ POS and SCR_NEG

‘ Off-peak: 00:00 - 04:00 M 04:00 - 08:00
Peak: 20:00 - 08:00
08:00 — 20:00 : ‘ 08:00 - 12:00 I 12:00 - 16:00
weekdays CEERI,
Y all weekend 16:00 — 20:00 [ 20:00 - 24:00

Figure 77: Overview of SCR products and product time slot under current and updated tendering
conditions [225].

The supplier has to specify the available capacity (MW), a capacity price (€/MW) and an energy
price (€/MWh) for each time slot and power direction [216, 221]. Up until October 15t 2018,
the winners of the auction were determined by submitted capacity prices (merit order). After
that date a mixed price was introduced which is calculated by the sum of the capacity price
and the weighted energy price.

| D-7 D-1 | [ opeliverypayp | | D+1 |
Afternoon Afternoon 15 min after
10:00 08:00 09:00 o
XX:XX XX:XX + 1 h every 15 min interval
N SCR bids Publication of Publication of 4
Publication of Seconds SCR End of second .
awared, control area SCR second interval
the SCR End of tender, tender
. tender results . K ) balances, requested SCR target
demand and first . if demand was SCR bids of first
published, . SCR reserves and values as
start of the tender . not met in the and seconds . A
if SCR demand ) international reserve requested by
tender first round round awared
was met exchange TSOs

Figure 78: Time schedule for the SCR auctions on the German market [225].

6.3.2 Overview SCR market and comparison to other markets

The German regulator Bundesnetzagentur determines market rules and access conditions
after consulting with TSOs and bidders. The bidding process is conducted using the internet
platform https://www.regelleistung.net where only prequalified system operators can take
part in the auctions. Table 18 provides an overview of the different secondary control reserve
markets. The requirements are similar therefore, the PV-BESS with power-to-heat coupling
could participate in other European markets as well.
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Service

Activation time
Min possible runtime

min. size
Pooling (section 7.2.4)
Tendering

Duration
Activation
Renumeration
Market size

Service

Min possible runtime
min. size
Pooling

Tendering

Duration
Activation
Renumeration

Market size

California
California [217] | [217]

Germany new Belgium Netherlands
Germany [37] | [37] [226] [227]
Secondary Secondary
Reserve Reserve Secondary Secondary
Control Control Reserve Reserve
20 % per 20 % per 15 % per 7 % per
minute minute minute minute
n/a n/a 15 min n/a
5 MW 6 MW n/a 4 MW
yes yes n/a n/a
weekly daily annual annual
1 week
(HT/NT) 4 hours 15 minutes 15 minutes
Merit order Merit order Parallel Merit order
Pay as bid Pay as bid Pay as bid Flat price
~ 2000 MW ~ 2000 MW 145 MW ~ 300 MW
UK [218, | Ireland [219,
219] 220]
Non- Frequency
Spinning Spinning | FFR restoration
Reserve reserve Secondary | reserve
30s to
10 min 10 min max. 1510 90 sec
2 hours 2 hours 30 min n/a
n/a n/a 10MW
n/a n/a yes
Regulated
n/a n/a monthly sb?I;\gec:r:Iwa
1-6 contracts
n/a n/a months
n/a n/a n/a
n/a n/a n/a
~ 850 700-1400
~ 850 MW MW MW n/a

Table 18: Main product characteristics of control-reserve qualities tendered.

6.3.3 Market Size

ENTSO-E regulations and rules are less relevant when it comes to dimensioning secondary
control reserve (SCR) and tertiary control reserve (TCR). German TSOs are using probabilistic
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methods to dimension the demand for control reserve. This method, among other criterions,
takes power plant and forecast failure into account. In September 2018, the allocated positive
SCR is 1,883 MW and 1,759 MW for negative SCR. The values for positive and negative TCR
are 1,382 MW and 759 MW respectively.

6.3.4 Price development SCR market

This section gives a rough overview of the price development on the SCR market. The price
development from 2012 to 2016 is presented and analyzed in [228]. From 2012 to 2016,
capacity prices are falling in the SRC market. The same applied for the capacity price of the
accepted bids. One reason for the decreasing prices was the rising number of market
participants. The new market participants include heating networks or battery storage
systems, but not necessarily conventional power plants.

Figure 79 illustrated the total revenues of the SCR from mid-2015 to mid-2018. The total
revenues are the revenues of the positive SCR plus the revenues of the negative SCR market
for low and high tariff. The total revenues fell in the examined years. The reason for the falling
prices is presented in Figure 80. Figure 80 depicts the expenditures made on the capacity
prices for all products. These prices decreased, whereas the energy prices remained stable in
the examined years. These prices are decreasing, whereas the energy prices remain stable in
the examined years.
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Figure 79: Total profit of the German SCR market on a weekly basis. The total profits incorporate the
resulting income and costs for the energy and the capacity prices [37].
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Figure 80: Total capacity price expenditures made on the German SCR market (monthly basis).
Includes capacity prices for high and low tariffs, as well as for negative and positive products [37].

6.4 Prequalification of suppliers

Participants in the control reserve markets have to provide evidence that they can fulfil the
technical requirements of providing control reserve power. Therefore, participants have to
undergo a technical prequalification process [216]. All requirements regarding power ratings
or minimum delivery time are formulated by the responsible TSOs. The requirements assumed
in this dissertation are given by the German TSOs [39]. Figure 81 describes the requirements
for prequalification and shows that BESS have to provide PCR for 30 minutes in total. This
regulation is called the 30 minute criterion, which states that BESS should be able to provide
the prequalified PCR, both charging and discharging, for 30 minutes.

During the prequalification process, the offered prequalified power is checked. The
prequalified power is the deployable power change within the activation time, which is
30 seconds for PCR, 5 minutes for the SCR and 15 minutes for the TCR (tertiary control
reserve). Furthermore, facilities for control and communication are checked as well. In the
prequalification process it is check twice, if the activation time can be adhered. After the
activation time, the control reserve has to be delivered in the prequalification process. The
delivery time is 15 minutes for the primary and secondary control reserve and 30 minutes for
the TCR [229]. Therefore, the minimum amount of power that should be provided for PCR is
1 MW for 15 minutes twice (until May 2019 see section 6.2.4).
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Figure 81: Performance requirements for prequalification
market [39].
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6.5 Conclusion optimization of integrated homes

The use of renewable energies is increasing in the recent years. Residential PV systems
produce renewable energy locally. With power-to-heat coupling in residential households, the
renewable energy from the PV systems can also be applied to the heating sector. This is why
homes that integrate a PV battery energy storage system and a heat pump for power-to-heat
coupling can contribute to the decarbonization process. To enhance the penetration of these
integrated homes, the overall system economics should be enhanced. This can be achieved by
advanced forecast-based operation strategies and optimal component sizes. This section aims
to find the optimal system configuration, under consideration of the operation strategy, for a
given load and radiation profile. To find the optimal system configuration, the analysis
incorporates, the advanced operation strategies presented in section 4 in the optimization of
the component sizes of the integrated homes.

A tool for the optimization of the component sizes of the integrated home is presented. The
tool considers many economic parameters and boundary conditions. The target of the
optimization is to reduce the annuity of energy cost for the integrated home. This tool is used
to evaluate a 4-person integrated home located in Lindenberg (Berlin, Germany). The
optimization is applied to a DC-coupled PV battery energy storage systems model with power-
to-heat coupling, based on real data measurements. To evaluate the economics of the
integrated home, the levelized costs of energy are calculated.

The presented optimization results have to be considered as exemplary, because the results
are highly sensitive to the parametrization of the model and the input parameters. The
presented optimization results emphasize that integrated homes are economically
competitive to houses with fossil heating concepts, if an optimal system design is chosen.
Savings of up to 15.5 % per year are possible in the examined case. The application of the
advanced operation strategies and the optimized component sizes can enhance the
economics of integrated homes and therefore enhance their market penetration.

The conducted case study shows that levelized costs of energy are mainly driven by the cost
for energy consumption of the heating system. The presented case study in the Section leads
to the following results:

1. Integrated homes are economically competitive to houses with fossil heating concepts.

2. The use of advanced operation strategies has a positive influence on the annuity of
energy costs of integrated homes, even under consideration of disturbance functions.
The advanced operation strategy uses a persistent forecast. The implementation of
more sophisticated forecast algorithms can further enhance the economic benefit of
advanced operation strategies.

3. Reduced buffer storage sizes reduce the cost for the integrated homes, but increase
the switching rate of the heat pump. Therefore, the minimum buffer storage size
should be chosen to guarantee the minimum runtime of the heat pump.

4. Optimization of the component sizes leads to a higher annuity reduction of integrated
homes, in comparison to advanced operation strategies. Advanced operation
strategies have a minor influence on the annuity of integrated homes in comparison
to an optimization of component sizing.

5. The application of an optimized power-to-heat coupled system can lead to savings of
up to 15.5 %, in comparison to a household with fossil heating and electricity supply
from grid.
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Additionally, sensitivity analyses are performed. The sensitivity regarding battery prices, solar
radiation, load changes and feed-in tariffs are analyzed. The consideration of additional load
due to an EV, reduced battery system prices and diminished FIT enhance the optimal battery
system sizes. Enhanced solar radiation on the other hand reduces the optimal battery system
size. The influence of further parameters e.g. the interest rate is discussed. Changing economic
circumstances are discussed as well. The investigated and discussed parameters influence the
economics of the integrated home.
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7. Reserve markets for battery storage systems

To participate on the control reserve market a minimum power of 1 MW is required [216].
This is a boundary for small BESS like PV-BESS, because these systems can only provide control
reserve of some kW. According to [230] it is allowed to couple these systems in a virtual power
plant to provide control reserve. These power plants have to be in the same control area [231]
and have to undergo the prequalification process as one unit.

7.1 Literature on photovoltaic battery storage systems
in control reserve markets

7.1.1 Literature on PV-BESS on the primary control reserve market

The participation of battery storage systems on primary control reserve markets is wildly
discussed in literature. However, the literature mainly focuses on grid-scale battery systems.
Aggregated residential battery systems participating on the control reserve market is a
relatively new topic and therefore, literature is still weak. This literature review is focused on
battery system participating on the control reserve market.

In [38] a analysis of markets for grid connected BESS is presented. The publication concludes
that the penetration of the control reserve markets depends on the economic performance
of the energy storage systems. The PCR market could be a promising market.

[232] presents an operation strategy for battery storage systems participating in the PCR
market. The publication concludes, that the installation site and the choice of the energy to
power ratio have a higher impact on the economics of the storage system.

In [233] the optimal provision of primary frequency control with battery systems is
investigated. Therefore, the degrees of freedom are described, and the effect of their
utilization on battery system operation is analyzed. Additionally in [234] the billing and
measuring issues as well as the current regulatory framework conditions in Germany are
discussed.

The impact of different operation strategies for battery energy storage systems providing
primary control reserve is analyzed in [235]. The consideration of price trends and bidding
strategies are added in [222]. The publication concludes that under the assumption of a
moderate PCR price drop, BESS prices and lifetimes and the time of investment are crucial for
the investment’s attractiveness.

A technical, operational and regulatory suitability of battery energy storage systems (BESS) to
bid into the European ancillary market is investigated in [236]. The results from the operation
of the Zurich 1 MW BESS in this market are presented.

The fundamentals of using battery energy storage systems to provide primary control reserves
in Germany are discussed in [221]. In this publication, the combination with PV systems is
discussed as well.
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Caterva (Today: Alelion Energy Systems GmbH), Ampard AG (Lichtblick) and sonnen eServices
GmbH are aggregators of PV-BESS, which are prequalified in the German PCR market [237].
Connected to a virtual battery, these PV-BESS can provide PCR [238].

Melo et al. [239] investigated PCR provided by hybrid battery storage and power-to-heat
system. He points out the advantages of hybrid systems and concludes that the economic can
be improved using systems with a capacity-power ratio lower than one. Nevertheless, the
studied system is not economical feasible under current electricity prices. Domestic battery
systems with power-to-heat coupling participating on the PCR market are investigated in
[240]. The publication concluded that savings up to 31 % in comparison to a BESS without P2H
and PCR are possible. In comparison to the publication at hand, publication [240] does not use
an aging model for BESS. Furthermore, different strategies for PCR offers are not investigated.
Publication [241] investigated the provision of BESS with power-to-heat coupling on MW
scale. PV home storages participating on the PCR market are investigated in [242]. The authors
conclude that a PV-BESS, which combines enhancement of PV self-consumption with the
provision of secondary control reserve leads to profitable investments. A power-to-heat
coupling is not investigated in this publication. Engels et al. investigate BESS for self-
consumption and provision of primary control reserve. The authors conclude that revenues of
storage systems that combine self-consumption with provision of primary control reserve
increases significantly [243].

The combination of peak shaving operation and frequency regulation with BESS is investigated
in [244]. The results suggest that batteries can achieve a higher economic benefit, when
combining both applications. JanRen analyses the operation of PV battery energy storage
system in combination with primary control reserve [245] and reveals that the provision of
primary control reserve is not economic feasible.

7.1.2 Secondary control reserve market

BESS involvement in the SCR market are addressed in publication [225]. This publication
investigates the possibilities in the updated SCR market. The publication concludes that the
updated SCR market will make it easier for BESS to play a role, but it is not expected that
reserve markets will provide a new singular driver for the market integration of energy storage
in Germany. Further publications investigate the role of BESS in the SCR market under pre-
updated market conditions. Publication [246] investigates bidding strategies for BESS in the
SCR market. The publication “reveals that it is not economically beneficial to provide SCR with
a standalone battery” (Olk et al. pg.1 [246]). Further publications investigate electric vehicles
participating in the SCR market. Publication [247]’s findings indicate that the SCR market
should not be accessed with EVs. Publication [247] also refers to further publications which
do not take all the market constrains into account. The INEES project [248] investigates electric
vehicles (EV) to provide system services. The integration of EV in the SCR market is not cost-
effective. This publication concludes that market changes are necessary for EV to make an
economic contribution to the SCR market. Publication [249] investigates the British market for
BESS, whether stand-alone systems or used in combination with a wind farm. The publication
concludes that BESS are currently uneconomical when only used for shifting energy, but
providing reserve can triple the revenue for storage in the British electricity market. In
publication [250], strategies for the provision of secondary reserve capacity to balance
fluctuations renewable energy are investigated. In this publication, only large water storage is
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addressed. Stationary battery systems for providing secondary control reserve are
investigated in publication [251]. The publication reveals that large-scale community storage
systems are economically feasible for the provision of SCR. The provision of SCR, in
combination with storage for solar systems, is feasible because the spare storage capacity can
be used, especially during nighttime. Litjens et al. recommend a secondary control reserve
provision with residential battery storage systems [242]. The authors conclude that the
combination of the enhancement of PV self-consumption and secondary control reserve lead
to a profitable investment. Similar results are found in publication [252]. The results of the
publication show a significant increase in the profitability of BESS if PV self-consumption is
combined with negative SCR provision. However, both publications do not consider the
additional benefits from power-to-heat coupling if negative SCR is provided. The integration
of electricity and heat supply in buildings is investigated in publication [253]. For a Swedish
office building to supply heat requirements through a heat pump, an electrical heater is
recommended if flexibility requirements from the electrical grid taking into account the
connection to the district heating are favorable. SCR provision is not investigated in this
publication. A general overview of combining applications for residential battery technology
is presented in [254]. This publication investigates demand peak shaving.

