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Abstract

Primary control reserve and maximising self-consumption are currently two of the main
applications for large scale battery storage systems. In this study, these two applica-
tions are combined with a grid supportive behaviour by providing reactive power control
and/ or peak shaving and fitted to a vanadium redox flow battery prototype installed
in Southern Germany. Simulation models for the operation of the battery storage sys-
tem applying these applications are developed making it possible to analyse the battery
operation for a longer period of time. Based on measured data from the prototype two
battery models for two different time resolutions (1-s, 1-min) are presented in detail.
The operation strategy model for primary control reserve comprises the so called degrees
of freedom used to reduce the energy needed to recharge the battery. The operation
strategy to maximise self-consumption is based on an adaptive persistence forecast. The
technical assessment of both applications shows that the use of the degrees of freedom
can reduce the energy to recharge the battery by 20 %. In the case of self-consumption
the curtailment losses due to peak shaving can be kept under 1 %. The economic as-
sessment, however, indicates that even for the most promising primary control reserve
cases the investment costs of vanadium redox flow batteries must be reduced by at least
30 % in order to break even. The economic findings also show that the negative impact
of a grid supportive behaviour additionally to its primary purpose are less than 1 % of
the revenues. Finally, the model for the operation strategy for a grid supportive primary
control reserve was validated in a field test revealing a relative error of 2.5 % between the
simulated and measured state of charge of the battery for a multi-week time period.
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1. Introduction

The highest revenue potential for market based applications of battery storage sys-
tems (BSS) lies in the primary control reserve (PCR) market, whereas the highest elec-
tricity cost reduction potential lies in maximising self-consumption of renewable energy
production, specifically for households [1]. Therefore, many BSS projects focus on these
two potential business cases, especially in Germany [1–7] but also world-wide [8]. Large
scale (or pooled) BSS applying self-consumption maximisation can be called community
electricity storage (CES) [9]. [10, 11] show that CES have the potential to lower the
levelised costs of electricity considerably compared to single households using PV resi-
dential storage systems (e.g. 66 % reduction for a 60-household community in the UK
[10]). Therefore, several studies examine CES as potential alternative for residential PV
storage systems also in Germany [5–7]. All large scale BSS projects that apply both men-
tioned applications realised until now in Germany use lithium-ion batteries. Although
the vanadium redox flow technology is the second most promising technology regarding
possible price reduction [12] and the energy to power ratio can be adapted more easily
it has not been considered yet. This study fills this gap by focusing on this battery
technology. Similar to [13] for lithium-ion batteries a BSS model for a vanadium redox
flow battery (VRFB) is created from empirical data to describe the electrical operation
behaviour and energy efficiency of battery systems and validated in field test.

As shown in [1], BSS applying PCR and self-consumption maximisation should oper-
ate grid supportive when integrated in the distribution grid. Otherwise they may cause
additional grid reinforcement costs [14]. Thus, several studies concerning CES consider
active power control via peak shaving [6, 7]. Nevertheless, none of the studies consider
reactive power control, even though [15] highly recommends further studies on this is-
sue. This is due to the fact that reactive power control from BSS is as a very easy and
cost-effective way of controlling the grid voltage which has no or only very little effect
on the state of charge (SOC) of the BSS, depending on the system design.

In this study, the grid supportive operation of the two control strategies is proposed.
In the PCR-case with a reactive power control and in the self-consumption case with a
combined active and reactive power control. The reactive power control is implemented
in both cases as an autonomously operating voltage control strategy whereas the active
power control is implemented as a peak shaving algorithm.

This study is based on an extensive review of operation strategies for PCR and self-
consumption maximisation of the same authors [1]. It extends the work of previous stud-
ies: [16, 17] had the aim to identify the most profitable operating strategy to maximise
self-consumption and [18] is a life-cycle-cost analysis of different storage technologies
participating at the German PCR market.

The main contributions of this paper is a technical and economic comparison of a grid
supportive PCR and self-consumption application for VRFB and two validated simula-
tion models to calculate the operation strategy and their effect on the SOC of the VRFB.
The models used for the assessment are based on measured data from a VRFB-prototype
developed within the SmartPowerFlow (SPF) [19] project, similar to [13] for lithium-ion.
Beyond the model of [13], the presented simulation model is able to simulate unsymmet-
rical charging and discharging, reactive power control and incorporates so called degrees
of freedom in the PCR operation strategy.

The VRFB-prototype comprises of the 200 kW/ 400 kWh VRFB CellCube FB200-
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400 DC from Gildemeister energy solution, a 630 kVA inverter (SCS 630) developed by
SMA AG and the SCADA battery management software from Younicos AG. It has been
integrated and tested in a model region of the distribution system operator LVN in the
south of Germany, further described in [20]. The simulation results of the most profitable
operation strategy were verified in a field test. All measured data, as well as the grid
topology and other parameters needed for a load flow calculation were developed within
the SmartPowerFlow project.

The paper is structured as follows: In section 2 two different battery models based
on the data obtained of the VRFB-prototype are presented. Both battery models are
applied in simulation models of the two operation strategies described in detail in section
3. Additionally, the respective legal framework, the revenues and costs and further
assumptions are discussed in this section. In section 4 the results of the field test during
which the most promising application (PCR) was implemented at the SPF-prototype
are discussed and used to verify the simulation model developed before. In the same
section the core of this work presented: the technical and economic assessment of the
two business cases. Finally, the conclusions are summarised in section 5.

2. Battery Storage System Modelling

The modelled 200 kW/ 400 kWh VRFB is able to operate in a four quadrant operation
mode, with a theoretical apparent power of 630 kVA. The BSS has a pump managing
system with four individual pumping circuits, that can be activated according to the
needed power in 50 kW steps in order to reduce the self-consumption of the BSS.

