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Abstract—One of the main concerns in extending variable NOMENCLATURE
renewable energy (VRE) is the electric grid stability due
to the sources’ volatility. Germany is introducing a new Symbols
auction mechanism within the German Renewable Energy c Cost coefficient, €/ MW, €/ MWh
Sources Act called “Innovationsausschreibung” (innovation 7 Interest rate, %
tender) to grid- and system-supporting VRE-plants opera- int Integer value, —
tion. The participating hybrid power systems (HPS) must e e
be able to provide one-quarter of their installed power as max Max1mlsat10n, -
positive automatic frequency restoration reserve (aFRR). i Time step, h
This paper reflects on the optimal operation and design AC Annual costs, €/a
focusing on sizing an HPS consisting of ground-mounted CRF Capital recovery factor, —
large-scale photovoltaic (PV) and battery energy storage CP Capacity price, €/MW

systems (BESS). An optimisation model is developed in

Python. It is solved using the Gurobi framework with DoD Depth of discharge, %

generation as well as market data for the German spot and E Energy, Wh
balancing market. The optimisation maximises the HPS’s EP Energy price, €/ MWh
revenue under consideration of the BESS costs for the FC Full cycles, —

applications energy arbitrage (EA) and aFRR. A case study FLH Full load hours. h
for a ground-mounted PV reference project verifies the ’

effectiveness of the model. Ultimately, a sensitivity analysis FM FI.XCC.l market premium, €/MWh
with long-term market prices and BESS costs along with LT Lifetime, a
different bit strategies is conducted. The total revenues less MP Market price, €/ MWh
annual BESS costs vary from -3.5% for EA to +10.1% OMO Operation and maintenance cost factor’ %
for the sequential combination of EA and participation in P Power. W
the aFRR-market compared to a stand-alone PV system. ’
Rev Revenues, €

Considering actual BESS costs and market data, a min-
imum BESS design is the most economical from today’s S50C State of charge, %
perspective. Due to decreasing BESS costs and increasing SYNF  Synergy factor, %

market volatility, this is expected to change within the next Time interval, h

five years. Retrieval length, MWh/MW
Efficiency, %

Retrieval probability, %
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Indices
aFRR Automatic frequency restoration reserve
ch Charging
dis Discharging
init Initial
max Maximum
min Minimum
peak Peak Power
r Real
ref Reference
tot Total
BESS Battery energy storage system
Cp Capacity price

E Energy-related

EA Energy arbitrage
HPS Hybrid power system
Inv Inverter

P Power-related

PV Photovoltaic

I. INTRODUCTION

By 2050, renewable energies provide 80% of the
electricity generation, according to a German govern-
ment’s goal. One main driver of the energy transition
is photovoltaic (PV) with a 10.5% share of the net
electricity generation in 2020 [1]. Their main features
are simple implementation, a high degree of maturity,
and steadily declining levelized cost of electricity.

As a result of nuclear power and coal phase-out
in Germany, an increase in electricity generation from
variable renewable energy (VRE) is expected, which
increases the challenge for grid operators to maintain
grid stability. Flexibility options such as grid expansion,
storage, and load control are intended to maintain grid
stability. A hybrid power system (HPS) is one option
to meet this challenge by combining the advantages
of generation and storage technologies. For example,
seasonally complementary electricity generation from
wind and solar energy can be used, which can also reduce
grid connection costs. An additional storage system can
further increase the utilisation of VRE and provide grid
support measures. Various studies [2]-[5] provide an
overview of technologies, applications, and combinations
of HPS based on VRE.

In the context of the 2020 innovation tender (InnAus)
in Germany, the Federal Network Agency (BNetzA)
separately tendered such a plant combination for the first
time. Until 2028, according to the Renewable Energy
Sources Act 2021 (EEG 2021), a cumulative 5.4 GW will
be tendered within InnAus. From today’s perspective,
this funding should be seen as one of the key drivers
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for the implementation of battery energy storage systems
(BESS) in the German power grid. A market overview
of stationary BESS for Germany is presented in [6].
First, energy storage can contribute to grid stability and
system security. Second, with appropriate marketing, it
is expected that increased revenues for the HPS operator
will occur.

The optimal sizing of an HPS depends on a multitude
of marketing opportunities coupled with rapidly changing
market conditions. Technical, economic, and regulatory
aspects must be considered. In the publications [7]-
[10] optimisation approaches for HPS are presented. The
studies focus mainly on off-grid and building energy
systems. The objective presented in the papers is usually
to maximise the systems’ reliability or self-sufficiency.
Specifically, the optimisation of BESS in combination
with PV is addressed in [11]-[13]. Software used for
sizing HPS is shown in [3] and [14].