Currently, operation of battery storage systems focuses on the primary control reserve (PCR)
market. Few publications investigate battery systems participating in the secondary control
reserve (SCR) market. This specifically applies to integrated homes, which combine PV battery
and power-to-heat coupling. The dissertation at hand fills the gap in the literature by
combining the provision of secondary control reserve with PV BESS and power-to-heat
coupling. In this case, the heat storage provides additional capacity for secondary control
reserve (SCR). Energy from SCR reduces the costs for grid consumption and gains additional
economic benefits. The dissertation shows a new dual-use operation strategy for PV home
storage systems with power-to-heat coupling. Novel bidding strategies and a new approach
to calculate the costs and earnings of SCR market participation are presented. The results
presented in thesis at hand are based on [255] and [256].

7.2 Primary control reserve with battery energy storage
systems

7.2.1 Primary control reserve market

Understanding of the primary control reserve (PCR) market in Central Europe is necessary to
adapt the energy management system of the integrated home. In the following, the PCR
market and the requirements are presented in detail. The requirements are given by the TSO’s
and are presented in [39]. The Central European PCR market has to be delivered between a
frequency deviation of + 200 mHz and - 200 mHz. This regulation is published in [39] and
discussed in numerous publications [232, 234, 235] as presented in the introduction. Each
participant in the PCR market has to follow the P-f characteristic curve shown in Figure 82. As
long as the frequency is between 49.99 to 50.01 Hz no action must be taken. This frequency
range is called dead band. If the frequency deviation violates this window, an activation call
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made by the TSO is performed (automatically and decentralized, according to P-f
characteristic curve). For larger deviations (10 mHz to +200 mHz) the PCR power should be
delivered and increased linearly up to 100 % of the bid amount and maintain constant at its
maximum as long as the frequency deviation is larger than £200 mHz [221].
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Figure 82: Power to frequency characteristic (P-f characteristics) for BESS providing PCR on the
Central European market. The maximum power is the maximum power, which can be provided in
the case of over-fulfillment and minimum power depicts the minimum power, which can be provided
in the case of under-fulfillment [257].

Figure 82 presents the PCR P-f characteristics curve for a battery energy storage system (BESS).
This figure illustrates the delivery requirements of the PCR. If the frequency violates the
standard operation situation and the deviation is between 10 mHz and 200 mHz the BESS
should start to absorb power from the grid (charging the batteries). The standard operation
situation is illustrated in Figure 83. The amount of power should increase linearly with an
increase of the grid frequency between 10 mHz and 200 mHz and remain at its maximum if a
deviation remains above 200 mHz. For a negative deviation, the behavior is the same, except
that BESS should discharge and feed power into the grid. To ensure that BESS are able to
deliver the required power they have to undergo the prequalification process.

7.2.2 Operating range and for BESS

For a battery system to participate in the PCR market, regulations are given in [39], which
define the compulsory available energy reserve in the storage system.

The requirements for prequalification are presented in Figure 81. Figure 81 shows that BESS
have to provide PCR for 30 minutes in total (until May 2019 see section 6.2.4). This regulation
is called the 30 minute criterion, which states that BESS should be able to provide the
prequalified PCR, both charging and discharging, for 30 minutes.
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Considering these rules and the prequalification requirements for BESS, the resulting
permitted SOC ranges are shown in Figure 83. Ep, (energy content of the battery) and Ppq
(prequalified PCR power) determine the maximum and minimum SOC limits.

Equations (58) and (59) show these values:
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Figure 83: Required state of charge (SoC) range for a battery energy storage system (BESS) based on
the 30 min criterion on the German PCR market. Ep,,; (energy content of the battery) and Pp(
(prequalified PCR power) determine the maximum and minimum SoC limits.

The 30 min criterion is violated when the operating range does not remain within the
operation range for standard operation while the grid is in a standard operation situation. It
is a standard operation situation as long as none of the following criteria are fulfilled:

- frequency deviation above +200 mHz

- frequency deviation above +100 mHz for more than 5 min

- frequency deviation above £50 mHz for more than 15 min
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To fulfill these requirements the available energy of the BESS must be greater than the
prequalified power as described in the following equation:

Epat > 1h (60)
Ppo

In real applications, the available energy has to last for a minimum time of 1.33 hours, because
a frequency deviation of 10 minutes at 100 Hz plus a frequency deviation of 5 minutes with
200 Hz is still in the standard operation range. Therefore, a minimum available energy of 40
min in each direction has to be minded. Thus, a total minimum available energy of 1.33 hours
is requested in order to get prequalified. Normally 1.5 hours of available energy is used as a
boundary, because energy for normal operation and time for recharging has to be minded.
For this dissertation, an available energy rate of 1.43 h is assumed based on the analysis
presented in section 7.3.2.

As soon as the frequency reaches the standard operation window, the battery SOC must be
restored to the boundary defined in Figure 83. This leads to a limitation of the PV-BESS
operation range, if PV-BESS is participating in the PCR market. This limitation is shown in Figure
84.
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Figure 84: Left: SOC of a 10 kWh PV-BESS without PCR. Right: SOC of a PV-BESS which participating
in the PCR market. The 30-minute-criteria is shown, if 1 kW PCR is offered on the market. The
presented results are based on simulations.

7.2.3 Degrees of Freedom

In Central Europe, as defined in [257], TSOs are allowing degrees of freedom in order to keep
the battery SOC level within the boundaries defined in Figure 82.These degrees of freedoms
are provided considering that PCR participants can slightly deviate from the P-f characteristics
curves of Figure 82.

Over fulfillment:

The control power determined by the P-f characteristics curve can be increased by up to 20 %
in order to help adjusting the SOC to the required value. The operator of the BESS is allowed
to decide if the BESS should be charged or discharged with the additional power [257].

Dead band:

Within the dead band a PCR provider does not have to provide PCR. The operator of the BESS
can use this dead band to adjust the SOC of the BESS. Therefore, the control power demand
indicated by the P-f characteristic can also be provided within the tolerated deviation range
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of £10 mHz if the SOC needs to be adjusted [257]. The SOC adjustment is only allowed if it
serves the grid and a maximum power of 5 % of the PCR is allowed. To be able to use the dead
band a sufficiently accurate measurement needs to be installed.

Provision Rate:

The control power based on the P-f curve must be provided within 30 seconds or less. This
allows the PCR provider to adjust the power gradient in order to influence the SOC.
Scheduled Transactions:

PCR providers can modify the SOC by participating in the electricity market.

7.2.4 Aggregation of battery energy storage systems

To participate on the PCR market a minimum power of 1 MW is required [216]. This is a
boundary for small BESS like PV-BESS, because these systems can only provide PCR of some
kilowatts. According to [230], it is allowed to couple these systems in a virtual power plant to
provide PCR. These power plants have to be in the same control area [231] and have to
undergo the prequalification process as one unit.

As already mentioned, the prequalified power must be supplied for at least 30 minutes. This
can be reduced to a 15 minutes criterion [221] if the BESS is operated in a virtual power plant
with conventional power plants. This is only allowed if the virtual power plant has no limitation
of the available energy. In this case, the virtual power plant has to undergo the
prequalification process and an extension of the prequalified power of the virtual power plant
is not permitted.

7.2.5 PCR for PV home storage systems with power-to-heat coupling

Renewable energy produced by a PV power plant in a household cannot only be used to cover
the electric load. This energy can be used to cover the heating demand of the household if for
example a heat pump is installed in the building. The examined household in this section
couples the heating sector with the electricity sector to enhance the self-consumption and in
some cases the economics of the household [140]. The applied power for heat coupling can
be used for the PCR as well. The negative control reserve can be transferred into the heating
sector. Therefore, the limitation of the battery can be reduced as depicted in Figure 85. If the
BESS is fully charged the negative PCR power can be transferred into the heating sector with
the heater rod. The negative PCR has to be used for heating. It is not allowed to waste the
negative PCR power.
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Figure 85: Allocation of the reserve capacity of a BESS with power-to-heat coupling participation in
the Central European PCR market in comparison to a standalone BESS. Positive control reserve can
be transferred in the heating sector, leading to higher useable capacity.

7.3 Model for participating in the primary control
reserve market

7.3.1 Adjustment of the scheduled power to guarantee the 30 minute

criterion

As described in section 7.2.2 the 30-minute criteria has to be fulfilled at all times. Therefore,
an adjustment of the scheduled power is necessary and the battery has to be recharged on
the intraday market. The total time duration for the adjustment of the scheduled power is
divided into three 15min time intervals: idle time, lead-time, delivery time.

At the intraday market, transactions can only be made at the beginning of every quarter of
hour. Therefore, the maximum time delay between the detection of a scheduled adjustment
and transaction on the intraday market is up to 15 minutes. The idle time represents this time
delay.

The lead-time represents the time between the transaction and the delivery. The lead-time
could be between 15 minutes and 45 minutes [258]. The lead-time is set to the minimum time
of 15 minutes in this work, because the possibilities of future inter- virtual power plant energy
exchange is considered. The delivery time for intraday transactions is 15 minutes and is
considered in this work. The three different time intervals are illustrated inFigure 86.



Reserve markets for battery storage systems 131

detection triggering closure

Lschedule adjustment

tidle tiead

| >
12:00 12:15 12:30 12:45 time

Figure 86: Timeline for an adjustment of the scheduled power. After the detection of a schedule
adjustment the idle time, lead-time and delivery time has to be minded.

7.3.2 Calculation of the maximum PCR

To determine the maximum PCR power, which can be offered by the integrated home, every
component of the house is analyzed separately. The following conditions are derived from
requirements proposed by the TSOs and are presented in [39].

The battery must have enough capacity to fulfil the 30-minute criterion. Therefore, schedule
adjustments could be necessary. The time delay for a schedule adjustment is calculated in
section 7.3.1. The criteria for a standard operation scenario as presented in section 7.2.2 are
minded as well. A worst-case consideration is analyzed. Therefore, the time of the detection
of a schedule adjustment is set to the second after the quarter-hour boundary for a
transaction e.g. 10:00:01 o'clock. During this quarter hour, a frequency deviation of £ 50 mHz
is considered. This deviation is valid in the standard operation situation. After this event a
frequency deviation of £200 mHz for 5 minutes is considered, followed by a frequency
deviation of £100 mHz for 10 minutes. These frequency deviations are still defined as the
standard operation situation. In this worst case, a violation of the 30-minute criterion is not
valid. For the worst-case, the following frequency deviation after schedule adjustment
detection at 10:00:01 o'clock is considered:

1) 10:00:01 till 10:15 frequency deviation of +50 mHz

2) 10:15 till 10:20 frequency deviation of £200 mHz

3) 10:20 till 10:30 frequency deviation of £100 mHz
After these deviations the 30-minute criteria has still to be fulfilled. In following the necessary
capacity is calculated in dependence of the offered PCR power Ppcg:

E, = %Sgoggfgg'%h *Ppcp = %16}1 * Ppcp (61)
EZ=%88mgg'?_8h'PPCR=1_12h'PPCR (62)
E3:%88m%'gh'PPCR:?h'PPCR (63)
E4=200mHz'§h'PPCR=§h'PPCR (64)
EpcR =E{+E, + Es+ E, =0.7292 h - Ppcy (65)

With respect to the battery capacity, the energy that needs to be reserved for PCR can be
calculated as following:
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__ Epcr _ 0.7292h _
SoCpcr(Cpar) = Cchr C * Pocr = Apcr * Ppcr (66)
Bat Bat

In this work a 10 kWh battery is considered. Therefore, the factor apcg for the examined
battery system can be calculated as following:

0.7292h _ 0,7292 h
Cpat  10kWh

1
apcr (Cpat) = = 0.073 7 (67)

This leads to a reserved capacity of 7.3 % per kW PCR of a 10 kWh BESS.

%
SoCpcr(Cpar) = 7.3 W * Ppcr (68)

If the capacity of the BESS is below this value, a schedule adjustment is triggered to recharge
the battery on the intraday market. This value is valid for one direction, charge or discharge.
The capacity has to be saved in both directions. In the case an integrated home is considered,
the negative PCR can be transferred into the heat storage as shown in section 7.2.5. In this
case, an integrated home with power-to-heat coupling and a 10 kWh BESS can provide up to
13.8 kW of PCR with the BESS.

Beside the battery capacity, the converter can be a limiting factor for participation in the PCR
market. Considering the TSO regulations, 25 % of the converter capacity has to be available
for recharging at all times. Therefore, a maximum of 8 kW from a 10 kW converter can be used
for PCR.

If the charging power of the BESS is limited due to a high SOC, the heat can be transferred to
the heating sector with the heating rod. The battery cell, which is used for parameterization
of the BESS can be discharged with a current up to 2C. The 2C rate limit is set by the battery
management system (BMS). Therefore, the discharge rate of the battery is not a limiting factor
[259]. Only if the battery gets close to the discharge cut-off voltage, the discharging c-Rate is
reduced. Table 19provides an overview of the limiting factors of the integrated home for PCR.
The analysis leads to the conclusion that the battery converter and the grid inverter are the
limiting factors for the PCR.

component constraint size [KW]
SoC 13.8

battery Charging power ; t(flmi(;nfit(eeadti:; rtgj) power
Discharging power 20

inverter Rated power 8

converter Rated power 8

Table 19: Limiting factors of the available PCR power of the integrated home (10 kWh
battery; 10 kW converter).
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7.3.3 Advantages of the power-to-heat coupling in integrated homes

participating in the PCR market

An advantage of integrated homes participating in the PCR market is that the negative PCR
can be transferred into the heat storage as shown in section 7.2.5. The surplus PCR power can
be transferred with a heating rod to the heating sector. Nevertheless, due to the high exegetic
value of electricity, this is the last option. First of all the negative PCR power is used to reduce
the grid consumption of the integrated home. If the energy consumption from the grid is zero,
the PCR power is stored in the BESS. Only if the BESS is fully charged SOC = SOCmax the
negative PCR is transferred into the heating sector via the heating rod. The heat pump is not
used, because of the ramp up time of the heat pump. Additionally, the negative PCR power
might not be sufficient to run the heat pump. Furthermore, PCR power might not be available
for a sufficient time to guarantee the minimum runtime of the heat pump.