According to [21] there are macro [22–24], micro [25] and molecular approaches, as
the Molecular Dynamics method [26], to model VRFB. Most of these theoretic battery
models, out of which some have been evaluated in the lab [21–23], aim to improve the
battery efficiency or to increase its capacity. In contrast to these models, the aim of
the presented BSS model is to analyse the battery operation at the PCR market and
as CES as realistically as possible over a longer period of time (months). The model
presented BSS are also used for the economic optimisation of the BSS and to analyse the
interaction with the electrical grid and the resulting reactive power need. For market
applications, like in this work, empirical (macro) models based on measured data to
predict the future behaviour without consideration of physicochemical principles seem
to be the most appropriate [21]. Therefore, an empirical approach similar to [13] for
lithium-ion batteries based on efficiency characteristics is chosen for the VRFB model.
In contrast the VRFB model of [24], the BSS model could be verified along with the
PCR application in a field test presented in subsection 4.1.2. Furthermore, the effect of
the reactive power provision on the SOC of the VRFB is not considered in [24].

Depending on the application, different time resolutions are used in the BSS models.
For PCR one second time-steps are appropriate to properly incorporate all degrees of
freedom (DOF) described in [1]. As shown in [27], the BSS model for the self-consumption
operation strategy should be simulated at least in one minute time-steps to avoid the
neglect of short-term feed-in peaks. Therefore, two different BSS models are presented in
this subsection: In subsection 2.1 a detailed VRFB-model based on the SPF-prototype
for grid supportive PCR applications and in subsection 2.2 a simplified VRFB-model
that can be applied for CES used to maximise self-consumption is presented. As VRFB
already in operation have shown an extremely long working life (up to 270,000 full cycles)
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and self-discharge can be eliminated by storing the two electrolytes in different tanks [28],
both effects are neglected in this study.

2.1. Detailed Vanadium Redox Flow Model for Grid Supportive PCR Applications

In this application, the SOC of the VRFB depends on the active power demand as a
function of the grid frequency and the reactive power demand as a function of the voltage.
The model has a time resolution of 1 s; inverter and battery are modelled separately.

Inverter model

The losses occurring during the operation of the inverter can be distinguished into
no-load losses and apparent power losses. No-load losses are losses independent of the
apparent power caused mainly by switching losses of the insulated gate bipolar transistors
of the inverter bridge. For the SMA inverter used in the SmartPowerFlow project these
losses are 2.3 kW. They were determined by measuring the DC power between battery
and inverter at 0 kW active power and 0 kvar reactive power at the AC side. The apparent
power losses are composed of the losses due to provision of active and reactive power.
For the VRFB-prototype a stable 4-quadrant operation of ±200 kW as well ±400 kvar
has been tested and validated in the field, as shown in Fig. 1.

[Fig. 1 about here.]

To determine the active power losses, the active power was altered over the entire
operating range of ±200 kW and the apparent power was kept at a constant level of
0 kvar. The resulting active power losses for charging and discharging are depicted in
Fig. 2. At low power ratings of less than 50 kW, the efficiency of the inverter is between
85 % - 95 % and for power ratings greater than 50 kW between 95 % - 98 %.

[Fig. 2 about here.]

The methodology to measure the reactive power losses is the same as for the active
power losses: the AC-active power is set to 0 kW, whereas the reactive power is varied
over the whole operation area of ±400 kvar. The results of this measurement are shown
in Fig. 3. The measuring point for a reactive power of 0 kvar corresponds to the above-
mentioned no-load losses of around 2.3 kW. The losses increase with increasing reactive
power and reach a maximum of approximately 9 kW with maximum reactive power.

[Fig. 3 about here.]

According to SMA [29] the apparent power losses of the inverter Sloss can be approx-
imated with equation (1), as the losses are mainly dependent on the absolute value of
the apparent current Is.

Sloss =
√
P 2
loss +Q2

loss (1)

where Ploss are the active and Qloss the reactive power dependent losses. In between
the measurement data, Ploss and Qloss are approximated by linear interpolation.
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Battery model

For the modelling of the battery, the charge- and discharge characteristics were mea-
sured. The BSS was fully charged and discharged at various power levels as depicted in
Fig. 4 and Fig. 5. The discharge was limited to 1 % SOC to avoid a deep discharge.
The deviations in the predefined charging and discharging powers can be attributed to
various causes such as power drops due to an excessively high electrolyte temperature,
the failure of a DC-DC converter inside the battery or incorrect control commands by
the battery management system and can be neglected in the model as these effects can
be attributed to the prototype status of the BSS.

[Fig. 4 about here.]

[Fig. 5 about here.]

The charging and discharging curves show that the BSS can only be charged or dis-
charged with a constant power up to a certain SOC. After reaching this power dependant
SOC limit, the charging or discharging power drops steadily. For example, a constant
charging power of 200 kW can only be maintained during the time period tC up to a
charge level of 62 %. From this point on which is called SOCC, the charging power drops
to 53 kW until the battery is fully charged. The energy supplied to the BSS up to the
point SOCC, is defined as EC (see Fig. 4). This also applies to the discharging process.
The SOC from which the constant discharge power decreases is referred as SOCD, the
energy taken up to this point is called ED (see Fig. 5). To participate in the PCR
market, the BSS has to provide the requested power reliably and without interruption.
Thus, it can only be operated within the limits SOCC and SOCD for a given value of the
pre-qualified power. The change of SOC within these limits is calculated in the model
as follows:

Charge:

∆SOC = SOCC ·
∆t · P
EC

∣∣∣∣
P

(2)

with SOCi, SOCf < SOCC

Discharge:

∆SOC = (100− SOCD) · ∆t · P
ED

∣∣∣∣
P

(3)

with SOCi, SOCf > SOCD

where parameters SOCC and EC as well as SOCD and ED were derived from the
characteristic curves. SOCi is the initial SOC before charging/discharging and SOCf

the final SOC after charging/discharging. The parameters for charging and discharging
powers between the measured values result from linear interpolation.

The charging and discharging curves were measured in the PCR mode where all four
pumping circuits of the VRFB-prototype are active due to the fast response time that is
necessary when providing PCR. The pumps consume 12 kW. This power is taken directly
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from the grid and purchased at the intra-day market, as this is more cost effective than
discharging the BSS. The validation of the 1-s-model is presented in subsection 4.1.2.