The aforementioned methods have only limited ap-
plicability to the problem at hand. Deviations in the
objective function and the market constraints, as well
as limitations in usability, become apparent. In conse-
quence, an own optimisation model is developed by
adapting the methodology published in [15] and [16].
The model fulfils the specific requirements for the hybrid
system from InnAus regulation. Furthermore, it offers
the user a detailed technical and economic insight into
the operation of the hybrid system by providing various
applications.

II. SYSTEM DESIGN AND REGULATORY ASPECTS

The tender requires a system combination of VRE-
plants, such as PV, and non-VRE-plants or storage facil-
ities. Furthermore, this HPS must be technically capable
of providing a minimum of 25% of the installed power
capacity (“25%-criteria”) as positive automatic frequency
restoration reserve (aFRR).

In the case of implementing a storage facility in the
HPS, energy must be delivered for at least two hours
at nominal power'. It must be charged exclusively by
the co-located VRE. Consequently, no electricity used in
the HPS may be taken from the grid, “green electricity
rule”. That limits BESS marketing options. For example,
without asset pooling, no participation in the frequency
containment reserve (FCR) market is possible. The feed-
in of the various assets has to take place via the same
grid interconnection point.

Using the fixed market premium, the subsidy method
varies from regular tenders. However, if the price on the

I'This requirement was appended in §13 (2) InnAusV after the first
tender.
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day-ahead market for certain hourly contracts is negative,
the market premium for these hours is reduced to zero.
This was the case for 2.4% of the total hours in 2019
and 3.4% in 2020 based on German day-ahead market
data [17]. The indicated risk of revenue loss can be
reduced by utilisation of a BESS.

In this research, an HPS consisting of a ground-
mounted PV array and a BESS is considered. The
optimisation utilises an empirical storage model to ensure
the applicability of different BESS technologies. Hourly
generation data of a PV asset and the referring market
prices are used as input data. The model can be adopted
with appropriate generation data for any plant outputs
in this order of magnitude. The use of other generation
profiles, such as an east-west design, is also possible.

An economic operation, the power and energy capacity
of the BESS are the key results of the optimisation.
In addition, the BESS’s and HPS’s revenues, full load
hours, cycles and opportunity costs are calculated. At
an early project stage, the optimisation is an indication
for the process design and component sizes. The main
assumptions of the model are:

o PV generation and BESS power are constant for the
respective hour.

o Day-ahead and aFRR market are considered.

« Sufficient energy demand and capacity are available
in the grid.

o Round trip efficiency is assumed for the BESS.

e PV array costs are not considered. The focus is on
BESS costs.

o Perfect forecast quality of weather and market data
is assumed.

III. OPTIMAL STORAGE SIZING AND OPERATION

The BESS should be techno-economic optimally sized
in relation to a large-scale PV system. Due to the specific
costs, the available land area is decisive for the rated
power design of PV systems, capped by subsidy limits.
The sizing of power and energy capacity of the asso-
ciated BESS, on the other hand, depends on technical,
regulatory, and market aspects.

A mixed-integer linear optimisation is realised within
the Python-based Gurobi framework taking into account
a full operation year. The objective is the optimal design
and operation of BESS to maximise the HPS-revenues
considering the BESS costs. Two applications described
in the following sections are examined.

2The subsidy limit for PV arrays was raised to 20 MW in EEG 2021.
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A. Energy Arbitrage

With the first application of energy arbitrage (EA),
BESS partially shifts the electricity generated by PV into
hours of higher spot market prices.

1) Objective Function: The objective function of the
model is to maximise the difference between the total
revenue of HPS and the annual cost of BESS.

max (RevaS — ACBESS) (1)

The annual revenue of HPS represents the income from
the spot market including subsidies.

8760
Revips = 3 (Precain(t) - (MP(t) + FM(t)) - T) (2)

t

The fixed market premium FM depends on whether the
spot market price is positive or negative. The time period
of each time step 7T is one hour. The annual expenses
for the BESS consist of its annuity and operation and
maintenance costs, dependent on the total investment.
Due to the co-location of the assets with infrastructure
shared, a synergy factor is implemented.

ACggss = (CRF + OMC) - (1 — SYNF)
- (cg - Egss + ¢p - Pagss) 3)

With the annuity factor of a present value:

i - (1 +d) T

“)

2) Energy Balance: The feed-in power sums up all of
the HPS power streams. In the case of direct grid feed-in
from PV, the inverter losses are also taken into account.

Preed-in(t) = Ppv(t) - Minv + PaEss, dis(t)
— Pggss, ch(t) — Peuriiment(t) — (5)

If the market price becomes negative, the self-regulated
curtailment of the HPS is calculated.