To be able to prequalify the integrated home in a virtual power plant for the PCR market the
heat storage capacity has to be sufficient to fulfil the 30-minute criterion. Therefore, the
maximum capacity of the buffer and DHW storage is calculated. If the integrated home
delivers 8 kW of PCR (size of converter), the storage capacity of the heating sector has to be
5.84 kWh at least. The minimum storage capacity of 5.84 kWh is calculated with equation (67).

The volume of one storage is 300 | and the heat capacity of water is c = 4190 kg%}(. To fulfil the

30 min criterion the temperature spread in the storage has to be at least 14.3°C. An efficiency
of the heating rod of 100% is assumed. The maximum output temperature of the heat pump
is 55°C and the maximum valid temperature in the storage is 95°C [260]. Therefore, the
minimum spread offered is 40°C. The storage capacity of the heating storage is sufficient for
the PCR requirements.

7.3.4 Use of the degrees of freedom: over fulfilment and death band

Section 7.2.3 pointed out the degrees of freedom for BESS participating in the PCR market.
These degrees of freedom can be used by the integrated home, to extract energy from the
grid for free. If the integrated home should deliver negative PCR the degrees of freedom can
be used. The integrated home can use the dead band as well as the over fulfilment. Therefore,
factors are implemented to use the potential of the degrees of freedom.

PPCR,total = PPCR,min(f) : kover fulfilment(f) : kdeath bamd (f) (69)

These factors depend on the frequency and are shown in Table 19. A factor of 1.2 represents
an over fulfilment of 20 %.
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Degree of freedom |Frequency in Hz factor

4999 <f<50 |0

kdead band
other 1

498 <f<50 1

kover fulfilment

50 < f<50.2 1,2
Table 20: Usage of the degrees of freedom of a PV BESS.

7.3.5 Battery operation in case of PCR

The BESS of an integrated home has a double use when participating in the PCR market. The
capacity for the use as a home storage and the capacity for the PCR market are separated
virtually. If the SoC band of the PCR is reached, the load of the household is not covered by
the BESS. In the case, the energy of the battery storage reserved for home storage operation
is considered as empty. Regulatory issues, if there are any, could be overcome by the
installation of a backup supply in the pool. As soon as the SoC reaches a value above of the
PCR SoC band, due to a schedule adjustment, the load of the household would be directly
covered by the BESS. This would lead to an oscillation. Therefore, a band is defined in which
the SoC of the battery has to be charged by solar power in order to cover the load from the
household. Figure 87 illustrates this band.

SOC A Load off

Schedule adjustment Load on

14.6%

7.3%
5%

30-minute criterion

2.5C time

1. load+PCR _’| 3.PCR | 4. load+PCR

- » »
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Figure 87: Battery operation of a PV BESS (LkW PCR; 10 kWh battery; 10 kW converter) in case of a
PCR. If a schedule adjustment is necessary, the battery does not cover the load. PV generation is
used for direct self-consumption (SC). Only when the SoC of the battery exceeds a defined boundary
the battery covers the load (load on).
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7.3.6 Constant offer of PCR

In this work, two different kinds of PCR are examined: a constant and a variable offer of PCR
power on the market. The constant PCR strategy offers constant PCR power over one year on
the market. The SOC characteristic of the examined integrated home with 3 kW PCR is
illustrated in Figure 88. The 30-minute criterion is minded.
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Figure 88: SoC of a PV-BESS with power-to-heat coupling and a 10 kWh BESS and a 10 kWp PV system
offering a constant PCR power of 3 kW.

7.3.7 Variable offer of PCR

The 30-minute criterion limits the use of the battery for the home storage operation. In winter
months the BESS is used less for home storage operation. Therefore, a higher share of PCR
can be offered on the market without major limitation of the home storage operation.
Therefore, a variable offer of PCR on the market is presented in this section. A combined
operation of the BESS for enhancement of self-consumption and PCR provision requires a
waiver of self-consumption. To determine the weekly offered PCR different waivers of self-
consumption are analyses. A waiver of 20 % of the energy stored in the BESS has the highest
economics as presented in Figure 99 (section 7.4.5). Therefore, the SoC limit is chosen, which
only reduces the energy throughput of the battery for the offered week by 20 % as shown in
Figure 89.
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Figure 89: Calculation of the weekly offered PCR. Assumption that waiver of 20 % of the energy
stored in the BESS is acceptable (left). The SoC limit for this week is the SoC, which only reduces the
energy throughput of the battery for the offered week by 20 % (right).

The 80 % energy boundary represents the SoC band for the home storage operation. The rest
of the band can be used for PCR. With respect to the factor apcg = 0.0726 1/kW presented
in section 7.3.2 the offered PCR can be calculated with the following equation:

SoCpcRweek
P = — 70
PCR,week 100 %-apcr ( )

In winter months the battery is used less for home storage operation, therefore the offered
PCR s higher in the winter month. The weekly offered PCR is depicted in Figure 90 with respect
to the 8 kW limit of the converter [39]. The determination of the weekly offered requires
forecast of the load and the PV feed-in. The influence of prognosis errors is not examinated in
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Figure 90: Resulting variable PCR offer of a PV BESS with power-to-heat coupling and a 10 kWh BESS
and a 10 kWp PV system.
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7.4 Results participation on the primary control reserve
market

The following section presents the results from simulation and economic evaluation of the
market participation of aggregated residential integrated home. Since there are many
different relevant aspects to this evaluation, a discussion of the presented results is directly
included in this section to increase readability and comprehensiveness.

The participation on the PCR market generates additional incomes for integrated homes. On
the other hand, additional costs due to higher battery aging and lower self-consumption
emerges. Section 7.4.1 investigates the influence on the battery aging. The influence on the
self-consumption rate is examined in section 7.4.2. An economic evaluation of costs and
revenues of the participation on the PCR market is analyzed in section 7.4.3. Section 7.4.4
presents an examination of the influence of the costs for participation on the PCR market. A
comparison of all these costs with the possible incomes is presented.

7.4.1 Influence on the battery aging

To participate in the PCR market the 30-minute criterion has to be fulfilled as pointed out in
section 7.2.2. This leads to an enhanced average SoC of the battery and hence to an
accelerated battery aging. The influence of the market participation on the average SoC of the
BESS is depicted in Figure 91. The reserved capacity to satisfy the 30-minute criterion is also
illustrated by the gray area. With a rising PCR power, the SoC capacity for the 30-minute
criterion is enhanced. Hence, the average SoC of the BESS is enhanced. In the case of a
provision of 8 kW PCR, the reserved capacity is 58 % of the total battery capacity. This leads
to an average SoC of 74.9 % and therefore to an enhanced battery aging [68]. [68] points out,
that an increased SoC leads to an increased battery aging, if the BESS is operated within the
operation window.
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Figure 91: Average SoC in dependency of the PCR offer of a PV BESS with power-to-heat coupling,
with a 10 kWh BESS and a 10 kWp PV system.
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An enhanced battery aging leads to higher costs of the BESS. The relative battery lifetime
decrease is depicted in Figure 92. The result only applies for this specific battery cell. Due to
the huge variety of different battery cells, a general statement cannot be made and has to be
investigated for every cell individually.

For this battery cell, low rates of PCR power (1-5 kW) lead to a quite minor change of the
battery aging. A PCR power of 6 kW reduces the BESS lifetime around 5 %.
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Figure 92: BESS lifetime in dependency of the PCR offer of a PV BESS with power-to-heat coupling
with a 10 kWh BESS and a 10 kWp PV system.

For further investigation of the battery aging, the battery aging is divided into two parts, a
calendric and a cycle aging. Figure 93 depicts the relative battery aging. An increase of the
calendar aging is shown, due to the increased average SoC of the battery. A high average SoC
leads to an enhanced calendric battery aging [68].
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Figure 93: Calendar and cycle aging in dependency of the PCR offer of a PV BESS with power-to-heat
coupling with a 10 kWh BESS and a 10 kWp PV system. The calendric aging is increasing, because the
average SoC is enhanced.

Besides the calendar aging, the cycle aging of the BESS is depicted in Figure 93 as well, in
accordance to the battery aging model presented in section 3.2.5. In comparison to the
calendar aging, the share of the cycle aging is reduced. The reason for the reduction is the
reduced useable capacity for the home storage operation due to the implemented PCR limits.
This limits lead to cycles with smaller DoD and therefore less cyclic aging. If the PCR power is
between one and five kW the reduced cycle aging and the enhanced calendar aging almost
cancel each other. This is the explanation for the minor influence on the battery aging depicted
in Figure 92.

If the integrated home offers 6 kW of PCR, the cycle aging is enhanced. The reason for this
enhancement is the reserved SoC of 43.8 %. Every time the battery is charged and discharged,
the penalty function located at 50 % SoCis triggered. The penalty function describes additional
aging due to phase transition of the battery cell (section 3.2.5.5). Theories presented in [63,
68] assume that a change in the grid structure of the graphite electrode lead to additional
mechanical stress and therefore to an enhanced battery aging. This effect was observed for
the investigated cell in this work. The increase of the PCR power to 7 kW leads to a reserved
SoC of 51.1 %. In this case, the penalty function is not triggered, and less cyclic aging occurs.
This is why the share of the cycle aging in the 6 kW PCR case is almost the same as in the 5 kW
PCR case. Furthermore, this is the explanation for the lower battery lifetime in the 6 kW PCR
case in comparison to the 7 kW PCR case.

In total the additional aging of the BESS, when participating in the PCR is relatively low. The
lifetime of stationary BESS in home storage operation, are often limited by the calendar
lifetime. BESS in home storage operation with a 1:1 dimensioning (PV to BESS capacity; here:
10 kWp PV system with 10 kWh BESS) performing 180 to 250 equivalent full cycles per year in
Germany [261]. The Wohler curve presented in Figure 21 point out that the investigated
battery cell is able to perform around 4000 equivalent full cycles at 40 % DoD. This leads to
the conclusion, that the cycle lifetime of the battery is not fully used during home storage
operation. Additional cycles for PCR participation have a minor effect on the lifetime of the
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BESS. The additional stress for the BESS due to the participation on the PCR affects the aging
only to a minor degree, because the calendar aging is dominate in this application.

7.4.2 Influence on the self-consumption rate

The participation on the PCR market leads to a limitation of the home storage operation,
because capacity in the BESS is reserved for the PCR operation. The operation strategy of the
BESS aims to maximize the self-consumption rate [133]. Therefore, the self-consumption rate
is an indicator for the home storage operation and provides a value for among of energy from
the PV power plant used by the household. The self-consumption rate is defined as the sum
of the direct self-consumption plus energy stored in the BESS divided by the energy produced
from the PV power plant.

Egirect sctEbpat charge
asc = ? (71)

Epy

Figure 94 depicts the self-consumption rate for different PCR offers. With an increasing PCR
offer, the self-consumption rate is reduced. Therefore, the battery is used less for home
storage operation. The self-consumption rate of the variable operation strategy is higher as
an offering of 7 kW constant PCR.
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Figure 94: Self-consumption rate in dependency of the PCR offer of a PV BESS with power-to-heat
coupling with a 10 kWh BESS and a 10 kWp PV system.

7.4.3 Economic evaluation

The economic evaluation is based on the methodic and the parameters presented in section
3.5. The assumption is made that the integrated home participates in a pool on the PCR
market. The pool is prequalified for the PCR participation. Therefore, additional costs are not
taking into account. The influences of these costs are discussed in section 7.4.4. The cost for
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market participation vary in a wide range [248, 262, 263]. Hence, it is difficult to give a clear
statement regarding these costs. This section investigates the additional revenues for BESS
participating in the PCR market and the costs for reduced self-consumption rate and enhanced
battery aging. Further savings, due to additional energy gained from the utilization of the
degrees of freedom, are taking into account. The depicted results present the annuity of the
integrated home. The annuities are the annual costs for electricity and heating of the
integrated home considering all costs over the systems lifetime. Therefore, integrated houses
with lower annuity have higher economics. The annuities are depicted in Figure 95. The results
emphasize that the offer of 1 kW PCR already leads to reduced annuity in comparison to an
integrated home not participating on the PCR market. The integrated home offering variable
PCR has the lowest annuity and therefore the best economics. Costs for participation are
neglected in this evaluation. The annuity of the integrated homes is compared to a house with
fossil heating. This house uses grid consumption for electricity of 29.2 ct/kWh and fossil
heating of 13 ct/kWh [137]. A comparison with a house combining a PV system without a
BESS and fossil heating is presented in section 7.9.
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Figure 95: Annuity in dependency of the PCR offer of a PV BESS with power-to-heat coupling and a

10 kWh BESS and a 10 kWp PV system. A constant PCR revenue of 2.00 A
kW-week

Comparison to a conventional power generation (annual consumption: 4,674 kWh, with
29.2 ct/kWh and 12499 kWhy, with 13 ct/kWh [137]).

is considered.

The results presented in Figure 95 are based on constant PCR revenue of 2.00 In

kW-week’
section 6.2.3 it was pointed out that the PCR prices are expected to fall. Therefore, a sensitivity

analysis of the PCR prices is presented in Figure 96 on an integrated home offering a variable
PCR power. The annuity incorporates the inflation rate. Therefore, annual decrease of 5 % of

. i €
the PCR prices lead to a PCR price of 0.62 KW-week

remuneration of 752 €/a in the first year and an annual PCR remuneration of 233 €/a in 20
years. This is the explanation for the annuity increase of 6 %, if a 5 % decrease of the PCR price
is estimated.

in 20 years. This leads to an annual PCR
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Figure 96: Sensitivity analysis of the PCR price offer by a PV BESS with power-to-heat coupling and a
10 kWh BESS and a 10 kWp PV system. A basic PCR price of 2.00 kwfveek
integrated home offers a variable PCR power.

is considered. The

7.4.4 Influence of the costs for participation on the PCR market

This section analyses the influences of the measurement costs and running costs for PCR
market participation. These costs are varying, therefore a general statement cannot be made.
Furthermore, the assumed costs are costs for the current market situation. Future costs saving
through progression in automatization, modern measurement methods and centralized
regulation are not taken into account. Additional costs for the market access and marketing
of the PCR power are not investigated.

To participate in a pool in order to get prequalified in the PCR market a measurement of the
PCR power and a communication with the TSO and the other participants in the pool is crucial.
Table 21 provides an overview of the range of costs for market participation. The costs are
classified in investment costs (CAPEX) and operation costs (OPEX).
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Cost type Costsin €

CAPEX Installation of measurement device (steering

299 — 1000 € [262, 264]
box)

e Steering software
e Communication technology
e Measurement technology

OPEX Current payments for measurement point 325 — 650 €/a [248]

e Operation of measurement point
e Measurement service

e Billing

e Communication

Table 21: Cost for participation on the PCR market of BESS operating in a virtual power plant.