2.2. Simplified BSS Modell

In this section a simplified BSS model for the simulation of a CES requiring only one
formula is presented in order to reduce computing time. As established earlier a time
resolution of one minute is sufficient for modelling CES. Contrary to the PCR application,
the auxiliary power for the pump management is now taken from the battery. This is due
to the fact that in this business model energy from PV systems is used for the battery
operation. Also contrary to the PCR application only the necessary amount of pumps is
used for charging or discharging as the ramp time of the pumps does not have a negative
effect on this business case. In the simplified BSS model reactive power provision can
not be modelled, and are calculated ex post. The energy needed for the provision of
reactive power in the CES case is covered by transactions with the energy market. To
obtain a formula for an exponential fit function with two terms, the non-linear least
square method was applied. The efficiency curve, the equation of the fit function with
95 % confidence bounds as well as the evaluation of the goodness of the fit are depicted
in Fig. 6).

[Fig. 6 about here.]

As the charging power PACC
or discharging power PACD

might be different, according
to [30] the SOC of the BSS can be calculated using an AC-power dependent round trip
efficiency ηAC .

ηAC(PACC/ACD
) =

√
ηAC(PACC) ·

√
ηAC(PACD

) (4)

This 1-min-model is used to simulate the grid supportive CES presented in subsection
3.2.

3. Methodology of the Techno-Economic Assessment

The aim of the two methodologies presented in this section is to identify a grid sup-
portive operation strategy for the battery prototype which guarantees the most lucrative
participation at the PCR market (subsection 3.1) or the application as a CES to max-
imise self-consumption (subsection 3.2). Basis of the economic analysis is a life cycle cost
analysis, as decribed in detail by [31]. For this analysis the system design of the BSS is
given hence the capital expenditures (CAPEX) is fixed. Furthermore, disposal costs are
neglected, as at the end of the life cycle the electrolyte of a VRFB can still be used and
earn revenues [32].

3.1. Grid Supportive Application of the Battery Storage System at the Primary Control
Reserve Market

The operation strategy is based on a frequency data analysis which ensures the 100 %
availability required by the TSO during the entire period primary control reserve and
voltage control services are provided.

6
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3.1.1. Assumptions

The economic analysis is based on the legal framework of the PCR market, the bidding
prices for PCR, the prices for the energy needed to recharge the battery as well as the
CAPEX and operational expenditure (OPEX) of the BSS.

Legal framework

On the European level the regulations concerning PCR are [33–36] and on the national
level [37–39]. There are also several technical regulations [40–43] on the national level
as well as market rules [44]. An extensive overview of the PCR regulations on European
level is given by [45]. For more details concerning BSS providing PCR in Germany [2]
and [1] may be consulted.

Revenue Stream and Expenses during Operation

The revenues that can be achieved at the PCR market are determined by one’s own
bidding strategy as well as the structure and costs of the competitors [46]. In this paper
the bidding strategy is simplified as it is assumed that the BSS can provide PCR for
50 weeks per year (corresponding to 50 bidding periods)[4]. All data used in this study
refer to the year 2015. Although the historical PCR prices fluctuate considerably in the
course of the year, the more stable weekly average yearly values have risen slightly in the
last three years [47]. For this work a yearly weekly average of 3500 EUR/MW is assumed
during the entire lifetime of the BSS [48]. Although there may be up to 150 MW pre-
qualified BSS systems in the German PCR market at the end of 2017, this may only have
a minor effect on the yearly weekly average price, as [49] calculated that up to a power
of 250 MW the average bidding price would decrease by only 6 %. Therefore, this work,
as well as most of the related studies [2–4], assumes a constant yearly revenue stream
over the BSS lifetime.

Expenses during PCR provision arise from the necessity to keep the battery charge
level between certain limits, to ensure that the power demanded can be supplied at any
time, as discussed in subsection 2.1. The energy that is needed to correct the charge
level is traded at the intra-day market. The medium-term development of the intra-day
market is hard to predict. Therefore, the annual average price for the 15-minute product
of 33.09 EUR/MWh is used here.[50]. Additionally, a handling fee of 2 EUR/MWh has
to be added[51]. As stated in subsection 2.1, the auxiliary energy to run the pumping
system generates furher expenses and is as well traded at the intra-day market. For
further simplification it is assumed that the energy can always be traded and that the
annual average intra-day price for a 15-minute product is constant. Based on [52] a
value-added tax of 19 % on costs and revenues as well as an electricity tax on the traded
energy of 20.50 EUR/MWh has be taken into account. The tax and duty charge for
electricity storage is currently in dispute, the energy tax has to be paid in any case [53].
Finally, the costs for the metering point operation have to be taken into account and are
set to 508.86 EUR/year [54].

Frequency data

In order to determine the correction limits of the SOC, further explained in subsection
3.1.2, worst case scenarios were analysed. For this, particularly over- and under-frequent
months from frequency data provided by the Swissgrid AG were used. Swissgrid AG, the
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Swiss transmission grid operator, as a result of a comprehensive frequency data analysis,
identified a representative heavy and a weak load month. The data show an average over-
frequency behaviour during the heavy-load month, resulting in higher battery charging
powers than in average months. The heavy-load month as well shows a stronger frequency
fluctuation than the weak-load periods, due to greater load gradients. Therefore, an
extreme under-frequent monthly time-series was synthesised by mirroring the heavy-load
time-series on the 50 Hz axis. The derived set of two heavy-load monthly time series can
be considered the worst-case scenarios form SOC control point of view.

The economic analysis is based on the frequency data of the weak-load month given
that this month’s frequency time series is approximately normal distributed, as is true
for long term frequency time series [4, 55]. Therefore, the charged and discharged PCR
power of the BSS is balanced on average.[56, 57]. The economic analysis was as well
carried out and verified using frequency data from the year 2013, giving very similar
results and therefore not further discussed.

BSS Parameters

The minimum offered power at the German PCR market is 1 MW. As the here
considered VRFB-prototype has a maximum power of 200 kW, a pooling of the battery is
analysed. Pooling entails additional costs for additional infrastructure. Those additional
costs are neglected in this study due to missing literature concerning this issue. However,
pooling increases CAPEX and OPEX of the 1-MW pooling unit because the largest BSS
unit needs to be redundant [43]. CAPEX and OPEX of the BSS are further discussed in
subsection 3.3.

3.1.2. Modelling of the Operation Strategy

All parameters that have to be determined for this operating strategy are schemati-
cally depicted in Fig. 7. The optimisation of the battery optimisation is mainly a maximi-
sation of the PCR revenues and a minimisation of expenses for trading correction energy
at the intra-day market. In order to achieve this the available charging/discharging power
has to be allocated between power that is pre-qualified at the PCR market and power
that is used to adjust the charging level of the battery and the SOC limits at which
intra-day trades are triggered have to be determined.