M‘P(t) <0— PCurtailment(t) = PP\/ (t)'nlnv_PBESS, ch(t)
(6)
Mp(t) >0— PCurlailment(t) =0 @)

3) Constraints: The following constraint is needed to
fulfil the 25%-criteria in terms of the minimum BESS
power. The denominator takes into account the losses up
to the grid interconnection point.

(Ppv, peak + PEss)
4- v/ Thot

< Pgess < Ppy, peak ®)
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With the minimum and maximum C-rate, a suitable range
for power to energy ratio is defined, and the two-hour
criteria is fulfilled.

C-Ratemin < Poess < O-Ratemy )

Eggss
The charging and discharging power is constrained due to
the BESS design. The charging power cannot be greater
than the power of PV to ensure no power is drawn from

the grid.
0 < Pggss, en(t) < Pess A Ppy(t) (10)
(1D

The following equation applies to prevent simultaneous
charging and discharging. This relation can be integrated
using binary variables to keep the model linear.

0 < Pggss, dgis(t) < Pgess

i
Pggss, dis(t) - Pagss, ch(t) =0

During operation, the energy limits are defined as fol-
lows.

12)

Eggss - (1 — DOD) < Eggss(t) < Eggss (13)

The storage operation is established under the influence
of the total efficiency from the PV array’s output to the
grid connection with respect to an entire cycle.

FEggss(t + 1) = Eggss(t) + Paess, ch(t) - Mot - T’
_ DPhgss, ais (%)

v/ Thot

To avoid additional grid connection costs, the maximum
simultaneous feed-in power is limited.

T (14)

!
PFeed—in(t) S PPV, peak (15)

The SOC is specified as a start value. Generally, it is
calculated from optimisation results.

Eggss(t = 1) = Eggss - SOCinic (16)

soc(t) = Zeessl)

17
EgEss {17)

B. Additional Balancing Market Participation

Additional equations are added to the model presented
in the previous section. This enables a sequential combi-
nation of EA and participation in the aFRR-market. Con-
sequently, the discharge power of the BESS is divided
into an EA and an aFRR part.

Pggss, dis(t) = Pggss, dis, £a () + PaEss, dis, arrr () (18)

Thus, (5) must be adjusted. The share that is retrieved by
aFRR is separately considered. The equation describing
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BESS operation (14) remains due to the separation in
(18).

Preeg-in(t) = Ppv(t) - Niny + Paess, dis, Ea(t)

- PBESS, ch (t) - PCurtailmem(t)

The marketable power Fggss, arrr 1S an integer value to

account for the bid size with increments of 1 MW in the
aFRR-market.

19)

|
Prgss, arrr < int(Pggss) (20)

The bidding strategy for aFRR-market is integrated in
the model. Results are the bids for balancing power and
balancing energy. First, the solver decides whether to
offer the power in the following product time slice (PTS).
Since only positive balancing power is provided, at least
one hour of the offered power must be held in reserve,
including losses.

Boress (D) v/lhor Ly @1)
PgEss, arrr
Penalties paid to the transmission system operator as a
result of non-fulfilment are thereby excluded. Besides,
the condition applies in the model that PV energy must
be generated for at least one hour of the marketing
period. Thus, it is possible to charge the BESS during
this time to be able to offer again in the subsequent PTS.

!
Pov(t)VPoy(t+1)V By (t+2)V Pey(t+3) > 0 (22)

In the case of marketing the BESS power, the profit is
calculated for the entire PTS.

Revcp(t) = PgEss, arrr - CP(t) (23)

With marketing, no EA is possible and the complemen-
tary discharge power is set to zero for four hours. One
of three bidding strategies can be selected in the model
to set the energy price. Depending on the strategy, a
retrieval probability oreyievar 1S determined. Along with
the average retrieval duration of the held power, the
retrieved energy can be calculated. It is assumed that
balancing energy is retrieved in every PTS where power
is marketed to compensate peaks in the price data.

EaFRR(t) =B BESS, aFRR ° ORetrieval * TRetrieval (24)

The algorithm created, constantly decides whether EA is
carried out or aFRR is marketed. The HPS revenues are
calculated as follows.
8760
Revips = Y ((Precain(t) - (MP(t) + FM(t)) - T)
¢

+ RB’Ucp(t) + EaFRR(t) . EP(t)) (25)
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The model reflects the fundamental market process.
Since November 2020, it is also possible to provide bal-
ancing energy without participating in the power capacity
auction. If not retrieved, the energy can be offered in the
intraday market [18]. This kind of participation is not
considered.