A steering box for the PCR measurement point is offered by girdX for 299 € [264]. Caterva, the
one of the companies prequalified with a pool of PV-BESS to participate in the German PCR
market estimates their costs for a steering box at over 1000 € [262]. The investment cost can
be apportioned over the lifetime.

The INEES research project estimate their costs for secondary control reserve (SCR) market
participation of EV's (electric vehicles) of 700 €/a per EV. And estimates future costs of 60-250
€/a, due to changes in the measurement regulation and the integration of smart meters [248,
265].

A worst- best-case scenario evaluation is made of the additional costs for market participation
and presented in Figure 97. The investment costs of 299 € are leading to annual costs of 16.85
€/a. The investment costs of 1000 € are leading to annual costs of 56.37 €/a. The operation
costs in the worst-case scenario are set to 650 €/a [248]. For the best-case scenario the
operation costs are set to 325 €/a, which are half of the costs in the worst-case scenario. The
results in Figure 97 emphasis, that the participation in the PCR market could be economically
beneficial, if 3 kW or more are offered. In the worst-case scenario, a minimum offer of 6 kW
PCR enhances the economics. Costs for market access and changes in the market prices are
not incorporated [238]. In the best-case scenario annual savings up to 12.5 %/a are possible
with a variable PCR offer.
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Figure 97: Annuity in dependency of the PCR offers of a PV BESS with power-to-heat coupling with a

10 kWh BESS and a 10 kWp PV system. A constant PCR revenue of 2. 00 A
kW-week

is considered.

7.4.5 Sensitivity analysis with variable PCR offering

In section 7.3.7, a strategy to offer a variable amount of energy on the PCR market is
presented. This strategy is used in section 7.4.1 to 7.4.4. For the investigated strategy the
assumption is made that waiver of 20 % of the energy stored in the BESS is acceptable. A
waiver of 20 % of the energy stored in the BESS leads to a remaining stored energy of 80 %.
Figure 98 depicts the resulting annuity of the investigated integrated home, if the among of
waived energy is varied with a 5 % step size. The results lead to the conclusion that a waiver
of 20 % of the energy stored in the BESS leads to the lowest annuity and therefore to the
highest economic efficiency. Intelligent algorithms to calculate the PCR power offered on the
market, can lead to further reduction of the annuity of the integrated home. A reduction of
the step size in the presented sensitivity analysis might further increase the economic
efficiency.
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Figure 98: Annuity in of the variable PCR offers of a PV BESS with power-to-heat coupling, a 10 kWh
BESS and a 10 kWp PV system. A constant PCR revenue of 2.00 kWLweek is considered. Different
waivers of PCR are investigated. An energy waiver of 20 % leads to a stored energy of 80 %.

7.4.6 Influence of the component sizes of the integrated home

This section investigates the influence of the optimal size of the integrated home participating
on the control reserve market. Therefore, the optimal sizes of the integrated home presented
in section 5.3.1 are used as an input. As pointed out in this section the optimal inverter size of
the integrated home is 7.3 kW. Under consideration of the maximum PCR offer calculated in
section 7.3.2, this integrated home is able to participate on the PCR market with 5 kW. For
recharging purpose, the power electronics has to be oversized [39]. An integrated home with
a 7.3 kW inverter can offer a maximum of 5.84 kW PCR. In this analysis, the limit due to the
battery converter is avoided. Therefore, the battery converter size is set to 7.3 kW instead of
1.6 kW. The additional costs of 36 €/a are considered in the calculation. If the battery
converter size of 1.6 kW is minded, the maximum PCR power is 1 kW.

The highest annual savings can be achieved with the variable PCR offering strategy. The
variable PCR offering with a 20 % waiver of self-consumption as presented in section 7.3.7 is
used. The annuity without participation is 2528 €/a and with participation of on PCR market
the annuity is 2354 €/a. The annual cost of the optimized integrated home participating in the
PCR market is depicted in Figure 99. The presented annual costs do not contain costs for
communication and market participation. If the minimum deployment costs for market
participation are minded, the annual costs are 2696 €/a. Under consideration of the
deployment costs, the additional participation of optimized integrated homes on the PCR
market is not economical.
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Figure 99: Annuity of the optimized integrated home with PCR market participation (7.1 kWh BESS).
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is considered. Different waivers of PCR are investigated. An

7.5 Conclusions primary control reserve market
participation

This section presents an extension of the single-use operation of conventional residential
storage systems to a dual-use operation of an integrated home with participation in the
primary control reserve market. The integrated home combines a photovoltaic battery energy
storage system with a heat pump and thermal storages for power-to-heat coupling and can
participate on the primary control reserve market as part of a virtual power plant. To
participate on the primary control reserve market, the 30-minute criterion has to be fulfilled.
The 30-minute criterion ensures that the battery storage system can provide the maximum
primary control reserve power for at least 30 minutes. Thermal storages can also be used to
absorb the negative control reserve power. The publication at hand points out the advantages
in comparison to photovoltaic battery energy storage systems without power-to-heat
coupling.

The influence on the economics of the integrated home is investigated. Therefore, load and
radiation profiles based on real data measurements are used as input for the simulations. The
provision of primary control reserve generates additional incomes for the integrated home.
Due to over-fulfillment, free-of-charge energy can be obtained. On the other hand, the
provision of energy in the battery storage system for primary control reserve leads to an
elevated average state of charge of the battery system. The elevated state of charge leads to
accelerated battery aging, mainly driven by increased calendar aging. Furthermore, the
additional use of the integrated home on the primary control reserve market reduces the self-
consumption rate from the photovoltaic power plant. The economic assessment shows that
the additional costs for the increased battery aging and the reduced self-consumption rate are
compensated by the income from the PCR market participation. The dual-use operation of an
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integrated home that participates in the primary control reserve market can increase the
profitability of a residential storage system. Thereby, integrated homes profit from the
additional flexibility provided by the thermal storages. Advantages of integrated homes with
thermal storages are pointed out and the limited influence on battery aging, operation and
self-consumption rate are shown.

Results show that under consideration of steady revenues and low costs for market
participation, a provision of at least three kilowatts of reserve power could be economical.
Nevertheless, prices for primary control reserve provision were falling in the recent years.
Costs for the virtual power plant operation and market access are not transparent. Experts
estimate an average income of 100,000 €/(a-MW). Further additional costs for market
participation are estimated at 25 % of the income for grid scale storages. These costs might
be higher for small storages operating in a virtual power plant. The aggregation of small
photovoltaic battery energy storage systems for market participation is challenging, since a
complex measurement procedure has to be installed. Finally yet importantly, in Germany
additional charges (e.g. Renewable Energies Act levy (EEG-Umlage), grid utilization charges
(Netznutzungsentgelt), interruptible loads levy (Umlage fiir abschaltbare Lasten)) are added
for electricity from primary control reserve power that is converted to heat. On the other
hand, a reduction of the transaction costs is possible if not every single integrated home is
monitored. Additionally, further combination with the intraday market could lead to
additional incomes.

Seasonal variation of feed-in from photovoltaics is considered by an advanced bidding strategy
for variable provision of primary control reserve power. The advanced operation strategy
chooses to bid on the primary control reserve market in dependency of the solar energy
production. The results show that such a strategy can further increase the economic efficiency
of integrated homes providing primary control reserve. The incorporation of weather
prognosis could further enhance the incomes in case of variable offering of primary control
reserve power. The flexibilisation of the primary control reserve market and the introduction
of the 15-minute criterion lead to further incentives for storage systems to participate in this
market.

7.6 Secondary control reserve market participation
with integrated homes

For PV home storage systems with power-to-heat coupling, the negative SCR market is
promising because additional energy can be gained. If a capacity price of zero is assumed, the
negative control reserve could provide energy for the integrated home for lower costs
compared to other electricity tariffs. This applies especially when rising energy prices are
considered. Furthermore, the reduced time delay between auction and delivery of SCR,
presented in section 6.3.1, leads to higher forecast accuracy regarding load, PV power and the
SOC of the BESS. If the market prices for negative SCR are positive, aggregators connecting
pools of integrated homes could be paid for energy consumption. If an aggregator participates
in the market with a pool, the pool has to be qualified as one.

Nevertheless, pooled integrated homes must participate in the prequalification process and
fulfill the four-hour criterion.
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The participation on the positive secondary control reserve market is less promising, because
the energy price for the positive SCR has to be higher compared to the feed-in tariff for PV
energy. Otherwise, the feed-in of the PV energy would lead to higher incomes for the
integrated home. The average energy price of the accepted bids for the positive SCR from
16.10.2018' to 31.03.2019 was 77 €/MWh, which is less than the feed-in tariff for PV energy
of 122 €/MWh. PV energy which is used for self-consumption has a counter-value of
292 €/MWHh. Even the average marginal energy price for positive SCR was just slightly higher
(129.5 €/MWh). Furthermore, the energy prices for positive SCR was falling in the investigated
period as depicted in Figure 100.
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Figure 100: Development of the average energy price for positive SCR from 16.10.2018 to 31.03.2019
on monthly basis.

To participate in the positive SCR market an integrated home has to fulfil the 4-hour criterion
as pointed out in section 6.3.1. The additional heating storage capacity cannot be used as a
capacity for positive SCR provision. This is why, the participation on the positive control
reserve market is not investigated in the thesis at hand. The participation of battery energy
storage systems on the SCR is analyzed in [246]. The publication concludes that participation
on the SCR market is not economically feasible.

7.6.1 Participation of integrated homes in the negative SCR market

To participate in the negative SCR market an integrated home has to fulfill the 4-hour criterion
as pointed out in section 6.3.1. In the following, an evaluation of the maximum capacity [MW]
for the SCR market is presented. In the worst case, the BESS is fully charged at the beginning
of the four-hour time slot. In this case, all of the SCR energy has to be transferred to the

! Introduction of the mixed price method in the SCR market (“Mischpreisverfahren™)
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heating sector. As presented in section 3.4 the exanimated integrated home has 300 L of
thermal buffer storage and a 300 L of thermal DHW storage. The maximum temperature of
the water from the heat pump is 55°C. The maximum allowable temperature of the buffer and

DHW storage is 95°C. The heating capacity of water is ¢ = 419Okg+K. The maximum

chargeable capacity from SCR in each storage unit can be calculated as following:
J
4190 ——-40K - 300 k ) = 14 kWh
( kg -K g
Each storage unit can absorb at least 14 kWh of SCR. Therefore, in total, the heating system
can store 28 kWh of additional SCR energy. Minding the 4-hour criterion, the maximum SCR

power is 7 kW for the non-optimized integrated home, as calculated in the following equation.

14 KWh + 14 kWh (73)
PSCR,maX = 4h =7kW

The maximum SCR power (7 kW) for the integrated home can only be offered if the
temperature in the heating sector is below 55°C at the beginning of the 4-hour time slice. In
some cases, the aforementioned assumption is not fulfilled. In this case, the integrated home
with a constant SCR power offered on the market cannot participate on the SCR market. Under
consideration of the storage temperature and the offered SCR power, the model checks if the
integrated home can participate in the SCR market. The method to check if the integrated
home can participate in the SCR market is presented in the following. Therefore, the maximum
SCR energy requirement is calculated using formula (74).

ESCR,max = l:)SCR,offered “4h (74)

(72)

The maximum SCR energy requirement is compared to the free storage capacity of the
household. The capacity of the heat storages is calculated with equation (75).

o J (75)
Epeat = (95° C— Theatstorage) . 4190m- 300 kg
The free capacity of the battery storage is calculated with formula (76).
Egat = (1 — SoC) - Cappye (76)

If the condition in equation (77) is fulfilled, the integrated home can participate on the SCR
market.

EBat + Eheat,DHW + Eheat,buffer > ESCR,max (77)

The participation on the SCR Market leads to some adjustments in the EMS of the integrated
home. If an SCR request reaches the integrated home, the SCR energy is stored in the BESS.
Only if the BESS is fully charged or the maximum charging power is reached, the SCR power is
transferred with a heating rod to the heating sector. Alternatively to the heating rod, the heat
pump could be used to transfer the SCR as well. A disadvantage of the use of the heat pump
is that the SCR power might not be available for a sufficient time to guarantee the minimum
runtime of the heating pump. This is why the heat pump is not used to transfer the SCR power
to the heating sector in the analysis presented in Sections 7.7.1 to 7.7.2. The influence of the
use of the heat pump, neglecting the minimum runtime is presented in 7.7.2.2.
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7.6.2 Variable provision of negative SCR

In section 7.6.1 presents the participation of integrated homes on the SCR market, providing
constant SCR power. The participation on the SCR market influences the SoC of the battery
and thermal storage. In order to fulfill the prequalification requirement, the absorption of the
offered SCR power for a duration of 4 hours has to be guaranteed. This is why the SoC of all
storages determines the maximum SCR, which can be offered on the market. Since the
integrated home is only participating on the negative SCR market and therefore gaining energy
from market participation, the SCR market participation does not influence the provision of
energy for the residents. The end-user comfort is not influenced by the SCR market
participation. The variable SCR offering strategy calculates the maximum SCR power, which
can be offered. Therefore, the available remaining storage capacity, which depends on the
actual SoC, is calculated. The remaining storage capacity is divided by 4 hours to determine
the maximum SCR power which can be offered. Equation (78) depicts this correlation. The
offered SCR power is rounded down to the next integer.

P, _ Cappgt - (1- SOCbat) + Cappeat * (1 — S0Chear) (78)
SCR var,max offer — 4 h

With the variable provision of SCR, more SCR power can be offered on the market in
comparison to a fixed SCR offer. This leads to enhanced economics, as shown in Section 7.7.1.
The time delay between bidding and provision of SCR is neglected. Additionally, it is assumed
that the pool in which the integrated home is operated has enough resources to provide the
tendered capacity even if some units fail. The offered SCR power for the flexible capacity price
and flexible energy price scenario is depicted in Figure 103 and presented in section 7.7.1.

7.6.3 SCR call for integrated homes

For the evaluation of the influence of the SCR participation of integrated homes, market data
from July 10th, 2017 to July 9th, 2018 is used. The market data from this period can be
considered as reliable since it was recorded within a constant market framework. After July
2018, the market design changed, as described in Section 6.3.1. These changes lead to high
fluctuations of biddings and thus market prices that are not representative. Since a whole year
of simulation is required to mind seasonal effects of the load profile and PV radiation profile,
the market data from the period before the changed market is used.

The values for the SCR call are published in quarter hour values on [37]. These values are used
as an input for the SCR requests. The total duration of the SCR requests is given for every
quarter hour. The model of the integrated home presented in Section 3 uses a high resolution
down to seconds. This is why the quarterly hour resolution of the SCR calls is resampled to a
ten-second resolution.