[Fig. 7 about here.]

The pre-qualified power Ppq determines the theoretical revenues and the usable ca-
pacity of the BSS. As described in section 2.1 the power of the BSS is only constant
within a certain power dependant SOC range. The lower and upper limit of this interval
is defined as availability limit SOCav,min and SOCav,max. Outside these availability
limits the BSS does not reach its full power, thus limiting the usable capacity to the
capacity interval within these limits.

To ensure that the SOC stays within the availability limits, energy is traded at the
intra-day market. This transaction increases or decreases the active power with a delay
of 30 minutes for the delivery period of 15 minutes [58] by the contracted value, and is
defined as the DOF “schedule transactions”. Besides this cost-generating DOF there are
additional DOF that can be used to keep the SOC close to the target SOC at no extra
costs: “dead-band”,“optional over-fulfilment” and “permissible operating range”. These
DOF are as well integrated in the simulation model, as depicted in Fig. 8.
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[Fig. 8 about here.]

The P(f)-characteristic, as defined in [41], is the basis of provision of PCR and the
active power control of the BSS. As described in detail in [1], the DOF can be used to
regulate the SOC by deviation of the required PCR power PPCP , resulting in a new
PPCP,new. The DOF “schedule transactions” is triggered when the SOC surpasses a
threshold defined as correction limits SOCcorr. Therefore, the SOC interval between
SOCcorr,max and SOCcorr,min is narrower than the interval between the availability
limits as it has to be secured that during the 30 min delay the SOC does not surpass
the availability limits (see Fig. 7). For the three DOF free of charge the actual SOC of
the time-step and the set target value SOCopt (in this study set to 60 % due to the low
BSS efficiency), as well as the absolute value the of frequency f and the direction of the
actual frequency deviation ∆f are essential inputs. All DOF can be used separately or
combined.

The “dead-band” can be applied for 50 Hz± 0.01 Hz and PPCP,new is calculated as
follows:

PPCP,new =
∆f

0.2 Hz
· Ppq (5)

If the DOF “optional over-fulfilment” is used, the PPCP according to the P(f)-
characteristic is exceeded by 20 %.

PPCP,new = 1.2 · PPCP . (6)

When making use of the “permissible operating range” the power gradient ∂PPCP is
restricted to the permitted ramp (30 seconds until full activation), instead of using the
fast reaction time of BSS.

max (|∂PPCP |) =
Ppq

30
. (7)

This DOF is stopped in case of a change of sign between two time-steps (e.g. change
from charge to discharge)

The final PPCP,new value calculated after applying all three DOF free of charge is
limited to Ppq.

|PPCP | ≤ Ppq. (8)

Finally, the DOF “schedule transactions” is activated if the availability of the BSS is
endangered.

As stated before, the maximum available power of the BSS must be divided between
the power to correct the SOC and the power offered at the PCR market. Critical is the
30-min period until the transaction is effective. In view of the depicted efficiency losses
of the storage system and the asymmetrical position of the availability limits, the upper
and lower correction limits are to be determined individually. In order to determine
the correction limits, the assumption was made that the availability limits should not
be exceeded even in a particularly over- or under-frequent month, even if the SOC is
already at the corresponding correction limit at the beginning of the month. The heavy
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load month was used to determine the upper availability and correction limit and the
synthesized under-frequent month was used for the lower limits.

The voltage time series needed as input data for the reactive power control is taken
from measurements from the year 2013 at the point of common coupling of the BSS. Two
worst case months were identified, each with a particularly high or low reactive power
consumption corresponding to the annual average.

[Fig. 9 about here.]

To define the points of the Q(V)-characteristic, shown in Fig. 9, the maximum voltage
limits according to DIN EN 50160 of ±0.1 p.u. were taken as basis [59]. Furthermore,
a measurement uncertainty of ±0.01 p.u. was taken into account [60]. As a maximum
voltage drop of 0.04 p.u. can be assumed [14], V4 is set to 1.05 p.u. (1.1 p.u. - 0.01 p.u.
- 0.04 p.u.). In order to keep the Q(V)-control stable a slope of the 11%/V (phase-to-
ground-voltage) is proposed by [61] which results in the value of 1.027 p.u for V3. Since
the Q(V)-characteristic is assumed symmetrical to the origin [61], V2 and V1 result. A
PT1-element is assumed with an amplification factor K=1 and a time delay of T=5 s
[61].

In order to maximise the net present value with this operation strategy, the maximum
Ppq that can be provided with the given BSS has to be determined. At the same time
the availability of the BSS to provide PCR and reactive power control has to be assured
at every time. For this reason Ppq was varied in 5 kW steps and tested for the worst case
scenarios described before.

3.2. Grid Supportive Application of the Battery Storage System as Community Electricity
Storage

In analogy to the section before, first the legal framework is shortly discussed as
well as the revenues and expenses based on locally measured generator and load data
in subsection 3.2.1. Furthermore, the most profitable operation strategy to ensure self-
consumption maximisation with a CES is presented and implemented in the SPF project
(subsection 3.2.2).

3.2.1. Assumptions

Legal framework

Charges and levies for CES mainly depend on the ownership of the electrical grid to
which the BSS is connected and on whether the electricity from the storage is consumed
in the vicinity of the storage or supplied to a third party. This is shown in Fig. 10. The
two bars on the right-hand side of figure show the expenses in case the BSS is connected
to the public grid (case 3 and 4); the two columns on the left show the levies and charges
in case the electricity is generated, stored and consumed in the vicinity of the storage
without the use of the public network. These two distinctions (case 1 and 2) are divided
according to whether they are self-consumption (case 1) or electricity supply from the
CES operator to a third party consumer (case 2).

A comprehensive study reviews different possible business cases that can be applied
to CES [5]. Furthermore, a guideline concerning the legal framework connected to these
business cases is published by the German federal network agency [62]. Although fo-
cussing on the EEG 2014, the guideline is still valid for the EEG which became effective
in January 2017.
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[Fig. 10 about here.]