IV. CASE STUDY

A 10MW PV reference project is being studied based
on 2019 data. The plant is located in northern Germany.
On site, an HPS participating in InnAus is planned. The
power generation depicted in Fig. 1 is simulated based
on weather data [19] with a yearly DC-generation of
1,081 MWh/MW.
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Fig. 1. Power generation from PV, 2019

Additionally, day-ahead spot market prices [20] and
aFRR-market prices [21] are used. Comparing generation
and day-ahead market data shows that approx. 3% of
the total PV energy is generated in hours with negative
prices. The calculated revenue streams are compared to
a single PV system that could also participate in the first
tender (“PV only scenario”).

A. Energy Arbitrage

The input parameters are shown in Table I. Including
battery module replacement costs, the higher operation
and maintenance factor justifies 20 years BESS lifetime.
The cost factors cover the investment costs for a turnkey
BESS, converted with the 2019 exchange rate. A yearly
price decrease of 5% is assumed [22]. Future market
premiums may be higher because a two-hour BESS was
not obligatory in the first tender.

Table II presents the results using BESS for EA. The
optimal BESS size is the minimum allowable design, us-
ing the assumptions from Section II. The supplementary
revenue generated by BESS does not cover the additional
investment for a more extensive system. This is also
indicated by the power-related and energy-related BESS
revenues. A compensation by EA is not achievable with
the current price spreads on the day-ahead market. In
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TABLE I

CASE STUDY INPUT PARAMETERS, EA ONLY
Parameter Value  Unit Source
Tnv 97 % [23]
DOD 1 [] [22], [24]
Trot 8 % [25], [26]
LT 20 a [27], [28]
SOCinit 05 [ >
C-Ratemax 0.5 [] [29]
C-Ratemin 025 [] [24]
PBESS, min 372 MW [29]
ERBESS, min 744 MWh [29]
cp 226 TE/MW [25], [26]
CE 257*  TE€/MWh [25], [26]
oMC 25 % [28]
SYNF 4 % [22]
FM 45> €/MWh [30]
FMpy onty 26.5 €/MWh [30]
ir 2 % -

4 Degressive 2021 value
b Weighted average awarded bid-level first tender

addition, the full potential of the storage can not be
utilised because of the green electricity rule. Thus no
charging during the night with lower market prices is
feasible, which is also demonstrated in Fig. 2.

Here, a characteristic pattern of the economically op-
timal BESS operation can be recognised by means of the
blue and white areas. Charging usually proceeds in the
afternoon, when the relation of PV energy generation and
the market price is opportune. With rising market prices,
the BESS discharges primarily in the early evening.

TABLE II

RESULTS FOR EA
Parameter Value  Unit
Optimal BESS power 372 MW
Optimal BESS energy 744  MWh
Revenues per BESS power 28.50 TE€/MW-a
Revenues per BESS energy 14.25 T€/MWh-a
Total HPS revenues 85193 T€/a
Annual BESS costs -227.62 T€la
Optimisation result 62430 T€/a
Revenue increase to PV only -3.517 %
EA revenues 106.10 T€/a
Opportunity costs direct feed-in 93.62 T€/a
Equivalent full cycles over lifetime 3,234 [-]
PV full load hour increase 12 %/a

2 Including cost for the BESS

A seasonal correlation can also be noticed. Two su-
perimposed effects lower the number of cycles in winter.
On the one hand, there is less charging potential due to
the decrease in PV generation, see Fig. 1. On the other
hand, there are lower price spreads on the market. When
activating BESS, efficiency losses are always considered.
These are accompanied by a loss of the proportionate
spot market price as well as the fixed market premium.
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Fig. 2. Optimal storage operation for EA

Thus, a charging cycle can become uneconomical even
with advantageous price differences.

B. Additional Balancing Market Participation

In the following, participation in the positive aFRR-
market is assumed. Table III provides the vital additional
parameters. The values are listed per PTS, which is
four hours® in this case. All input parameters already
presented in Table I remain unchanged. The parameters
TRetrieval and C' P are always used, and E'P with regarding
ORetrieval 18 based on the chosen bid strategy. The refer-
ence case results with average power and energy prices
are displayed in Table IV. As in the simulation with
EA only, the economically optimal case is a minimum
design. Nevertheless, revenues can be increased by 14%
compared to EA.