Reserve markets for battery storage systems 151

7.6.4 Calculation of the expected costs and savings of SCR market

participation

In the following, a method is described to calculate the costs and savings due to the energy
from SCR market participation. Savings occur due to consumption of energy from SCR
requests. The savings of the SCR are calculated to determine the maximum price, which the
integrated home is willing to pay for the consumed energy. If the savings are higher than the
costs, the price is called marginal savings. If the costs are higher, the price is called marginal
costs.

To calculate the price, the operational costs of a 4-hour block are calculated. This calculation
is made with and without additional SCR energy. If additional SCR energy is absorbed, the grid
consumption of the integrated home can be reduced and the PV feed-in could be enhanced.
If the battery is fully charged, additional energy for the heating sector could be available. This
leads to reduced costs for the integrated home. On the other hand, additional battery aging
could occur due to the cycling of the storage. The costs and savings are added up to calculate
the marginal savings or costs for participating in the SCR market.

Due to the battery storage system, the savings occur in the time slices, where the stored SCR
energy is used. Hence, an allocation function to calculate the savings generated in each 4-hour
time slice is applied. The battery and conversion losses are neglected in the allocation function
in this case because these losses are relatively small. The battery losses are around 3-4% of
the total energy throughput of the battery. According to [266], the efficiency of a lithium-ion
battery is around 95%. The losses of a lithium-ion battery depend on the charging and
discharging power, as well as on the conversion losses. The battery system is often discharged
with low c-rates during the night [267]. This is why the battery losses are relatively small. The
COP of the heat pump is only influenced to a minor degree by the participating SCR market
because the heat pump is only running when the temperature of the heat storages reaches
the lower temperature boundaries [140]. For the overall cost analysis, these losses are
relevant. The allocation function uses the assumption that the maximum savings in time slice
t of the SCR are the SCR energy in t multiplied with the cost for grid consumption. Therefore,
the allocation function calculates the maximum savings for each time slice. If the savings
extend the maximum savings, the allocation function distributes the excess savings to the time
slices before, minding the maximum savings. The maximum SCR savings for every time slice t
(Cmaxscrt) are calculated with equation (79). Therefore, the electricity costs per kWh
(Celectricity) including grid usage fees and taxes are multiplied with the energy received for SCR
participation in the given time slice (Escg ). This product is divided by the SCR power (PscR)
to scale the result.

Celectricity ESCR,t (79)

Cmax,SCR,t = P
SCR
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7.6.5 SCR Auction Forecast

As described at the beginning of section 6.3.1, SCR power is divided into different products.
This includes products for positive and negative power as well as products for the various time
slots. All products are auctioned independently from one another. For each product, the
bidder must place a corresponding bid comprising offered capacity [MW], capacity price
[€/MW] and energy price [€/MWHh]. For a PV BESS, it is therefore necessary to have a bidding
strategy which places a multitude of bids on the market. According to a merit order list
comprising all submitted bids and generated by the TSOs, access is granted based on the
capacity price (new regulations: assignment by merit order list of mixed price). A successful
bidding strategy chooses a capacity price bid which maximizes the revenues while making sure
to get accepted. As the auction process can be described as an anonymous and sealed-
envelope, the capacity price bids placed by the competitors are unknown at the time the bid
is submitted. The value of interest for the bidding strategy is the maximum capacity price paid
(MCPP) for the upcoming auction. All capacity price bids below the MCPP get accepted, all
bids above get rejected.

For the simulations conducted in this section, a MCPP prediction model is used to support the
bidding strategy. The model must include seasonal effects because of the following reasons:
A large share of SCR power is delivered by thermal power plants. Because of the varying
generation of PV in the winter and summer, some power plants are active during the winter
and must shut down during the summer period. With the number of potential SCR providers
decreasing in summer, the SCR prices increase. Also, bank holidays e.g. during Christmas time,
have a substantial influence on the SCR prices and number of bid participants. Aside from
seasonal effects, MCPPs from previous auctions (auto regression) have a substantial impact
on the future MCPP since the market is rather slow and there is little fluctuation in the number
of participants.

The prediction model used for this section is the Seasonal Autoregressive Integrated Moving
Average (SARIMA) model, which includes both seasonal effects and effects from previous
auctions. The standard form for writing the different components of a SARIMA model is given
in equation (80).

SARIMA(p,d, q) X (P,D, Q) (80)

All used parameters are non-negative integers. Upper case letters represent seasonal
parameters and lower case letters represent the short term influence parameters. S refers to
the number of periods in each season. P represents the autoregressive component, D the
degree of differencing, and Q the moving average component.

The parameter values for this publication ((2,1,0)x(0,0,1)) have been derived from [268] where
the Nordic power market has been predicted using a SARIMA model. This parametrization has
been statistically verified in [246] with respect to the initial data series and with the results
generated from the model. The implementation of the SARIMA model is used in [269].

Aside from the submitted capacity price bid, the energy price bid takes on an important role,
as it strongly indicates how much energy will be requested. If the TSOs have a demand for SCR
power, the approved bids are sorted in ascending order according to energy price (merit
order) and those with the lowest energy price are called first until the demand is met.
Therefore, bidders with low energy price bids get called more frequently than those with
higher bids. In order to predict how many requests a participant will get, a sophisticated model
that predicts the energy bid price structure and overall request probabilities is required. For
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the sake of simplicity, a perfect knowledge about both SCR request time series and energy
price bid structure was applied in this section.

7.6.6 SCR Bidding Strategy

As highlighted in section 7.6.5, the revenue potential strongly depends on how the bidding
strategy places the set of capacity price and energy price bid for each product type. In order
to demonstrate the strong dependency, this section follows 3 different approaches:

1. Fixed capacity and energy price: Without any prediction model or optimization
approach involved, a capacity price bid of 0 €/MWh and an energy price bid of -20
€/MWh is submitted. The capacity price bid value is justified by the fact that the bid is
accepted at all auctions in the simulated time range (Section 7.7) considered. The
energy price bid is justified by this value as the minimum submitted energy bid over
the considered time range. This bid always takes the first position in the merit order
list, making sure that as the maximum possible energy is obtained from the SCR
market.

2. Fixed capacity price, flexible energy price: As with the previous approach, the capacity
price is fixed to 0 €/MWh to assure acceptance with all products in the considered time
range. However, the energy price bid is calculated by an optimization approach to be
explained below.

3. Flexible capacity price, flexible energy price: In order to place the capacity price bid,
this approach involves the MCPP prediction model as explained in Section 7.6.5. For
each capacity price under consideration, a corresponding acceptance probability is
derived from the MCPP prediction model. Both the capacity price and the energy price
bid are derived from an optimization approach.

Since one single PV BESS does not fulfil the TSO’s requirements to provide SCR, multiple units
must be operated in pool. The following part of this section is dedicated to a brief outline of
the working principle of the optimization process involved in the latter 2 approaches. For a
more detailed explanation, reference is made to [269]. One execution of the optimization
process maximizes the overall revenues within one auction by adjusting the capacity price and
energy price bids for all products. As for a PV BESS simulation within the old SCR market
design, the two products - negative low time and negative high time - are considered. The
objective function of the optimization is given by equation (81):

DGR - (P(R) + EE(R) + M(P)) (81
Pj

If multiple bids are submitted to the TSOs, a variety of different outcomes is possible. All bids
might get accepted, only a few bids get accepted or none of the submitted bids gets accepted.
P, denotes one possible outcome. The number of possible outcomes can be obtained by the
power set of products offered. E.g. when bidding on negative high and low time, 4 outcomes
are possible. G(P,) denotes the acceptance probability for one particular outcome, which is
derived from the MCPP prediction model (Section 7.6.5). P(P,) represents the earnings based
on the SCR capacity price bids. EE(P,) denotes the earnings based on the energy price bids. In
order to calculate EE(P,), the position in the merit order list and the overall SCR request time
series must be known. For negative energy price bids, EE(P,) will become negative as well. In
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order to get an estimate of the value of the energy obtained from the SCR market, M(P,)
denotes the earnings that could be achieved when trading on the intraday market. In short,
for each possible outcome, the objective function calculates an acceptance probability and
multiplies it with the potential earnings. The decision variables are the capacity and energy
prices of the products under consideration.

7.6.7 Economic evaluation of the impact of the participation in the

control reserve market

The savings and costs for SCR market participation are calculated based on the simulation
results. A simulation of a model with SCR market participation and without market
participation is performed. The differences in the grid consumption, grid feed-in and the
battery aging are calculated and added up to calculate with equation (82) the total savings

Ctotal-
Ciotal = Celectricity + Cfeed—in T ACgat (82)

The savings due to lower electricity consumption are calculated with equation (83). Therefore,
the differences in the grid consumption are evaluated and multiplied with the electricity costs.

Celectricity = (EFrom Grid with SCR — EFrom Grid without SCR) * Celectricity (83)

Due to SCR market participation, less PV power is used for self-consumption and can feed-in
to the grid. Therefore, the feed-in tariff is minded. The additional revenues due to higher PV
feed-in are calculated based on equation (84).

Cfeed—in = (ETO Grid with SCR — ETo Grid without SCR) * Cfeed—in (84)

An integrated home participating in the SCR market stores part of the SCR power in the battery
storage system. The additional energy lead to a higher average state of charge of the battery
system and can lead to more cycles of the battery system as well. This leads to an increased
battery aging and therefore to additional costs for the integrated home participating in the
SCR market. The additional costs are calculated by multiplying the additional battery aging
with the costs of the battery system as presented in equation (85).

ACgat = Cgyt - (battery agingyieh scr — battery agingyithout scr) (85)

The costs for the battery system are calculated minding the specific battery costs and the
battery capacity. The battery capacity is calculated as the product of the battery capacity and
the number of battery cells as presented in equation (26). The resulting battery costs
represents the costs for the battery modules, mind the costs for the battery cells and costs for
the assembling of the battery cells. Costs for converters are not included. A module price of
250 €/kWh is estimated as presented in section 3.5.3. The assumption is made, that the
participation on the SCR market only enhances the aging of the battery moduls and do not
influence the aging of the inverters and ancillary devices e.g. the energy management system
(EMS). This is why additional costs for battery aging only minded for the battery modules.
Most producers of battery energy storage systems (BESS) for private households offer
modular BESS.

For participation on the SCR market, a steering box is needed and annual measurement costs
need to be minded. For SCR participation, the same costs as for PCR participation are minded.
The costs for PCR participation are analyzed in section 7.4.4 and Table 21 provides an overview
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of the range of costs for market participation. The minimum costs for the SCR market
participation are 342 €/a.

7.7 Results participation on the secondary control
reserve market

The results of the model described in section 7.6 are presented in the following sections. The
simulation was done on data between July 10%, 2017 and July 9t, 2018. This time range only
includes SCR products of the old market design because only a few weeks of the new SCR
market data was available at the time of writing. Since it is reasonable for a PV-BESS to
simulate over a full year in order to include various seasonal effects, the switch to the new
market design would have distorted the observations. In section 7.7.1an analysis based on
pre-updated market conditions is presented. In section 7.7.4, the marginal savings for SCR
participation are calculated under updated market conditions. These savings are the
maximum price, which can be offered for SCR market participation.

7.7.1 Economic influence of market participation

In the following, the participation of an integrated home on the SCR market is examined. Three
different bidding cases are analyzed (see section 7.6.6): Capacity price flexible and energy
prices flexible, capacity price zero and energy prices flexible, and capacity price zero and
energy prices -20 €/MW. Energy prices are flexible and determined by the bidding strategy as
presented in section 7.6.5. Alternatively, the energy price is set fix to -20 €/MWh. Table 22
depicts the resulting revenues that depend on the year and the bidding strategy.

1679
2017/2018  CP=Flex EP=Flex 2.35€/a 9.50 €/a 11.85 €/a kWh/a
CP=0 €/MW 1363
2017/2018  EP=Flex 0€/a 11.26 €/a 11.26 €/a kWh/a
CP=0 €/MW 4246.5
2017/2018  EP=-20 €/MWh 0€/a -85.09 €/a -85.09€/a  kWh/a

Table 22: Revenues SCR market, CP = capacity price, EP = energy price.

The total revenues of the flexible energy and capacity price scenario are slightly higher
compared to the zero capacity price and flexible energy price scenario. The total revenues of
the zero capacity price and negative energy price scenario are subsequently negative.

Besides the revenues from market participation, cost savings exist because of the SCR energy.
These savings are analyzed for the flexible energy and capacity price scenario. Based on the
bidding strategies, 1,679 kWh of SCR energy are obtained if one kW of SCR power is auctioned.
If more power is auctioned, the SCR gain increases linearly, since the bidding price remains
equal. If 7 kW of SCR power is auctioned, a maximum of 11,753 kWh SCR energy can be
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obtained. The integrated home only participates on the market if the remaining storage
capacity can absorb the offered SCR power for 4 hours.
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Figure 101: Power requests from SCR market participation (blue line), battery SoC (solid orange line)
and SoC of the thermal storage (dashed orange line) for 2nd January 8pm to 12pm.

The SCR energy is stored in the battery with priority and in the heat storage if the battery
storage system is fully charged. The battery storage system is charged first because for this
scenario electric energy has a higher value than heat. The comparative value of SCR is
29.2 €ct/kWh if energy is stored in the battery storage system. If energy is stored in the
heating sector, the corresponding value is lower. As shown in Figure 116 and Figure 117, the
additional costs due to additional battery aging are relatively low compared to the gains in
income. This is why this mode of operation is favored.

Figure 101 illustrates the influence of the SCR market participation for one 4-hour time slice
(2nd January 8pm to 12pm). A time slice at night is chosen to reduce complexity, since no PV
energy is produced. The blue line represents the power obtained from negative SCR market
participation. The orange lines show the corresponding SoC of the thermal storage (dashed
line) and the battery storage (solid line). For comparison, the SoC of the thermal storage is
calculated based on the temperature of the thermal storage.
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Figure 102: Energy from SCR calls stored in the BESS of an integrated home (10 kWp PV system, 10
kWh BESS, 10 kW heat pump). SCR power distributed to BESS in dependency of the SCR offering.

Figure 102 shows the energy transferred to the battery depending on the offered SCR
capacity. The more SCR capacity is offered, the more SCR energy is transferred to the battery.
However, if more than five kW SCR are offered, the energy transferred to the battery
decreases. There are two reasons for this finding. First, with a higher SCR capacity offer, the
number of 4-hour time slices in which the integrated home is able to participate in the market
decreases. If the storages of the integrated home are already charged to a high level, the
integrated home cannot participate in further SCR time slots. The second reason for this
finding is that the electrical load is reduced due to the high share of SCR transferred to the
heating sector. A huge share of the heating demand is covered by the SCR. Therefore, demand
for heating power from the heat pump is reduced. This leads to a lower overall electricity
demand, which also lowers the electricity demand from the battery. The variable SCR offering
strategy (section 7.6.2) leads to the highest SCR energy transferred to the battery.