Revenue Stream and Expenses during Operation

The revenues in this business case are caused by a cost reduction strategy that takes
advantage of the difference between cost of generation (feed-in tariff, FIT) and purchase
price for electric energy. For this study a feed-in tariff of 0.1231 EUR/kWh and an
electricity price of 0.2881 kWh/EUR are used [63, 64].

The expenses consist of the CAPEX and OPEX decribed in subsection 3.3 and the
charges and levies discussed before. Only the theoretic best case and the two most
promising scenarios which can be realised under the current legal framework are calcu-
lated:

(1) Theoretic best case (Th. best)
This case is the theoretical possible best case, which means that there is no FIT and
no charges and levies incur. This scenario is highly unlikely today, yet could become
reality in a post-FIT era after 2020 [65].

(2) Self-consumption best case (SC best)
In the case of a geographical proximity in which the consumers and the owners of
the PV generator are not the same legal entity but use an own private grid, the
self-consumption case applies. Therefore, only the full EEG-levy incurs (see column
1 in Fig. 10).

(3) Direct marketing best case (DM best)
If the storage operator and grid operator peruses a direct marketing model and sells
energy to third party costumers within the own private grid, the EEG-levy and the
VAT, business and corporation tax incur. The charges and levies that apply in this
case are depicted in column 2 in Fig. 10.

Load and Generator data

The three scenarios described before are evaluated for the village in which the pro-
totype of the SPF project is implemented, described in detail in [20]. Within the village
there are 441 individual loads. To model the consumption behaviour three different Ger-
man standard load profiles in one-minute time steps are used. The distribution of the
different profiles is as follows: 264 loads with a H0 household profile, 38 commercial loads
with a G0 profile and 35 agricultural loads with a L0 load profile [66]. Additionally, a real
heat pump profile from [67] is used in four houses. The total yearly energy consump-
tion of the village is 3.73 GWh. On the generator side the PV systems’ accumulated
nominal power of the 119 residential systems installed within this village is 2.0 MW. The
PV power profile is based on measured data from 2013 and 2014 in one-minute steps
connected on a near village (10.1 km) south oriented PV system. Based on calculations
of [68] the diversity factor for the PV-systems, as defined in [69] is set to 0.85.

Sizing of the Community Electricity Storages

Analogue to the optimal economical sizing of residential storage systems for 1 kWh
of storage capacity of the CES, a PV system size of 1 kWp and a annual load demand
of 1 MWh is chosen for every system [70]. As the BSS is connected to the LV-side of the
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MV/LV-transformer, if possible all the loads and PV-systems of the same LV-level were
gathered for one CES. This leads to a non-optimal sizing of the loads and PV-systems,
but increases the hosting capacity of the LV systems and is therefore grid supportive,
as the CES are also used for peak shaving as described in the following section. As
the installed PV power is 2.0 MW, only the geographically closest loads with a total
annual consumption of 2.3 GWh were combined to 5 separate CES systems with the SPF
prototype of 400 kWh storage capacity to comply with the sizing rule described before.

[Fig. 11 about here.]

3.2.2. Modelling of the Operation Strategy

In order to assure a grid supportive behaviour of residential PV-storage systems
the German government coupled the incentives for these storages with the condition on
limiting the feed-in to 50 % for the of the maximal PV power. Although these incentives
are only granted for residential PV-storage systems, the 50 % limit is used in this study to
assure a better comparison with other studies. Preliminary studies by the authors of this
paper indicate that the adaptive persistence forecast control strategy is most profitable
from the storage owner’s point of view [17, 20]. This strategy secures the best results with
regard to the performance indicators curtailment loss ratio ratio (CLR), self-consumption
ratio (SCR) and self-supply ratio (SSR), as defined in [17]. The methodology of the
adaptive persistence forecast control strategy was adapted from the strategy initially
designed for residential PV storage systems by [71, 72]: This strategy aims on minimising
the daily feed-in energy and thus maximising the self-sufficiency and the profit. This is
achieved by limiting the feed-in power dynamically, always taking the maximum feed-in
boundary into account. The dynamic feed-in limit is ideally set each day based on the
forecasts such that the battery is completely charged with the energy that exceeds the
dynamic limit [72].

For the load prediction [71] uses a method that assumes a load profile for the predicted
weekday identical to the load profile of the weekday from the previous week. As the PV
output has a stronger impact on curtailment losses and self-sufficiency rate than the
load forecast , an elaborated method for the PV persistence forecast which is based on a
moving prediction horizon as well as a on a long term and short term prediction relying
on locally measured data of the PV system is used [71].

For every CES the profiles for the generator and load data is gathered and the predic-
tion is performed only for the accumulated profiles. The resulting charging or discharging
power is calculated for every minute time-step. The usable battery capacity is set be-
tween 1 % and 99 % of its nominal capacity of 400 kWh. For the simulation of the SOC,
the simplified 1-min battery modell as described in section 2.2 is used to reduce comput-
ing time. Nonetheless, a yearly simulation of the 5 CES including a load-flow calculation
of the whole model area takes 31 hours, although the year was partitioned in 16 periods
and calculated in parallel on 8 cores with 2.9 GHz and 32 GB RAM on a server with the
model name HP ProLiant DL360p Generation 8 (Gen8). For each period the SOC of the
5 CES were set at 1 % for the first time-step.

As with this simplified battery model only the active power is taken into account,
it is assumed that the reactive power to provide the reactive power control based on
the Q(V)-characteristic is the same as if the BSS provides PCR and reactive power
control. The BSS is connected in both cases to the LV busbar of the MV/LV transformer.
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These assumptions seems reasonable, as the active power of the two different operation
strategies has very little influence on the voltage due the low R/X-ratio on this point of
common coupling (PCC) and can therefore be neglected.

3.3. Economic Assumptions

In this section the CAPEX and the OPEX along with other economic parameters
applying for both business cases are presented briefly.

Capital expenditures

According to [73], the formula to calculate the investment costs I0 (=CAPEX) for a
given power Pmax and a given capacity Emax is:

I0 = cP · Pmax + cE · Emax + C (9)

where cP are the specific cost of the power electronics, cE are the specific cost of the
components needed for the capacity and C are the costs for the system periphery (e.g.
site costs,..). C can not necessarily be scaled with the system design and are very project
specific [4]. For vanadium redox flow large scale batteries, which are hardly established
in the market, there is currently a large range of costs difficult to generalise [74–76]. The
costs used in this study display the wide cost range found in the literature for commercial
BSS when adapetd to the same configuration as in the SPF project (see Table 1).