TABLE III
CASE STUDY INPUT PARAMETERS, EA AND AFFR
Parameter Value  Unit Source
TRetrieval 0.287*  MWh/MW-PTS [21]
CP Avg. value® €/MW.-PTS [21]
ORetrieval, ref 72 % [32]
E Pres Avg. value® €/MWh [21]
ORetrieval, low 21.8 % [32]
EPyy Min. value® €/MWh [21]
ORetrieval, high 22 % [32]
E Phigh 0.75-Marg. value® €/MWh [21]

4 Average value based on 2019 aFRR-market
b Tender results from the grid operators

The reduced opportunity costs, along with the reduced
number of cycles, indicate a lower BESS utilisation. This
is particularly evident in Fig. 3. The blue areas show
a high SOC over most of the year. Here, power is
held in reserve to participate in the aFRR-market. Since
the minimum energy requirement, in terms of marketed
power, is one hour, SOC' is not consistently one during
periods of marketing. In the evenings, additional EA can
be observed in analogy to the first case.

3The PTS will be reduced to 15 minutes in Q3/2021 [31]
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TABLE IV

RESULTS FOR EA AND ADDITIONAL AFRR-MARKETING
Parameter Value  Unit
Optimal BESS power 372 MW
Optimal BESS energy 744  MWh
Revenues per BESS power 40.10 TE€/MW-a
Revenues per BESS energy 20.05 T€/MWha
Total HPS revenues 940.23 T€/a
Annual BESS costs -227.62 T€/a
Optimisation result 712.61 T€/a
Revenue increase to PV only 10.132 %
EA revenues 54.84 T€/a
aFRR revenues 9432 T€/a
Opportunity costs direct feed-in 46.04 TE€/a
Equivalent full cycles over lifetime 1,795  [-]
PV full load hour increase .15 %l/a

4 Including cost for the BESS
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Fig. 3.
marketing

Optimal storage operation for EA and additional aFRR-

V. SENSITIVITY ANALYSIS

Three different input variations are applied: future spot
market prices, bid strategies, and a “Scenario 2025”.

A. Future Market Prices

To quantify possible scenarios in the future, the op-
timisation is subsequently carried out with simulated
market data [33] for the years 2030 and 2040. The same
generation data and input parameters are used to ensure
comparability of the results. According to the internal
analysis, both the price level on the wholesale market
and the volatility increase. This can be seen notably in a
total revenue increase in Table V. Furthermore, a higher
storage operation can be observed.

TABLE V

RESULTS FOR EA WITH FUTURE MARKET DATA
Parameter 2030 2040  Unit
Optimal BESS power 3.72 372 MW
Optimal BESS energy 7.44 744 MWh
Revenues per BESS power 57.58 60.14 TE€/MW-a
Revenues per BESS energy 28.79 30.07 T€/MWh-a
Optimisation result 851.10 1,087.61 T€/a
Revenue increase EA ref. 36 T4 %
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B. Bid Strategy Variation

The results using different bid strategies depending on
EP and regarding ogegieval, Se€ Table III, are shown in
Table VI. Low EP results in a decrease of the total
revenue. Using 75% of the marginal E P leads to a larger
sizing as the most economical option, based on the 2019
real-life prices. Here, 17% of PTS with a marginal EP
above 10,000€€/MWh can be detected.

TABLE VI

RESULTS USING DIFFERENT BID STRATEGIES
Parameter FE Pow EPBgh  Unit
Optimal BESS power 3.72 9.76 MW
Optimal BESS energy 7.44 19.52 MWh
Revenues per BESS power 35.37 118.18 TE€/MW-a
Revenues per BESS energy 17.68 59.09 T€/MWh-a
Optimisation result 675.57 1,303.90 T€/a
Revenue increase aFRR ref. -5 83 %

In this case, the share from balancing power is around
19.2%, whereas the reference simulation share is signif-
icantly higher at 64.2%. Since January 2021, a price cap
of 10,000€/MWh has been implemented in the aFRR
market so that the volatility will decrease in the future.
Besides, there is a high degree of uncertainty about the
actual retrieval length.

C. Scenario 2025

Finally, an outlook into the future is given, considering
a possible design in 2025 with adjusted parameters.
The 2025 spot market prices [33], the same generation
data [19], and the aFRR market data from the year
2019 [21] serve as input parameters. Due to an uncertain
market outlook for the aFRR market, the 2019 data is
used representatively for revenues from future flexibil-
ity marketing. With further development, especially in
cell technologies, higher BESS efficiency assumed at
90% is expected in this scenario. Improvements in cell
technology are accompanied by a longer lifetime, which
impacts the cost for retrofitting included in the operating
and maintenance costs (OMC = 1.5%). In [25] a cost
degression of 30% for BESS in the medium scenario is
predicted compared to 2019 costs. The maximum F'M
in 2025 will be around 50€/MWh [29]; the weighted
average value is estimated at 30 €/MWh.