The average offered SCR power for the variable SCR offering strategy is depicted in Figure
103. The offered SCR power ranges from 1 kW to 9 kW. If the 10 kWh battery storage and the
28 kWh heat storage are empty, the integrated home can offer a maximum SCR power of 9
kW. In the winter, more SCR is offered due to a higher thermal load and less PV radiation.
Additionally, more SCR can be used in the winter e.g. for space heating. An average of 5.8 kW
SCR is bid over the course of a year.
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Figure 103: Resulting variable SCR offer of a PV BESS with power heat coupling, a 10 kWh BESS, two
300l heat storages and a 10 kWp PV system. The offered SCR power is depicted for the flexible
capacity price and flexible energy price scenario, presented in Table 22.

Figure 102 shows the energy transferred to the battery depending on the SCR offering. The
average SoC of the battery is higher when the SCR transferred to the battery is higher. The
average SoC of the battery system that depends on the SCR offer is illustrated in Figure 104.
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Figure 104: Average SoC of the BESS of an Integrated home (10 kWp PV system, 10 kWh BESS, 10 kW
heat pump) participating in the SCR market. The average SoC depends on the SCR capacity offered.

The energy transferred to the heating sector influences the energy transferred to the battery.
Figure 105 presents the energy transferred to the heating sector via a heating rod. The amount
of energy increases with the offered SCR capacity in case one to five kW of SCR is offered. If
more than five kW of SCR is offered, the energy transferred to the heating sector decreases.
In the six and seven kW SCR offer case, the heat storage is often at high SoC, therefore the
integrated home cannot participate on the market in some of the 4-hour time slices. The
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highest amount of SCR energy transferred to the heating sector occurs in the variable SCR
offer case.

2000

1800 |- 1792

h

=

=]

o

o
T

1314

1201
1126
830
800
600 - 603
462

400
200 - 136

ol

1 kw 2 kW 3 kw 4 kw 5 kW 6 kW 7 kW var

Figure 105: Power to heat from SCR: SCR power distribution in a saved in Integrated home (10 kWp
PV system, 10 kWh BESS, 10 kW heat pump) participating in the SCR market. SCR power distributed
to BESS in dependency of the SCR offering.
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Figure 106 illustrates a detailed analysis of the battery aging. The increased SoC depicted in
Figure 104 leads to a higher calendar aging. Besides an increased calendric aging, a reduced
cyclic aging can be observed. Cyclic aging is reduced because the battery storage is used less
for storing PV power. The battery system stores less PV power with increasing SCR offer
because the battery system is more likely to be fully charged. Therefore, less capacity is
available to store excess PV generated power. Nevertheless, total battery aging is increased
with a higher SCR offering.
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Figure 106: Calendar and cycle aging that depend on the SCR offer of an integrated home (10 kWp
PV system, 10 kWh BESS, 10 kW heat pump). Calendric aging increases because the average SoC is
increased.

The average SoC of the battery system presented in Figure 104 leads to an increased battery
aging, depicted in Figure 106. The cost for the increased battery aging is shown in Figure 107.
These costs are correlated to the average SoC because the increased calendar aging of the
battery is the main reason of additional aging. The battery in the variable SCR offering case
has the highest average SoC and therefore the highest aging. This leads to the highest
additional costs for the battery system in comparison to a battery system only used for PV
home storage operation.
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Figure 107: Additional battery cost of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW
heat pump) that depends on the SCR offer. Higher battery aging due to higher SCR energy to battery
leads to additional battery costs compared to an integrated home not participating in the SCR
market.



Reserve markets for battery storage systems 161

Even though additional costs for battery aging with increasing SCR power exist, more SCR
power is absorbed. This SCR power can be used to reduce grid consumption and increase the
PV feed-in. Due to the use of SCR energy in the integrated home, less PV energy is used. As a
result, the self-consumption rate of the PV system is reduced from 58% (without SCR market
participation) to 37% with SCR market participation and a variable SCR offering. Nevertheless,
the integrated home saves costs when participating in the SCR market. These savings are
illustrated in Figure 108. The savings are correlated to the SCR energy absorbed by the
integrated home. Higher energy absorption leads to higher savings. This is why the variable
SCR capacity offer leads to the highest savings. Compared to the income from the SCR market
presented in Table 22, the savings due to SCR power are relatively high.
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Figure 108: Savings of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW heat pump)
participating in the SCR market compared to an integrated home without market participation.

Savings are calculated for the flexible energy and capacity price scenario. The savings depend on the
SCR power offering.

sum savings in €/a

The savings presented in Figure 108 are illustrated for the case of a flexible energy and
capacity price. Figure 109 compares the savings of the different scenarios shown in Table 22.
The savings for the -20 €/MW energy price scenario are higher than the savings of the flexible
energy and capacity price scenario for 1-3 kW SCR offering. The benefits from the low-cost
energy exceed the additional costs of this scenario. The incomes and costs from the SCR
market participation are minded in this evaluation. For 4-7 kW SCR offer, the flexible capacity
and energy price scenario generates the highest incomes. The benefit of the low-cost SCR
energy is reduced and the price for the SCR capacity exceeds the use of the energy in the -20
€/MW scenario. The highest incomes are generated in the flexible price and energy scenario,
when the variable SCR offer strategy is applied.

In this case, the annual savings are 791 €/a as depicted in Figure 108. Minding the minimal
cost of SCR market participation of 342 €/a as presented in section 7.4.4, the participation on
the SCR market can reduce the costs of the integrated home down to 14.5 % (518 €/a).
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Figure 109: Additional incomes of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW heat
pump) participating in the SCR market compared to an integrated home without market
participation. Incomes are calculated for different bidding strategies. Revenues generated on the
SCR market are minded.

7.7.2 Additional scenarios

This section presents two additional scenarios. In Section 7.7.2.1 the battery is only used for
the SCR and in section 7.7.2.2, the SCR power is transferred to the heating sector with the
heat pump.

7.7.2.1 Scenario without PV system: Battery only for SCR

The battery storage systems could be used to store SCR only. The comparative value of SCR in
this case is always 29.2 €ct/kWh if it is stored in the battery storage system. The use of the full
potential of the BESS for SCR compared to a dual use with PV could be beneficial. To
investigate this scenario, the flexible capacity and energy price scenario is performed in a
home with a BESS and power-heat coupling, but without a PV system. In this case, the house
saves 1139 € per year in investment and maintenance costs for the PV system and converter
compared to an integrated home with a PV system.
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Figure 110: Savings of a home with BESS and power-heat coupling without a PV system (10 kWh
BESS, 10 kW heat pump) participating in the SCR market compared to an integrated home without
market participation.

Figure 110 depicts the savings in the aforementioned scenario if the BESS is only used to save
the SCR. This home is less economical compared to an integrated home due to the missing PV
energy. In case of diminishing feed-in tariffs, the correlation could be changed. Compared to
an integrated home not participating in the SCR market, the investigated home generates
additional benefit when at least 2 kW SCR are offered.

7.7.2.2 Heat pump for SCR

In section 7.6.1, it was pointed out why the heat pump is not used to transfer the SCR power
to the heating sector. Nevertheless, the efficiency of smart homes can be enhanced if the heat
pump is used to transfer SCR power to the heating sector. In this case, the energy from the
battery storage system has to be used to ensure the minimum runtime of the heat pump and
to bridge the ramping time of the heat pump. This requires a complex control algorithm.
Forecasts of SCR requests are difficult.

This section analyzes the scenario when the heat pump is used to transfer the SCR power to
the heating system instead of the heating rod. This is a best-case evaluation because a
complex control algorithm (as described above) is not implemented. Also, response time and
ramping of the heat pump are neglected.

The flexible energy and capacity price scenario are used to assess this case. The resulting
savings are depicted in Figure 111. The use of the heat pump leads to additional savings
compared to the heating rod scenario. The additional savings compared to the use of the
heating rod are between 37 €/a and 102 €/a depending on the offered SCR power. The
maximum additional savings are gained in the variable SCR scenario.
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Figure 111: Savings of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW heat pump)
participating in the SCR market compared to an integrated home without market participation. The
integrated home uses the heat pump to transfer the SCR power to the heating sector.

7.7.3 Optimized size of the integrated home

In this section, the influence of the SCR participation of the optimized integrated home is
investigated. The optimal component sizes of the integrated home are calculated in section
5.3 and do not incorporate the SCR market participation. In variation to the results presented
in Section 7.7.1 the components of the integrated home have the optimal sizes determined in
section 5.3. The SCR market bidding strategy, flexible energy and capacity price, is investigated
in this section as well. The resulting savings are depicted in Figure 112. With respect to
equation (72) and equation (73), the maximum constant SCR, which can be offered on the
market, is 3 kW. The optimized integrated home has a total thermal storage of 2701 as
presented in Table 12. Minding the minimum available temperature spread for SCR market
participation of 40 K, the maximum SCR, which can be offered is 3 kW. A variable SCR offer is
investigated in this section as well. The limitation, due to the power of the battery converter
leads to a non-optimal storage of the SCR power. Nevertheless, it does not influence the
maximum capacity, which can be offered on the market, because the heating rod can transfer
the SCR power to the heat storage. The DC/DC inverter of the optimized home has a maximum
power of 7.6 kW, which is sufficient to offer 3 kW of SCR capacity.
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Figure 112: Savings of the optimized integrated home (10 kWp PV system, 7.1 kWh BESS, 2.8 kW
heat pump) participating in the SCR market in comparison to an optimized integrated home without
market participation.

The SCR market participation leads to savings, under consideration of the optimal component
sizes of the integrated home. Nevertheless, these savings are lower than the savings of a non-
optimized integrated home, even though the total costs of the optimized home are lower as
pointed out in section 5.3. The costs and savings for the different scenarios are presented in
Table 23. In this table, the minimum costs for market participation and revenues from market
participation are minded.

The optimal size of the BESS is smaller compared to the size of the BESS investigated in Section
7.7.1. The reduced size of the BESS leads to a reduced remaining capacity of the BESS for the
storage of SCR energy. Therefore, less SCR can be used in the electricity sector. Figure 113
depicts the SCR energy transferred to the BESS of the optimized integrated home. For the
variable SCR offering scenario with the flexible energy and capacity price bidding strategy the
optimized home saves 450 €/a. In contrast, the non-optimized integrated home saves 791 €/a
in this scenario. Hence, the savings of the optimized integrated home are 341 € lower
compared to the savings of the non-optimized integrated home. Reasons for this finding are
the constant direct self-consumption rate of SCR capacity in both scenarios. Additionally, SCR
energy, which is not transferred to battery, can be used in the heating sector.
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Table 23: Comparison of the annual cost and savings of an integrated home with and without
optimized component sizes, participating on the SCR market. The minimum costs for market
participation and revenues from market participation are minded.
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Figure 113: SCR stored in the BESS of an optimized integrated home (10 kWp PV system, 7.1 kWh
BESS, 2.8 kW heat pump) participating in the SCR market. SCR capacity distributed to BESS in
dependency of the SCR offering.

Influence of increased heating storage size

The provision of SCRis limited due to the storage sizes of the optimized integrated home. The
optimized integrated home has a total thermal storage of 270 | as presented in Table 12. An
increased heat storage size, increase the SCR which can be offered. An increased SCR offer can
lead to reduced annual costs, since less energy has to be consumed from the grid. In this
scenario, the heat storages of the optimized integrated home are increased to 300l each,
resulting in a total water storage capacity of 600l. The integrated home with optimized
component sizes and a water storage capacity of 600l lead to saving of 625 €/a. In comparison,
the integrated home with optimized component sizes and a water storage capacity of 270,
has annual savings of 450 €/a as presented in Figure 112. The savings for the different
scenarios under consideration of the costs for market participation are presented in Table 23.
The increased water storage size, increase the annual savings from 146 €/a to 346 €/a.
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7.7.4 Results for savings in the 4-hour time slots

The analysis of bidding behavior and market participation under updated market conditions
is presented in this section. Therefore, the marginal savings per kW SCR are calculated. These
are the maximum prices, which would be paid for SCR power. The evaluation is done in two
steps. First, the influence factors of the marginal costs are pointed out. Second, the marginal
costs are calculated exemplarily for the flexible energy and capacity price scenario.

7.7.4.1 Marginal costs SCR

For participation on the SCR market, a capacity price of zero is assumed. The revenues and
cost for participating in the SCR market are evaluated below. One of the challenges for the
aforementioned analysis is the dependency of the revenues. The revenues and costs depend
on the time when the SCR is available, the duration of the SCR call and the provided SCR
capacity.

This analysis aims to calculate the maximum price, which would be bid at the market. These
costs are the marginal cost or savings from SCR energy. Therefore, a determination of the
marginal costs/savings of the last 4 hours is presented. The marginal savings are lower than
the costs for grid consumption because SCR power is not available in a demand-actuated way.
This leads to a non-optimal use of the SCR power. The SCR power is partly transformed into
heating power via the heating rod if the battery storage is fully charged.

The costs and revenues of the SCR energy depend on the moment in time, duration and power
of the SCR energy. A higher SCR power and a higher duration of the SCR power increase the
chance of a non-optimal use of the SCR energy. Figure 114 depicts the dependency of the
revenues on SCR energy in different scenarios. A longer duration of the SCR call leads to higher
savings because more energy is gained by SCR market participation. On the other hand, a
higher offer of SCR power leads to reduced income per kW SCR because of the higher chance
of inefficient use. A constant SCR capacity bid over one year is assumed.
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Figure 114: Annual additional revenues of an integrated home (10 kWp PV system, 10 kWh BESS, 10
kW heat pump 1kW SCR offer) compared to an integrated home not participating in the SCR market.
Different generic SCR request profiles are analyzed to depict the influence on the additional
revenues.

Due to the high dependency of the revenues/costs of the SCR on the time and power, the
results presented in Figure 114 are depicted as the average of the different scenarios. A SCR
call of 10, 20, 30 and 40 minutes is investigated as well as the starting time of the SCR. The
results show that the SCR revenues are strongly influenced by the SCR duration and slightly
influenced by the start time of the SCR call.

7.7.4.2 Exemplary calculation of marginal costs for the flexible energy and capacity price
scenario

This section analyzes the marginal savings of the SCR offer. These savings are the maximum
price to bid on the SCR market. Figure 115 depicts the mean savings of 1 kW of SCR. Even
though the total savings are higher with a higher SCR offer, the average savings per kW SCR
are lower with increasing SCR offer. The reason is the inefficient use of the SCR power, when
more SCR capacity is offered. More SCR offer leads to a lower value of each kW SCR power.
Therefore, in a competitive market, it is not always the most economical approach to offer
the maximum SCR power.