[Table 1 about here.]

Additional Economic Parameters

For the yearly operating expenditures a value of 2 % of the minimal I0 is assumed,
which includes the replacement costs of components during the life time [79]. The internal
rate of return is set to 4 % [4] and the lifetime for the BSS to 15 years [4, 79].

4. Techno-Economic Assesment and Validation of the Simulated Results in a
Field Test

First, the technical results of the simulation of the two operation strategies are dis-
cussed in this section and it is concluded with an economic comparison of both business
cases applied to the SPF prototype. Furthermore, the detailed battery model (see sub-
section 2.1) and grid supportive PCR operation mode is tested in the field and verified.

4.1. Operation Strategy: Grid Supportive Primary Frequency Control

In this operation strategy the worst-case time series for frequency and voltage at the
PCC were used for an iterative simulation, by changing the pre-qualified power. Thus,
the upper and lower correction limit as well as the corrective energy can be calculated.
From an economic point of view, the combination of pre-qualified power, upper and lower
correction limits is optimal, when the PCR revenue are maximised and at the same time
the costs of the correction energy are minimised.
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4.1.1. Results of the Parameter Determination for an Profit Maximizing Operation

With the brute force optimisation described in section 2, the parameters summarized
in Table 2 result as those with the maximum difference between PCR-revenue and cor-
rective energy costs. For a pre-qualified power higher than Ppq = 175 kW the availability
of the BSS to provide PCR and reactive power control can not be ensured.

[Table 2 about here.]

The results in Table 2 show that both the availability and the correction limits are
arranged asymmetrically around the SOC of 50 %. Due to the efficiency losses during
charging and discharging of the battery, the target value and the correction limits are
just below or above the SOC of 50 %. Furthermore, it can be seen that due to the battery
losses, the distance between the upper correction and availability limit is substantially
less than the distance between the lower correction and availability limit.

4.1.2. Validation of the Battery Model and the Operation Strategy in the Field

A multi-week field test with the determined parameters demonstrates the feasibility
of grid-supportive PCR operation strategy (Fig. 12). During the whole time, reactive
power according to the Q(V)-characteristic is provided (red curve upper graph). As
can be seen in the upper graph, the maximum requested frequency dependant PCR-
power P(f), is only 20 kW, or 8,5 % of the pre-qualified power during this period (grey
curve). However, this was expected according to the stochastic distribution of frequency
fluctuations. PAC however shows the active power measurement at the point of common
coupling of the battery system. It can be seen that during the field test the DOF are
exclusively applied to charge the battery.

This unsymmetrical application of the DOF is also reflected in the SOC (Fig. 12,
lower graph). Due to the low system efficiency, the used battery capacity interval is
narrow and oscillates around the lower correction limit, the target value of 60 % is never
reached or exceeded.

[Fig. 12 about here.]

For the validation of the detailed battery system model (section 2.1), the battery
parameters were measured during the two weeks mentioned above in the grid-supportive
PCR operating mode providing active and reactive power. Ex-post, the SOC curve
was simulated by using the calculated active and reactive power as input parameters
according to the measured frequency and voltage at the PCC, as depicted in Fig. 8. For
the entire measurement period, a very good match between simulation and measurement
was achieved, with a relative error of 2.5 % (Fig. 12, lower graph). However, the simulated
SOC is usually slightly ahead of the measured SOC. This is due to an inertia of the SOC
measurement, which is not represented in the model. In this BSS prototype, the SOC
is measured via the open circuit voltage of a stack to which no load is connected. Since
the electrolyte of the stacks connected to the load has to be mixed with the electrolyte
in the tanks before it is pumped into the idle stack, the changed SOC is measured with
a certain delay. This delay was quantified to vary between 0-19 min.

The evaluation of the field measurements shows that the overall system efficiency,
especially at low power is not very high: The BSS efficiency over the period depicted is
30 %, taking into account the pumping power, it is even lower with approximately 23 %.
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4.1.3. Evaluation of the Degrees of Freedom and the Grid Supportive Behaviour

It is not possible to provide PCR with the analysed BSS without the application of
the DOF “schedule transactions”. Therefore, an operating mode for the discussed grid-
supportive operation strategy which uses this DOF only is used as a reference scenario
in order to evaluate the efficiency of the other optional and cost neutral DOF and the
costs incurred by the reactive power provision. As depicted in Fig. 13, the comparison
of the individual DOF shows that they differ significantly in their contribution to reduce
corrective energy that has to be traded at the intra-day market with the DOF “schedule
transactions”. When all cost neutral DOF are employed, the corrective energy can be
reduced by approximately 20 %.

[Fig. 13 about here.]

However, the economic effects of the DOF are low, as the net revenues only increases as
follows: “dead-band” 0.9 %, “optional over-fulfilment” 1.1 % and “permissible operating
range” 0.08 %. If all optional DOF are used, the delta net revenues sum up to 2.1 % or
a monthly extra revenue of 45.89 EUR. Although, in one third of the simulated time-
steps the battery has to be charged via intra-day transactions and over 40 % of the total
energy is due to corrective energy, the total costs of the corrective energy (with all DOF)
amount only to 7 % of the revenues. For this same reason, the impact of the provision
of reactive power is minimal. This results from a simulation with all DOF, but without
a reactive power supply (right column in Fig. 13). For the analysed PRL prototype, the
monthly expenditures increase by only 14 EUR for additional correction energy needed
to provide this service. It can be concluded that the resulting additional cost burden for
a grid supportive behaviour of a BSS system providing PCR is very small.

4.2. Operation Strategy: Grid Supportive Community Electricity Storage

In this section, the technical results of the simulation of the SPF prototype applied as
a CES with the simplified battery model (see subsection 2.2) are discussed. In the upper
graph of Fig. 14 the power flows of CES generating the highest profit (CES 1) for the
week of highest irradiation are depicted, and the lower graph shows the corresponding
SOC curve.

[Fig. 14 about here.]