The results are listed in Tab. VII. It can be seen that
in this scenario, the optimal design is no longer the
minimum BESS design. The possible positive develop-
ments from the BESS perspective can therefore affect the
optimal BESS design.

Atlantis Highlightsin Engineering, volume 8

TABLE VII

RESULTS FOR SCENARIO 2025
Parameter 2025 Value  Unit
Optimal BESS power 422 MW
Optimal BESS energy 844 MWh
Revenues per BESS power 5798 TE€/MW-a
Revenues per BESS energy 28.99 T€/MWh-a
Optimisation result 83793 T€/a

Revenue increase to PV only® 300 %

2 Based on 2019 data
b Including cost for the BESS

VI. CONCLUSION

A model was developed to optimise and operate a
BESS with respect to an InnAus ground-mounted PV
array. The case study results show:

o With opportune BESS marketing, higher revenues
minus BESS costs (approx. 10%) can be generated
compared to a stand-alone PV asset in InnAus. Op-
erating only with EA results in a revenue reduction
(approx. -4%). A minimum BESS design is most
economical using current data and parameters. Fur-
ther applications such as FCR marketing or intraday
trading can be appended to the model.

o The operation of the BESS is limited due to the
green electricity rule. Thus, the BESS can not
exploit its full marketing potential, such as the sym-
metrical provision of FCR or night-time charging in
the case of EA and aFRR.

o InnAus is a suitable approach of VRE integration
due to the 25%-criteria. It can be seen as a driver for
implementing flexibility options, especially in the
form of BESS, in the German power grid. Further-
more, this incentive encourages plant operators to
take advantage of new marketing opportunities with
the overriding goal of maintaining grid stability.

The balancing market is subject to constant changes
in market conditions. Also, the market for BESS is
expected to continue its dynamic development. With
this optimisation model, an up-to-date evaluation of
economic efficiency can be carried out by adjusting the
data and parameters. This was shown with the scenario
2025, where the economically optimal design is larger
than the minimum design. It turns out that both grid
and plant operators can benefit from InnAus, ultimately
contributing to the energy transition.

REFERENCES

[1] Fraunhofer-Institut fiir Solare Energiesysteme ISE. (2021, Jan.
10) Offentliche Nettostromerzeugung in Deutschland in 2020.
In German. [Online]. Available: https://energy-charts.info/charts/
energy_pie/chart.htm?l=de&c=DE

106


https://energy-charts.info/charts/energy_pie/chart.htm?l=de&c=DE
https://energy-charts.info/charts/energy_pie/chart.htm?l=de&c=DE

ATLANTIS
PRESS

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Atlantis Highlightsin Engineering, volume 8

D. Rekioua, Hybrid Renewable Energy Systems Optimization and
Power Management Control. Cham, Switzerland: Springer, 2020.
J. Kartite and M. Cherkaoui, “Study of the different structures of
hybrid systems in renewable energies: A review,” Enrgy Proced.,
vol. 157, pp. 323-330, 2019. doi: 10.1016/j.egypro.2018.11.197
P. Bajpai and V. Dash, “Hybrid renewable energy systems for
power generation in stand-alone applications: A review,” Re-
new. Sust. Energ. Rev., vol. 16, pp. 2926-2939, 2012. doi:
10.1016/j.rser.2012.02.009

K. S. Krishna and K. S. Kumar, “A review on hybrid renewable
energy systems,” Renew. Sust. Energ. Rev., vol. 52, pp. 907-916,
2015. doi: 10.1016/j.rser.2015.07.187

J. Figgener, P. Stenzel, K.-P. Kairies, J. Linfen, D. Haberschusz,
O. Wessels, G. Angenendt, M. Robinius, D. Stolten, and D. U.
Sauer, “The development of stationary battery storage systems in
Germany — A market review,” J. Energy Storage, vol. 29, p.
101153, 2020. doi: 10.1016/j.est.2019.101153

S. Twaha and M. A. Ramli, “A review of optimization approaches
for hybrid distributed energy generation systems: Off-grid and
grid-connected systems,” Sustain. Cities Soc., vol. 41, pp. 320-
331, 2018. doi: 10.1016/j.s¢cs.2018.05.027

F.J. G. Gonzalez, 1. V. Salazar, and A. P.-N. Gomez, “Comparison
of optimization methods for hybrid renewable energy systems,” in
IEEE International Conference on Engineering Veracruz (ICEV),
Boca del Rio, Mexico, 2019. doi: 10.1109/icev.2019.8920522 pp.
1-6.

C. Pradip, V. Kumar, and M. Lydia, “A comprehensive overview
on pv based hybrid energy systems,” Int. J. Renew. Energy Res.,
vol. 9, 2019.