Reserve markets for battery storage systems 169

o

[ury

wu
1

0.1298

0.1050
0.0872
0.0710
0.0595 0.0623
0.05 - 0.0475
I OiS
1 kW 2 kW 3 kW 4 kW 5 kW 6 kW 7 kW var

Figure 115: Mean savings of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW heat
pump) participating in the SCR market compared to an integrated home without market
participation. Savings are calculated for the flexible energy and capacity price scenario. The savings
depend on the SCR power offering.
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In the following, the savings are calculated for every 4-hour time slice. Therefore, the costs of
the integrated home are calculated with and without SCR participation. These costs are
discounted from each other to identify the effects of SCR participation. The results are
depicted in Figure 116. Positive values indicate savings compared to an integrated home
without SCR market participation. Negative values indicate extra costs due to SCR market
participation.

35r
3
251
2k
15
1F

0.5 r

savings and costs SCR 4 hour slice in €

_05 | | | | | | | | | | | |
Aug Sep Oct Nov Dec Jan Feb Mar Apr Mai Jun  Jul

2017/2018

Figure 116: Savings (positive) and costs (negative) of an integrated home (10 kWp PV system, 10
kWh BESS, 10 kW heat pump) participating in the SCR market (1 kW SCR) compared to an integrated
home without market participation. Savings are calculated for the flexible energy and capacity price
scenario. The savings are calculated for every four-hour time slice of the SCR market.
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For some 4-hour time slices, the offer of SCR has a negative influence on the economics of the
integrated home because in these hours, the cost for battery aging exceeds the costs for the
SCR revenues. The additional battery aging leads to negative income of the integrated homes
in some 4-hour time slices. Figure 117 depicts the additional battery aging in every 4-hour
time slice. In some time slices, battery aging is reduced because of a reduced number of cycles
in these hours. Nevertheless, additional battery aging has a negative influence on the
economics of the integrated home as shown in Figure 107.

The savings - and therefore the offered prices for SCR - are slightly higher in the winter because
in that season the SCR often reduces grid consumption and in the summer, the SCR enhances
the PV feed-in.
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Figure 117: Additional costs (negative) for battery aging of an integrated home (10 kWp PV system,
10 kWh BESS, 10 kW heat pump) participating in the SCR market (1 kW SCR) compared to an
integrated home without market participation. Costs are calculated for the flexible energy and
capacity price scenario. The costs are calculated for every four-hour time slice of the SCR market.

Due to the storage-units in the integrated home, the savings from grid consumption and
additional revenues from PV feed-in exceed the absorbed energy from the SCR in some 4-hour
time slices, as depicted in Figure 116. In some time slices, over two euros are saved, even
though a maximum of four kWh of SCR can be absorbed. Hence, an allocation function to
distribute the savings on the preceding hours is applied. The battery and conversion losses are
neglected in the allocation because they are relatively small. The results minding the allocation
function are depicted in Figure 118. The applied allocation function is presented in Section
7.6.4. For the examined case, the minimum SCR power absorbed in one time slice is 0 kWh
and the maximum SCR absorbed is 4 kWh. On average, 0.77 kWh SCR are absorbed per 4-hour
time slice.
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Figure 118: Savings of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW heat pump)
participating in the SCR market (1 kW SCR) compared to an integrated home without market
participation. Savings are calculated for the flexible energy and capacity price scenario. The savings
are calculated for every four-hour time slice of the SCR market. An allocation function that caps the
savings to the electricity price multiplied with the SCR energy absorbed in the considered time slice
is applied.

The savings and costs presented in Figure 116, Figure 117 and Figure 118 are depicted for
every 4-hour time slice. These figures are difficult to interpret. This is why Figure 119 presents

the histogram of the allocation depicted in Figure 118. Figure 119 points out that the savings

€

in most time slices are relatively low, between zero and 0.05 ———— . The reason for
4—hour time slice

this finding is the relatively low activation time of the SCR in most time slices. Over 80% of all
€

time slices have savings below 0.4 ——.
4—hour time slice
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Figure 119: Histogram of the savings of an integrated home (10 kWp PV system, 10 kWh BESS, 10 kW
heat pump) participating in the SCR market (1 kW SCR) compared to an integrated home without
market participation. Savings are calculated for the flexible energy and capacity price scenario. The
savings are calculated for every four-hour time slice of the SCR market. An allocation function that
caps the savings to the electricity price multiplied with the SCR energy absorbed in the considered
time slice is applied.

7.7.5 Bidding strategy on a competitive SCR market

This section presents how to determine the amount of control reserve that should be offered
by a single integrated home system on the market, using forecasts of load and supply. Forecast
inaccuracies lead to lower income or savings. In a market with positive prices for SCR capacity
and energy prices, forecast inaccuracies play a minor role, since energy from SCR have a
positive influence on the economics of the integrated home.

In a competitive market, forecast inaccuracies play an important role when marginal savings
are calculated. The calculation of the marginal costs is highly dependent on the forecasts of
the SCR requests, the household load and the PV generation because the SCR price bid is
submitted in advance. In the SCR market, the bid for the SCR has to be given by 8 am on the
day before, for the first tender phase and by 12 am for the second tender phase. Therefore, a
24- to 48-hour forecast period has to be considered.

The forecast error (Root-mean-square deviation) for PV generation in Germany is 6-7% on the
aggregated level for a day before the forecast. The load forecast in Germany for one control
area is 3.6%-3.9% for intra-day forecast and 4.0%-4.6% for day-ahead forecast [270]. These
errors are relatively small, since they are on an aggregated base. Forecast inaccuracies for a
single household are higher. The authors could not find any information on non-aggregated
prognoses. The forecast errors of load and generation are relatively small compared to the
forecast errors of SCR calls.

To overcome the issue of the unpredictable forecast of SCR calls, a threshold value for SCR
energy is defined. The threshold is explained in the following. Below this threshold, the energy
from SCR has a comparative value of 29.2 ct/kWh minus the losses of the BESS because it can
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be stored in the BESS. Above this threshold value, the SCR energy is transferred to the heating
sector. This leads to a reduced comparative value of the SCR energy compared to the SCR
energy transferred to the BESS. To determine the threshold, the maximum SoC of the BESS is
calculated each day, when not participating in the SCR market. The remaining BESS capacity
can be used to store the SCR energy. This evaluation has to be performed at the beginning of
every bidding period, since it might be influenced from the SCR market participation of
previous bidding periods. Figure 120 depicts the threshold value for every day of the year
without participating in the SCR market. The influence of SCR energy left in the BESS is not
considered.

The analysis of the threshold shows that the threshold of the SCR in the winter is higher
compared to the summer, when the battery storage system is used to store the PV-generated
energy. The maximum of the threshold is 10 kWh of secondary control reserve energy, the
size of the battery storage system. A threshold of 10 kWh means that the BESS is fully used for
home storage operation and no capacity to store SCR energy is left. On the other hand, 0 kWh
means that the entire BESS capacity can be used to store SCR energy. SCR stored in the BESS
has a comparative value of 29.2 ct/kWh, whereas the comparative value of SCR stored in the
heat storage is less. Therefore, the threshold value can be used as a first indicator for a bidding
strategy on a competitive SCR market.

Nevertheless, prognoses errors build an offset on the biddings. This is why the presented
model does not incorporate forecast errors. To do that, the bidding has to be adjusted with
the forecast error. The forecast accuracy determines the size of the adjustment.
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Figure 120: Threshold value for SCR energy. Below this threshold, the energy from SCR has a
comparative value of almost 29.2 ct/kWh because it can be stored in the BESS. Above this threshold
value, the SCR energy is transferred to the heating sector. This leads to a diminished comparative
value.
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7.8 Conclusion secondary control reserve market
participation

With the latest revision of the automated secondary control reserve (SCR) market by the
ENTSO-E, an increased auction frequency and shortened tendered time slices were
introduced, which incentivize the participation of battery energy storage systems. Residential
photovoltaic battery energy storage systems can participate in the secondary control reserve
market if they are connected to a pool of prequalified units.

Photovoltaic battery energy storage systems participating in the negative secondary control
reserve market could benefit from low-cost energy or revenues from market participation. If
the battery system is combined with a heat pump or heating rod for power-to-heat coupling,
excess energy can also be transferred to the heating sector, thus increasing the operating
range of the battery. Participation of the integrated home on the secondary control reserve
market influences battery aging, which is accelerated due to a heavier and more frequent
usage of the battery system. The battery lifetime could be reduced up to 40 %.

The additional costs for the accelerated battery aging are compared with the income from
market participation. The influence on the economics is evaluated on the basis of annuities.
The results show that the additional use of the photovoltaic battery energy storage system
can have a positive influence on the economics. In an ideal setup, savings of up to 14.5% of
the annual costs can be gained.

Additionally, an approach is presented to calculate the marginal costs and savings of the
integrated home. The marginal savings and costs represent the actual value of the market
participation for the secondary control reserve. In a highly competitive market, this value
represents the maximum price that can be bid on the market. Hence, with the presented
approach, the maximum price that can be bid by the integrated home for every 4-hour time
slice of the negative secondary control reserve market can be calculated. Results show that
an average of 13 ct/kWh can be paid, if 1 kW of secondary control reserve is offered.

Further scenarios show that the use of the battery system only for secondary control reserve
is less economical than a battery system combined with a photovoltaic system. The usage of
the heat pump to transfer energy from secondary control reserve to the heating sector has
advantages from an economic perspective compared to the usage of the heating rod.
Nevertheless, it remains unclear how the additional usage of the heat pump influences its
lifetime because the minimum runtime of the heat pump cannot be guaranteed in this mode
of operation.

The investigations of the dissertation at hand are limited to households with photovoltaic
battery energy storage systems combined with a heat pump for power-to-heat coupling.
Further applications such as the use of solar thermal collector are not investigated. Additional
savings could be gained by the use of optimal component sizes. Further research could address
this topic. Additionally, the influence of uncertainties and prognosis in the bidding on the
secondary control reserve market could be addressed in further research. Finally, costs for
pooling and market access need to be reduced in future. Hence, further research is required.
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7.9 Comparison primary and secondary control reserve
market participation

The comparison of the SCR market participation and the PCR market participation leads to the
conclusion, that the savings participating in the SCR market are slightly higher compared to
the savings of the PCR market participation. Figure 97 depicts the costs of a non-optimized
integrated home participating in the PCR market. The savings for the variable PCR offer are
454 €/a. These savings are slightly lower compared to the saving of SCR market participation
presented in Figure 109. Savings of 518 €/a are possible for a variable SCR offering.
Additionally the PV BESS with combined heat and power is compared to a common concept
of the energy and heat supply. Therefore, a comparison to a household with gas heating and
electric supply from the grid is presented in Figure 121. Heating power from gas is used as the
benchmark for the thermal energy consumption. The costs for the gas heating system are
based on [137]. The costs of the house with the gas heating system combine the costs for the
electricity and gas consumption as well as the annual costs for the gas heating system. The
presented analysis leads to the conclusion, that an integrated home participating on the
control reserve market has similar annual costs as a household with a fossil heating concept.
Nevertheless, an integrated home with optimized component sizes or a house with PV system
and a fossil heating system have significant lower annual costs. The costs are presented in
Figure 121 as well.

This is why the provision of control reserve from integrated homes with optimized component
sizes is investigated. In the case of an integrated home with optimized component sizes, the
savings from control reserved market participation are reduced in comparison to the non-
optimization case. The reason is the reduced size of the BESS.

In the optimized-integrated home scenario, the savings of the SCR market participation are
higher compared to the savings of the PCR market participation. The annuity of the PCR
market participation of an optimized integrated home participating is depicted in Figure 99.
The savings are 174 €/a for a variable PCR offering. Under consideration of the deployment
costs, the additional participation on the PCR market is not economical.

Savings of the optimized integrated home participating in the SCR market are depicted in
Figure 112. For the variable SCR offering savings up to 346 €/a for an optimized integrated
home are possible, including the deployment costs as presented in Table 23.

The presented results are based on many assumptions. This is why the presented results are
exemplary for a specific case based on the assumptions presented in section 3.5.3. A general
statement cannot be made. This is why a detailed sensitivity analysis is presented in section
5.3 to section 5.8.
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Figure 121: Comparison of the annual costs of integrated homes with and without provision of
control reserve. The variable provision of control reserve is depicted. The integrated home is
compared to houses with fossil heating concepts. Additionally a comparison to an integrated home
with optimized component sizes is presented.
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8. Conclusion and Outlook

8.1 Conclusion

Homes, which integrate a PV battery energy storage system and a heat pump for power-to-
heat coupling, can contribute in the decarbonisation process. The power generated by the PV
system can be used for space heating and domestic hot water to enhance the share of locally
generated renewable energies. To enhance the share of integrated homes the economics of
these needs to be improved. In this dissertation, a detailed model of an integrated home is
developed to investigate cost reduction potentials. The model is parameterized with
measured data from cell testing and battery aging test preformed for this dissertation. Cost
reduction can be achieved by advanced operation strategies, optimization of the component
sizes and market participation. All these aspects are investigated in this thesis.

Advanced operation strategies are developed for PV BESS and combined with operation
strategies for power-to-heat coupling. A new forecast-based operation strategy to enhance
the battery lifetime and therefore the economics of PV battery energy storage systems is
presented. Results show that forecast-based operation strategies can enhance battery
lifetime. The annual energy throughput is slightly reduced, but in combination with the
significantly prolonged lifetime, the total energy throughput over the systems lifetime can be
increased. The lifetime of the low-cost consumer lithium-ion NMC battery cell can be
enhanced by around five years, i.e. doubled, if the forecast-based operation strategy is used
instead of a maximized self-consumption operation strategy. The forecast-based operation
leads to a reduction of the levelized cost of electricity of up to 3.5 c€/kWh compared to a self-
consumption maximizing strategy. This leads to a cost reduction of 12 percent.

Results show that the use of forecast-based operation strategies can enhance the economics
of the investigated battery energy storage system regardless of component size or applied
profiles. Nevertheless, a small battery with a capacity of only 2.5 kWh shows a negligible
influence of the operation strategy. The positive influence is enhanced with an enhanced
battery size.

Forecast-based operation strategies use predictions for load and PV generation. To investigate
the influence of forecast inaccuracies, two different forecast strategies are examined. The
persistence forecast is used as the worst-case forecast and the perfect forecast is used as the
best-case forecast. This approach allows evaluating the potential of the forecast-based
operation strategies. Advanced forecast methods would lead to results within the range
provided by both cases. The implementation of the presented operation strategy can be done
without an additional communication interface if persistence forecast is used. To implement
such a strategy, additional computational effort in the energy management system might be
required. This could lead to higher costs for the energy management system and an increased
energy demand of the system itself.

The developed forecast-based operation strategy for the electrical system is combined with
operation strategies for power-to-heat coupling. The results show that the combination with
a battery priority charging as well as modular operating heat pump is the most economical
combination. This combined operation strategies can reduce the costs of an integrated home.
PV BESS with power-to-heat application can enhance the self-consumption and the self-
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sufficiency rate in comparison to standalone PV BESS. The combination of PV BESS with heat
power coupling can lead to an optimal use of the generated PV power.