It can be seen that from Monday till Wednesday the low solar irradiation is not
sufficient to load the CES completely, whereas on the other days the CES is charged
fully to a SOC of 99 %. At night, the storage is capable of supplying the load, and only
on Tuesday morning energy is drawn from the grid (cyan). Furthermore, the performance
of the prognosis-based operating strategy can be shown, as it prevents high feed-in peaks
at noon by smoothing the charging process over the day time. Due to the grid feed-in
limit of 50 % the PV-power is curtailed (black) on Thursday, Saturday and Sunday, as
the CES reached its’ full capacity before the evening.

4.2.1. Evaluation of the Operation Strategy based on Performance Indicators

The performance indicators self-consumption ratio and self-supply ratio for all 5 CES
are listed in Table 3. The indicators were calculated with (index PV) and without storage
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(index CES) in order to evaluate the influence of the CES. It can be seen clearly that
the BSS increases the SCR and the SSR. The first row of the table shows the ratio of
the PV systems connected to the CES PPV in kWp and yearly energy consumption of
the load Eload in MWh, respectively.

[Table 3 about here.]

The influence of the dimensioning of the load and PV can be shown by the example
of CES 5: In this case there is significantly more load connected to this CES than to
the other storages, leading to the smallest increase of the self-consumption rate from
55 % without CES (SCRPV), to 60 % with CES (SCRCES). Vice versa the small load
to PV ratio (CES1) results in the highest self-supply ratio with CES SSRCES of 68 %.
The curtailment loss ratio for all CES lies under the negligible level of less than 1 %.
This is factor 3 to 7 smaller then the curtailment losses of the same operation strategy
applied to a residential PV-storage system [17]. The negligible curtailment losses and
the big reduction potential of CES matches with the results of Zeh et al. who compared
residential PV-storage system with CES [7].

4.2.2. Analysis of the Grid Supportive Behaviour

In the simplified battery model the influence of the reactive power provision on the
SOC is not included. But as in the case of CES 1 the PCC is the same for the PCR
and the self-consumption operation strategy the same voltage time-series applies and
the same energy to recharge the BSS as in the PCR-case can be assumed. For a better
comparison between the two BSS-applications this energy is traded in the CES case on
the intra-day market as well and causes costs of 14 EUR per month for the provision of
reactive power for one CES.

4.3. Economic Comparison of the two Business Models

The resulting cash-flows and net present values (NPV) for both business cases are
presented in this section. As described before (section 3.1), realistic frequency and grid
parameters are used for the analysis of the PCR business case. For the CES cases the
economic calculation is based on a load flow calculation of the model grid for one year.
Although, the cash-flow and the NPV is calculated for all 5 CES only the results of the
most profitable CES 1 are shown and discussed. The NPV of CES 1 is 6 % higher as for
the least profitable CES 5 for the theoretic best case.

4.3.1. Cash-flows

In Fig. 15 the annual cash flows without discount for the PCR and CES business
case for one BSS prototype are depicted. To participate in the PCR market, a minimum
of 1MWpq pre-qualified power must be offered. Furthermore, the (n-1)-criteria has to be
fulfilled. This means that for the examined prototype a pool of seven BSS with an offered
power of 175 kW per BSS has to be in service. The displayed cash flow corresponds to
one of the seven BSS of the pool. The comparison of the revenues and costs shows that,
despite the low efficiency of the VRFB system, the annual PCR revenues are more than
twice as much as the considered expenditures.

[Fig. 15 about here.]
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In the self-consumption maximisation business case with the CES the revenues rep-
resent savings for the avoided electricity costs by self-consumption of the energy from
the PV system. They amount to 25,100 EUR per year. To show the range of possible
economic results, three best case levies and charges scenarios are calculated, as explained
in section 3. In analogy to the avoided electricity costs, the lost feed-in tariff is not a mat-
ter of incurred expenditures, but rather a loss of revenue as a result of self-consumption
compared to lost feed-in enumerated with the FIT.

The EEG charge and the VAT (including commercial and corporation tax for CES),
on the other hand, are actually incurred for the self-consumed electricity from the CES.
As it can been seen in the range of costs of the CES cash flows for the three scenarios,
the influence of the levies and charges is the most decisive parameter on profitability of
the CES business cases. This leads to the conclusion that although the revenues are 4.5
times higher then the costs in theory (costs (1)), only in the self-consumption best case
(costs (2)) there might be a profitable business case, whereas in the direct marketing case
(costs (3)) no profit is earned. This result could be even worst as the OPEX are based
on the smallest invest cost and could be higher by the factor of almost 5 if the CAPEX
of the prototype were considered instead.

The costs for the provision of reactive power for the grid supportive behaviour of the
BSS are included in the intra-day trading costs in both business models. In both cases
the additional costs of the reactive power provision are less than 1 % of the revenues.
Moreover, the 50 % limit for the CES can be neglected, as the resulting curtailed energy
is also less than 1 % of the revenue.

4.3.2. Net present value

The calculation and comparison of the net present values, as depicted in Fig. 16,
shows that none of the two business cases is currently profitable with the assumed pa-
rametersand the given BSS. For both business cases the investment costs listed in Table
1 are considered. Assuming the CAPEX of the SPF prototype, both business cases are
far from profitable, hence this case is not displayed in the graph.

[Fig. 16 about here.]

The negative NPV is mainly due to the high investment costs, as in both business
cases the net cash flow can be positive as shown in section 4.3.1.

The result for the PCR-case matches with current investigations according to which
LiB-systems can be operated profitable at the PCR market under optimistic assumptions
[3, 4], but for VRFB the investment costs have yet to fall [8]. The investment costs of
VRFB technology would have to decline by 30 % compared to the minimal CAPEX and
by 60 % compared to the realistic (average) CAPEX in order to achieve a positive net
present value.

If the BSS is used as a CES to maximise the self-consumption, it can be seen in Fig.
16, that the specific invest cost do not have such a big impact on the NPV as in the
PCR business case. Although theoretically it can be a profitable business case, if minimal
invest costs are assumed (CES (1)), this would only apply in a post-FIT scenario without
any charges and levies. In a realistic scenario under the current legal framework (CES
(2)), in which the CES is used for self-consumption, the CAPEX would have to fall by
77 % at least to earn profits. The direct marketing is not profitable with the analysed
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parameters, as the charges and levies are too high to achieve an positive NPV, even if the
BSS has no invest cost. Several studies for CES with LiB show that under the current
legal framework it is not possible to reach a positive NPV [5–7], but might become an
alternative to residential home storage systems in a post-FIT era if the legal framework
is adapted [6]. Due to the unfavourable legal framework for CES, a direct subsidy is
currently discussed in Germany [80].