J. Lian, Y. Zhang, C. Ma, Y. Yang, and E. Chaima, “A review
on recent sizing methodologies of hybrid renewable energy sys-
tems,” Energ. Convers. Manage., vol. 199, p. 112027, 2019. doi:
10.1016/j.enconman.2019.112027

Y. Zhang, A. Lundblad, P. E. Campana, F. Benavente, and
J. Yan, “Battery sizing and rule-based operation of grid-connected
photovoltaic-battery system: A case study in Sweden,” En-
erg. Convers. Manage., vol. 133, pp. 249-263, 2017. doi:
10.1016/j.enconman.2016.11.060

M. Zebarjadi and A. Askarzadeh, “Optimization of a reliable
grid-connected PV-based power plant with/without energy storage
system by a heuristic approach,” Sol. Energy, vol. 125, pp. 12-21,
2016. doi: 10.1016/j.solener.2015.11.045

L. Bridier, D. Herndndez-Torres, M. David, and P. Lauret, “A
heuristic approach for optimal sizing of ESS coupled with inter-
mittent renewable sources systems,” Renew. Energ., vol. 91, pp.
155-165, 2016. doi: 10.1016/j.renene.2016.01.021

S. Sinha and S. Chandel, “Review of software tools for hybrid
renewable energy systems,” Renew. Sust. Energ. Rev., vol. 32, pp.
192-205, 2014. doi: 10.1016/j.rser.2014.01.035

A. Kadri and K. Raahemifar, “Optimal sizing and scheduling
of battery storage system incorporated with PV for energy ar-
bitrage in three different electricity markets,” in /EEE Canadian
Conference of Electrical and Computer Engineering (CCECE),
Edmonton, Canada, 2019. doi: 10.1109/ccece.2019.8861776 pp.
1-6.

A. Berrada and K. Loudiyi, “Operation, sizing, and economic
evaluation of storage for solar and wind power plants,” Re-
new. Sust. Energ. Rev., vol. 59, pp. 1117-1129, 2016. doi:
10.1016/j.rser.2016.01.048

Bundesnetzagentur. (2021, Jan. 9) SMARD.de. In German.
[Online]. Available: https://www.smard.de/

(2020, Dec. 7) Regelarbeitsmarkt gestartet. In
German. [Online]. Available: https://www.smard.de/page/home/
topic-article/444/196354

European Centre for Medium-Range Weather Forecasts
(ECMWF). (2020, June 10) ERAS5-Reanalysis dataset.
[Online]. Available: https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Bundesnetzagentur. (2020, July 9) SMARD.de. In German.
[Online]. Available: https://www.smard.de/

50Hertz Transmission, Amprion, TenneT TSO, TransnetBW.
(2020, Nov. 2) regelleistung.net, data centre. [Online]. Available:
https://www.regelleistung.net/ext/tender/?lang=en

R. Fu, T. Remo, and R. Margolis, “2018 U.S. utility-scale
photovoltaics-plus-energy storage system costs benchmark,”
NREL, Golden, CO, NREL/TP-6A20-71714, 2018.

F. Baumgartner, “Photovoltaic (PV) balance of system com-
ponents,” in The Performance of Photovoltaic (PV) Systems,
N. Pearsall, Ed.  Amsterdam, Netherlands: Woodhead, 2017,
pp. 135-181.

Sandia National Laboratories. (2020, Oct. 6) DOE global
energy storage database. [Online]. Available: https:/www.
energystorageexchange.org/

W. Cole and A. W. Frazier, “Cost Projections for Utility-Scale
Battery Storage: 2020 Update,” NREL, Golden, CO, Tech. Rep.
NREL/TP-6A20-75385, 2020.

K. Mongird, V. V. Viswanathan, P. J. Balducci, M. J. E. Alam,
V. Fotedar, V. S. Koritarov, and B. Hadjerioua, “Energy Storage
Technology and Cost Characterization Report,” PNNL, Richland,
WA, PNNL-28866, 2019.

M. Sterner and 1. Stadler, Eds., Energiespeicher - Bedarf, Tech-
nologien, Integration. Berlin, Germany: Springer, 2017, in
German.

W. Cole and A. W. Frazier, “Cost Projections for Utility-Scale
Battery Storage,” NREL, Golden, CO, NREL/TP-6A20-73222,
2019.