Another opportunity to enhance the economics and therefore the market penetration of
integrated homes are the optimization of the component sizes and the operation boundary
conditions. In this dissertation a tool for the optimization of an integrated home is presented,
which is able to consider many economic parameters and boundary conditions. The annuity is
used as the target function of the optimization. Additionally, a separate evaluation of levelized
costs of energy (LCOEnergy), levelized costs of electricity (LCOEle) and levelized costs of heat
(LCOH) is presented. The separate analysis enables the potential of an inter-sectorial
comparison.

The developed tool for the optimization is used to optimize a 4-person integrated home
located in Lindenberg (Tauche), close to Berlin. The results show, that the levelized costs of
energy (LCOEnergy) are mainly driven by the costs for the energy consumption of the heat
power system. Furthermore, the optimization lead to the conclusion, that under the assumed
conditions, an integrated home can be operated beneficially if an optimum system design is
chosen. Thereby, an integrated home with relatively small storage components is economical.
The use of advanced operation strategies has a positive influence on the annuity of integrated
homes, even under consideration of disturbance functions. Furthermore, the usage of the
DHW storage in the optimized integrated home for storing excess PV energy is not advisable,
due to a reduction of the COP of the heat pump. This is an important result, since it is an often
discussed e.g. in [49] but rarely investigated topic. Furthermore, the analysis lead to the
results, that the minimum buffer storage size should be chosen to guarantee the minimum
runtime of the heat pump, because a reduced buffer storage size reduces costs of the
integrated home, but increases the switching rate of the heat pump.

These findings show that optimization of the component sizes leads to a higher annuity
reduction of integrated homes, in comparison to advanced operation strategies. Advanced
operation strategies have a minor influence on the annuity of integrated homes in comparison
to an optimization of the components. An integrated home with optimized component sizes
can lead to an annual cost reduction of 15.5 % in comparison to a house with electricity
consumption from grid and fossil heating.

Another interesting opportunity to enhance the economics of integrated homes is the
generation of additional incomes, due to participation in the control reserve market. During
winter storage systems in an integrated home, in particular the battery system, are not used
to their full capacity due to low solar radiation. This potential can be used to enhance the
economics of integrated homes by applying a second use scheme. Second use describes the
value stacking of home storage operation and participation on the reserve market.

Hence, this dissertation presents the extension of the single-use operation of the integrated
home to a dual-use operation participation in the control reserve market. In this case, the
thermal storages can be used to absorb the negative control reserve power. This is an
advantage in comparison to PV battery energy storages systems without power-to-heat
coupling, since the battery system is less limited. Residential integrated homes can participate
in the control reserve market, if they are connected to a pool, which has to be prequalified.
The thesis investigates the provision of primary and secondary control reserve. The provision
of primary control reserve generates additional income for the integrated home. Additionally,
due to over-fulfillment, free-of-charge energy can be obtained. The economic assessment
shows, that the additional costs for the enhanced battery aging and the reduced self-
consumption rate are compensated by the incomes from the PCR market participation.
Therefore, the dual-use operation of an integrated home, which participates in the primary
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control reserve market, can increase the profitability of a residential storage system. Under
consideration of steady revenues and low costs for market participation, a provision of at least
3 kW could be economical. A season dependent variable provision of primary control reserve
can further increase the economic efficiency of integrated homes and reduce the annual costs
up to 12.5 %.

The participation on the negative secondary control reserve market can provide low-cost or
free-of-charge energy for the integrated home. The absorbed energy leads to reduced grid
consumption as well as an enhanced PV feed-in. In the thesis, a model is presented to calculate
the revenues of the market participation. Participation of the integrated home on the
secondary control reserve market influences the battery aging. The battery aging is enhanced
due to a higher exposer of the battery system. The additional costs for the enhanced battery
aging are compared with the incomes from the market participation. The influence on the
economics is evaluated. Additionally, an approached is presented to calculate the marginal
costs and savings of the integrated home. With the presented approach the maximum price,
which can be bid by the integrated home on the updated negative secondary control reserve
market can be calculated. The results show that the additional use of the PV-BESS can have a
positive influence on the economics. The analysis shows that under consideration of stable
prices, it is economical to participate in the market. Savings up to 14.5 % of the annual costs
can be gained.

8.2 Discussion and Outlook

This work shows an in-depth analysis of an integrated home with a PV BESS and power-to-
heat coupling. For this analysis a detailed model of the integrated home is developed. The
presented results of the model have to be considered as exemplary, because the results are
highly sensitive regarding the parametrization of the model and the input parameters. This is
why the presented results are exemplary for a specific case based on the assumptions
presented in section 3.5.3. A general statement cannot be made. This is why a detailed
sensitivity analysis is presented in section 5.3 to section 5.8.

This applies especially to the results of the operation strategies for the battery energy storage
system. Due to the huge variety of different lithium-ion battery cells and their properties, the
values resulting from the investigation need to be verified for each specific cell individually.
Still, all common lithium-ion cells show accelerated aging along with a higher average state of
charge. This means that the general principles of the findings and the overall validity of the
operation strategy should apply to all types of lithium-ion-based PV battery energy storage
systems. Nevertheless, it is not investigated whether the savings gained by the
implementation of the operation strategies overcompensate the costs for implementation.
The findings regarding the participation on control reserve market are based on historic data.
The thesis points out that technically it is possible to participate on the control reserve market.
Under consideration of stable prices, participation is economical. Nevertheless, prices for
primary control reserve provision as well as for secondary control provision are expected to
fall. Costs for pooling and market access are not clear as well as charges for aggregators. The
incomes for the market participation might be overestimated. Experts estimate an average

income of 100,000 ﬁ for the PCR market. The prices for the secondary control reserve
market are expected to fall through the market update in July 2018. Further additional costs



180 Conclusion and Outlook

for market participation are estimated at 25 % of the incomes for grid scale storages. These
costs might be higher for small storages operating in a pool. The costs for market participation
and communication are not clear and need to be reduced in future. Finally, yet importantly,
in Germany additional charges (e.g. Renewable Energies Act levy (EEG-Umlage), grid utilization
charges (Netznutzungsentgelt), interruptible loads levy (Umlage fiir abschaltbare Lasten))
occur on heat from primary control reserve power. Additional regulatory issues for integrated
homes participate on the control reserve market in Germany exist. For example, a
sophisticated measurement concept has to be applied, because if electricity from the grid
(Graustrom) is mixed in the storages with electricity form the PV power plant, levy and taxes
for the energy from the PV power plant incurred. This is the case if the BESS is bigger than 10
kWh.

On the other hand, a combination with the intraday market could lead to additional income.
The incorporation of weather forecast could enhance the income in the variable offering of
primary control reserve case. The future flexibilisation of the primary control reserve market,
similar to the secondary control reserve market in Germany, could lead to further incentives
for storage systems participation. Finally not yet important, a reduction of the transaction
costs is possible if not every single integrated home is monitored.

In the secondary control reserve markets, the reserve calls highly influence the economics of
the market participation. The forecast of control reserve calls is difficult and lead to high
uncertainties of the maximum bid price. To overcome this issue for the secondary control
reserve market, an approach is presented to calculate an energy threshold until the secondary
control energy has a high value. The threshold in winter is higher than in summer due to the
high solar radiation in summer.
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10. Nomenclature

Acal
acyc
apcr

aFRR
bcyc
by,
BESS
BSRN
c

C

Ccal

Ceyc

CgtF

Csum
Capbattery

CaPheat
cop

CpP

CPE

d

DC

DHW

DoD

DSO

E

Eq
Econsumption_night
Ecutoff

Epy
E¢

E/P
EE(R)
EirGrid

€/a
p.u.

Ah

p.u.
p.u.
p.u.
p.u.

p.u.
p.u.

€/unit

p.u.
p.u.
J/(g-K)
p.u.
kWh

kWh
p.u.

%

kWh
p.u.

kWh
kWh
kWh
kWh

p.u.

203

annuity

heat pump power as a share of the maximum power
alternating current

ampere hour

calendric aging parameter

cycle aging parameter

primary control reserve factor

Wohler parameter

automatic frequency restoration reserve
cycle aging parameter

Wohler parameter

battery energy storage system
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11. Annex

11.1 Storage capacity of the building

Refers to section 3.3.4: Model of the building

walllb | wallla| wall2a| wall2b floor ceiling

width [m] 11.00 11.00 10.00 10.00 10.00 10.00
height/length | [m] 2.50 2.50 2.50 2.50 11.00 11.00
Awindow/door [m?] 4.68 6.11 0.00 0.00 0.00 0.00
net surface [m?] 22.82 21.39 25.00 25.00 110.00 110.00
thickness [m] 0.38 0.38 0.38 0.38 0.42 0.42
conductivity [W/(m*K)] 0.79 0.79 0.79 0.79 0.81 0.81
effective
thickness [m] 0.10 0.10 0.10 0.10 0.10 0.10
density [kg/m3] 1,800.00 | 1,800.00 | 1,800.00 | 1,800.00 | 1,830.00 | 1,830.00
spec. capacity | [J/(kg*K)] 1,008.00 | 1,008.00 | 1,008.00 | 1,008.00 | 1,008.00 | 1,008.00
capacity [Wh/K] 1,150.26 | 1,077.98 | 1,260.00 | 1,260.00 | 5,636.40 | 5,636.40
Total capacity | [Wh/K] 16,021.03

Annex Table 1: Calculation of the storage capacity of the modeled building. For the calculation, DIN

V 4108-6 is used.
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11.2 Detailed results sensitivity analysis

11.2.1 EV

Refers to section 5.4.1

without EV with EV

30

20 -

10 -

0 -
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240 -
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s PV generator mmmm cost from grid
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Annex Figure 122: Electricity cost of an optimized integrated home with a PV BESS and power-to-
heat coupling without and with minding the load profile of the EV.
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without EV with EV
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Annex Figure 123: Energy costs of an optimized integrated home with a PV BESS and heat power
coupling without and with minding the load profile of the EV.
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11.2.2 PV FIT

Refers to section 5.5.1

Parameter Symbol EIe.c FIT 6ct Hez?t FIT 6¢ct  unit
basic basic

PV-generator size Ppvpeak 10 4.3 10 7.6 kWp
power MPP-tracker Pwmpp 7.9 34 7.8 6.0 kw
power inverter Pinverter 7.8 34 7.3 5.7 kW
power battery Paatcon 0 20 1.6 3.0 kw
converter
capacity battery system  Cgess 0 7.4 7.1 10.8 kWh
volume buffer storage Viuffer 0.16 0.16 m3
volume DHW storage Vorw 0.11 0.11 m3
thermal power heat Puo i )3 27 KkWth
pump

.t . buff
max. temp. butter Tbuffer,max 42 40.6 °C
storage
Spread buffer storage Thuffer,spread - - °C
max. temp. DHW Tomw.max 48 476 °C
storage
Spread DHW storage ToHW, spread - - °C

Annex Table 2: Optimum set of parameters found by the optimization algorithm for the “basic
operation strategy scenario” in dependency of the feed-in tariffs (FIT) for PV generated energy.
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11.2.3 Radiation

Refers to section 5.6

997 kWh/m?2 1151 kWh/m2 1386 kWh/m2

40

LCOElectricity in ct/kWh

I nvest I Battery system
I PV generator s cost from grid
I revenue FIT —— LCOElec.

Annex Figure 124: Electricity costs of an optimized integrated home with a PV BESS and heat power
coupling in dependency of the solar radiation.
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Parameter Elec 997 1386 Heat 997 1386 unit
basic kWh/m? kWh/m? basic kWh/m? kWh/m?

PV-generator size 10 10.0 10.0 10 10.0 10.0 kWp

power MPP-tracker 7.9 6.9 9.3 7.8 7.4 9.7 kW

power inverter 7.8 6.5 9.1 7.3 7.1 9.2 kW

power battery 0 0.2 0.0 16 2.0 03 kW

converter

capacity battery 0 22 0.0 7.1 75 2.7 kWh

system

volume buffer 016 016 016 m’

storage

volume DHW 011 013 012 m?

storage

thermal power heat 3 73 28 KWth

pump

max. temp. buffer 42 43 8 404 °C

storage

Spread buffer i ) i °C

storage

max. temp. DHW 48 476 462 °C

storage

Spread DHW storage - - - °C

Annex Table 3: Optimum set of parameters found by the optimization algorithm for the “basic
operation strategy scenario” in dependency of the solar radiation.
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11.2.4 Battery Price

Refers to section 5.7
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o
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o
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o

-40 -
-50
I nvest I Battery system
I PV generator s cost from grid
I revenue FIT —— LCOElec.

Annex Figure 125: Electricity cost of an optimized integrated home with a PV BESS and power-to-
heat coupling in relation to the battery price.
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250 € 125 €
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LCOEnergy in ct/kWh

-20

-25

I |nvest I Battery system
I PV generator mmm cost from grid
I revenue FIT =—= | COEnergy

Annex Figure 126: Energy costs of an optimized integrated home with a PV BESS and heat power
coupling in dependency of the battery price.
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11.2.5 Heat demand

Refers to section 5.4.2

100m2 200m?2
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Annex Figure 127: Energy costs of the optimized integrated home in dependency of the living area.
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Own Publications
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from these publications are not explicitly cited within the thesis. The following table provides
an overview of the sections and the corresponding publications. The use of content of own
publications for the thesis is in line with the rules for dissertation of the faculty for Electrical
Engineering and Information Technology at RWTH Aachen University and has been agreed
with Prof. Dirk Uwe Sauer.
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Sector coupling allows the use of electricity from renewable sources
in different sectors to reduce greenhouse gas emissions. A key factor
for this is renewable electricity from domestic photovoltaic systems
that can be used in the heating sector through power-to-heat coup-
ling. The power generated by the photovoltaic system is in this case
used for space heating as well as hot water preparation. In this disser-
tation, a detailed simulation model of an integrated home consisting of
a photovoltaic system, a battery storage and power-to-heat coupling
is developed to investigate cost reduction potentials. Cost reduction
can be achieved by advanced operation strategies, optimization of
component sizes, and market participation. The results indicate that
integrated homes with optimized component sizes and advanced
operation strategies are economically competitive to households with
fossil heating concepts. During winter, storage systems in integrated
homes are not used to their full capacity due to the low solar irradia-
tion. These unused capacities can be employed to improve the eco-
nomics of integrated homes by implementing a second-use scheme.
Second-use describes the value stacking of home storage operation
and participation on energy markets, e.g. the control reserve market.
Besides enhanced economics, a participation in the control reserve
market can improve grid stability and hence support further integrati-
on of renewable energies.

ISSN 1437-675X