Even though, none of the two business cases is profitable for VRFB at the moment,
the PCR business case could reach the break even in the years to come, as the lowest
battery cell price for utility scale flow batteries could decrease by 48 % from 2014 to 2020
[12].

5. Conclusion

In this paper the two most promising operation strategies for primary control reserve
and maximisation of self-consumption, for a grid supportive vanadium redox flow battery
are compared. For this purpose two battery models for a VRFB based on measurement
data are presented. The operation strategy for the primary control business case was
tested in the field and the corresponding battery model verified in a field test. Finally,
the technical and economic results of the two business cases are analysed and compared.
The main findings and contributions of the paper are:

• A detailed battery system model, for a VRFB which enables to calculate the state
of charge for a given active and reactive power in 1-s time-steps is presented and
implemented for the analysis of the PCR business case. It is validated together
with the PCR operation strategy for a grid supportive VRFB in a field test.

• Based on the same data as the detailed vanadium redox flow system model, a
simplified model for 1-min time-step calculations of the SOC, is presented and
implemented in the operation strategy for the maximisation of self-consumption.
This BSS model is embedded in a load flow calculation of the region in which the
prototype is implemented in order to asses the economic profitability of a CES.

• A clear methodology for the operation strategy of a grid supportive VRFB which
provides primary frequency control or maximises the self-conumption is presented.
To ensure the grid supportive behaviour, an autonomous reactive power control
based on a Q(V)-characteristic is implemented.

• The model of the PCR-operation mode and the detailed VRFB model are used
to calculate to most profitable parameters for the VRFB. These parameters were
implemented in a prototype and tested in the field in a multi-week test period
demonstrating that the BSS is able to provide a grid supportive PCR. Further-
more, the simulation of the PCR-strategy shows that the DOF have the potential
to reduce the energy needed to recharge the BSS in order to provide PCR by ap-
proximately 20 %. Nonetheless, the monthly delta net revenues can only be raised
by 2.1 %, as the energy costs to recharge the battery are much lower than the
possible revenues on the PCR market.
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• For the maximisation of self-consumption an autonomous adaptive prognosis based
operation strategy is implemented. The aim of this strategy is to minimise the daily
feed-in energy and thus maximise the profit at the same time providing a peak
shaving of 50 % of the maximal PV power connected to the CES. The evaluation of
this strategy via the performance indicators curtailment loss ratio, self-consumption
ratio and self-supply ratio, shows that the SCR can be risen by 26 % and the SSR by
23 % compared to PV-systems with no storage. This could relief the higher voltage
levels considerably, as the power is generated and consumed locally. Another result
is, that this operation strategy operates close to the theoretic maximum, as the
curtailment losses are smaller than 1 %. This is factor 3 to 7 smaller then the
curtailment losses of the same operation strategy applied to a residential PV-storage
system.

• It is shown that the reactive power provision and therefore the grid supportive be-
haviour does not lead to any significant additional costs for neither of the operation
strategies.

• The profitability of the PCR business case is mainly determined by the invest-
ment cost and the PCR-market revenues. In order to break even under current
conditions, the VRFB investment costs must be reduced by at least 30 %.

• As for the profitability of the self-consumption business case the invest costs, the
price of the FIT and above all the incurring charges and levies are the most decisive
factors. It is shown that this business case could already be profitable in theory,
but due to the legal framework in place, the CAPEX of the VRFB have to fall by
77 % in the best case to reach break even. If a direct marketing business case for
self consumption is perused no profit can be earned as the incurring charges and
levies lead to a negative cash-flow.

In conclusion, it is worth pointing out that VRFB may become economically feasible
in Germany in the near future if they provide primary control reserve. Despite lower
curtailment losses compared to residential PV storage systems, due to the unfavourable
legal framework it is not clear whether community electricity storages applying self-
consumption maximisation will become feasible in the near future.

The most important contribution of this paper is that there is almost no negative
impact on the two business cases if the BSS is operated in a grid supportive behaviour
by providing reactive power control and/ or peak shaving additionally to its primary
purpose.
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für Netz- und Kraftwerksbetreiber, Phd thesis, Univertsity Stuttgart (2006).

[47] Hirth L, Ziegenhagen I, Balancing power and variable renewables: Three links, Renew. Sustain.
Energy Rev. 50 (2015) 1035–1051. doi:10.1016/j.rser.2015.04.180.

[48] regelleistung.net, Germant TSO, [Accessed 1-6-2017].
URL https://www.regelleistung.net/ext/

[49] Schlossarczyk M, Wie viel Batterigroßspeicher verträgt der Primärregelleistungsmarkt?, Tech. rep.,
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Fig. 1: 4-quadrant operation mode of the BSS inverter (load perspective).Note for the editor: one column
Fig.
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Fig. 3: Measured inverter losses at reactive power provision (load perspective). Note for the editor: one
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Fig. 5: Measured battery discharging curves. Note for the editor: one column Fig.
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Fig. 10: Charges, levies and taxes for CES in 2016, based on [5]. Note for the editor: one column Fig.
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Fig. 13: Reduction potential of the DOF and energy demand of the voltage control. Note for the editor:
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Table 1: Minimal, average and maximal specific investment costs for a VRF BSS with 200 kW/ 400 kWh,
based on [73][74][77][78].

Commercial product Prototype
min. av. max. SPF

Cost [EUR
kWh ] 565 908 1464 2422
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Table 2: Optimal parameters of the PCR operation strategy.

Parameter Value

Pre-qualified power 175 kW
Corrective power 25 kW
Target value 60 %
Upper corrective limit 65 %
Lower corrective limit 47 %
Upper availability limit 72 %
Lower availability limit 22 %
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Table 3: Sizing and calculated performance indicators of the CES.

CES 1 CES 2 CES 3 CES 4 CES 5

PPV:Eload 1.2:1 1.1:1.1 0.9:0.9 0.9:1.1 1:1.6
SCRPV[%] 33 41 34 37 55
SCRCES [%] 59 52 54 69 60
SSRPV [%] 45 44 45 43 43
SSRCES [%] 68 63 67 63 54
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