Verordnung zu den Innovationsausschreibungen (Innovation-
sausschreibungsverordnung - InnAusV), 2020, in German.
[Online]. Available: http://www.gesetze-im-internet.de/innausv/
Bundesnetzagentur. (2020, Oct. 12) Innovationsausschreibungen
/' Gebotstermin 1.  September 2020. In  German.
[Online].  Available:  https://www.bundesnetzagentur.de/DE/
Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/
Ausschreibungen/Innovation/Beendete Ausschreibungen/
Gebotstermin010920/Innov_010920_node.html

European Network of Transmission System Operators for
Electricity (ENTSO-E). (2021, Jan. 9) Platform for the
international coordination of automated frequency restoration
and stable system operation (PICASSO). [Online]. Available:
https://www.entsoe.eu/network_codes/eb/picasso/

M. Irl, K. Aubele, T. Baumann, F. Dawo, J. Hinde-
lang, M. Keim, P. Kuhn, P. Mayer-Ullmann, A. Molar-
Cruz, F. Walcher, C. Wieland, T. Eller, and F. Heberle,
“Flexibilititsoptionen der Strom- und Wirmeerzeugung mit
Geothermie in einem von volatilem Stromangebot bestimmten
Energiesystem,” Umweltbundesamt, Dessau-RoBlau, Germany,
Forderkennzeichen 37EV161140, 2020, in German.

Vattenfall, “Long term market outlook,” 2020, confidential data
provided by Vattenfall BA Markets.

107


https://doi.org/10.1016/j.egypro.2018.11.197
https://doi.org/10.1016/j.egypro.2018.11.197
https://doi.org/10.1016/j.rser.2012.02.009
https://doi.org/10.1016/j.rser.2012.02.009
https://doi.org/10.1016/j.rser.2015.07.187
https://doi.org/10.1016/j.rser.2015.07.187
https://doi.org/10.1016/j.est.2019.101153
https://doi.org/10.1016/j.est.2019.101153
https://doi.org/10.1016/j.scs.2018.05.027
https://doi.org/10.1016/j.scs.2018.05.027
https://doi.org/10.1016/j.scs.2018.05.027
https://doi.org/10.1109/icev.2019.8920522
https://doi.org/10.1109/icev.2019.8920522
https://doi.org/10.1016/j.enconman.2019.112027
https://doi.org/10.1016/j.enconman.2019.112027
https://doi.org/10.1016/j.enconman.2019.112027
https://doi.org/10.1016/j.enconman.2016.11.060
https://doi.org/10.1016/j.enconman.2016.11.060
https://doi.org/10.1016/j.solener.2015.11.045
https://doi.org/10.1016/j.solener.2015.11.045
https://doi.org/10.1016/j.solener.2015.11.045
https://doi.org/10.1016/j.renene.2016.01.021
https://doi.org/10.1016/j.renene.2016.01.021
https://doi.org/10.1016/j.renene.2016.01.021
https://doi.org/10.1016/j.rser.2014.01.035
https://doi.org/10.1016/j.rser.2014.01.035
https://doi.org/10.1109/ccece.2019.8861776
https://doi.org/10.1109/ccece.2019.8861776
https://doi.org/10.1109/ccece.2019.8861776
https://doi.org/10.1016/j.rser.2016.01.048
https://doi.org/10.1016/j.rser.2016.01.048
https://www.smard.de/
https://www.smard.de/page/home/topic-article/444/196354
https://www.smard.de/page/home/topic-article/444/196354
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.smard.de/
https://www.regelleistung.net/ext/tender/?lang=en
https://doi.org/10.2172/1483474
https://doi.org/10.2172/1483474
https://www.energystorageexchange.org/
https://www.energystorageexchange.org/
https://doi.org/10.2172/1665769
https://doi.org/10.2172/1665769
https://doi.org/10.2172/1573487
https://doi.org/10.2172/1573487
https://doi.org/10.2172/1529218
https://doi.org/10.2172/1529218
http://www.gesetze-im-internet.de/innausv/
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/Ausschreibungen/Innovation/BeendeteAusschreibungen/Gebotstermin010920/Innov_010920_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/Ausschreibungen/Innovation/BeendeteAusschreibungen/Gebotstermin010920/Innov_010920_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/Ausschreibungen/Innovation/BeendeteAusschreibungen/Gebotstermin010920/Innov_010920_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/Ausschreibungen/Innovation/BeendeteAusschreibungen/Gebotstermin010920/Innov_010920_node.html
https://www.entsoe.eu/network_codes/eb/picasso/

	Nomenclature
	Introduction
	System Design and Regulatory Aspects
	Optimal Storage Sizing and Operation
	Energy Arbitrage
	Objective Function
	Energy Balance
	Constraints

	Additional Balancing Market Participation

	Case Study
	Energy Arbitrage
	Additional Balancing Market Participation

	Sensitivity Analysis
	Future Market Prices
	Bid Strategy Variation
	Scenario 2025

	Conclusion
	References



