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Abstract—According to the European Union strategies, efforts
must be undertaken to replace fossil-fueled technologies with low-
carbon and renewable ones by 2050. Alongside renewable energy
sources, hydrogen gradually takes the lead in decarbonizing
the energy sector. The paper presents an optimization model
of a low-carbon power plant consisting of a battery storage,
an electrolyzer and a PV plant, participating in the day-ahead
electricity and gas markets. Additionally, the plant also takes
part in reserve and balancing electricity markets. The influence of
different sizes of battery storage and electrolyzer on the proposed
system is evaluated, together with the impact of changes in
market prices.

Index Terms—battery energy storage, electrolyzer, PV, gas
market, balancing markets

I. INTRODUCTION

A. Motivation

The 2015 Paris Agreement seeks to halt the average tem-
perature rise above 2°C and keep it below 1.5°C [1]. As a
result, the European Union has set itself a goal of becoming
the first climate-neutral continent by 2050. To achieve this,
it is necessary to reduce greenhouse gas emissions by 55%
by 2030. The energy sector, as the second-largest source
of greenhouse gas emissions (25%) in 2019, represents an
exceptional potential for achieving this [2]. It is necessary
to reduce the use of fossil fuels and increase the share of
renewable energy sources. According to [3], in 2021, 22%
of the EU’s energy consumption came from gaseous fuels, of
which 95% were fossil fuels. With the implementation of green
strategies, it is expected that in 2050 the share of consumption
of gaseous fuels in the EU will be around 20% and 2/3 of that
will be low-carbon and renewable gases, an example of which
is hydrogen. European strategies aim to have a production of
1 million tonnes of hydrogen per year by 2024, and by 2030
this amount should increase to 10 million tonnes per year.

As a part of the energy sector, hydrogen can be used to
foster the decarbonization of both the power and the gas
systems. Electrolyzers coupled with renewable sources can
use surplus renewable electricity, convert it into renewable
or green hydrogen, and feed it into a hydrogen system. For

now, there are no uniform rules on how hydrogen systems
should work. For example, the ownership relations of the
infrastructure required for the transfer and use of hydrogen are
not defined, just as the quality level of the produced hydrogen.
All of this prevents the creation of a hydrogen market and the
required infrastructure [3]. However, some efforts are already
in place to either mix hydrogen with natural gas or to use
the existing gas infrastructure as a new hydrogen backbone
and eventually a hydrogen market. A project in Denmark
demonstrates that hydrogen can be injected to make up to
15% of the mixture in the gas grid without an additional
leakage [4]. Another study in the Netherlands proposes the
development of a dedicated hydrogen grid from the existing
gas pipelines [5] and a dedicated hydrogen exchange using the
current gas/electricity markets as role models [6]. Hydrogen
is positioning itself as a fuel of the future, which is why
analyses of the impact of its production on the energy system
are needed.

The main technology to balance renewable power genera-
tion in the last couple of years has been battery energy storage
[7]. Apart from the local power plant balancing, it can provide
other services (e.g. balancing services [8] or grid services [9])
to create multiple sources of income. It is, therefore, of great
importance to study what are the mutual interdependencies of
a battery energy storage and an electrolyzer within a renewable
power plant.
B. Literature Review

Hydrogen, as part of the green electricity transition, is
interesting for providing ancillary services to the system. The
authors in [10] analyze whether electrolyzers can provide
these services. It turns out electrolyzers can be used to avoid
the deviations caused by the variability of renewable energy
sources. In [11], a power-to-gas plant is modeled in which an
electrolyzer must provide the necessary amounts of hydrogen
for the charging station, while at the same time providing
auxiliary services to the power system. Although electrolyzers
can provide reserve services, compared to batteries [12] and
supercapacitors [13]they react too slowly to sudden and rapid
changes.

A number of papers analyze the possibility of injecting
hydrogen into the gas network and the impacts of doing it. In978-1-6654-0557-7/22/$31.00 ©2022 IEEE



[14] the authors consider which pipelines need to be replaced
and whether to invest in new equipment, such as compressors.
The effect of hydrogen injection on the gas system and the
composition of the gas mixture is observed in [15]. Although
there are regulations that limit the hydrogen concentration
in the gas network, some processes, such as methanation in
[16] allow easier and greater injection of hydrogen into the
network.

Green hydrogen is produced by using (excess) renewable
energy sources power production to operate an electrolyzer. In
[17], the authors observe hydrogen production from alkaline
electrolyzers considering variations in temperature, electrolyte
weight concentration and electrode-diaphragm distance. The
production by using PEM electrolyzers and energy from PV
was analyzed in [18]. Increasing solar irradiance leads to
higher hydrogen production, together with higher electrolysis
efficiencies. The authors in [19] present a model of a PV-
electrolyzer system to achieve maximum hydrogen production,
with the least possible losses of power production from PV.
The model in [20] is similar to the previous one, but with
the wind farm as a renewable energy source. Papers [21]–[25]
deal with determining the optimal size of an electrolyzer and
other available units to meet the consumption, reduce costs or
reduce the curtailment of energy from renewable sources in
various weather conditions and consumption scenarios.
C. Contribution

This paper studies the operation of a system consisting
of an electrolyzer and battery energy storage coupled with
a PV power plant. Unlike the published papers, this paper
presents a model of a low-carbon power plant’s participation
in both, electricity and gas, energy and electricity reserve mar-
kets. Participation in the electricity energy market is enabled
through the purchase of electricity needed for the operation
of the electrolyzer or charging the battery storage, as well
as through the sale of electricity from the battery storage
and the PV, shown in Fig. 1 with blue arrows. The battery
storage, except in the mentioned market, can participate in
the automatic frequency restoration reserve (aFRR) market
by offering a certain capacity and balancing energy (dashed
orange arrows in Fig. 1). The electrolyzer can provide aFRR
to the power system as well, by reducing or increasing
its hydrogen production (dashed orange arrows in Fig. 1).
Besides, the green hydrogen produced by the electrolyzer can
be injected into the gas network, which enables the sale of
hydrogen in the gas market.

D. Paper Structure
Mathematical model of the facility operation is given in

Section II, while the case study is presented in Section III,
including the input data and the results of analyses conducted
for different sizes of the electrolyzer, the battery storage and
the PV plant, as well as for different market prices. Finally,
Section IV concludes the paper.

II. MATHEMATICAL MODEL

Objective function (1) of the previously described facility
maximizes its profit that can be generated by the day-ahead

Fig. 1: A scheme of facility units’ connection to gas and power
system

market trading and the reserve market trading, while also
considering the electricity grid charges over a set of variables
Π = {pdist , pcht , ppvt , pelt , p

r,ch
t , pi,dist , pr,elt , pr,dist , pi,cht , pi,elt }.

The first line in (1) defines the profit realized in the electricity
day-ahead market by trading the amount pdat at price λda,p

t and
the income realized in the gas market by selling hydrogen hel

t

produced by the electrolyzer at price λda,g
t . Revenue generated

by the reservation of capacity for aFRR up (rut ) and down
(rdt ) provision at the corresponding prices (λu,bc

t , λd,bc
t ) is

formulated in the second line of the objective function. It is
assumed that a certain part of the reserved capacity (Au, Ad)
is activated for the purpose of balancing the system. Profit
from the balancing energy is given in the third line of (1).
The last line corresponds to the cost of paying the grid fees.
In addition to paying grid fees for purchased energy pwt at
price λw,p

t , which is the first sum, it is necessary to pay grid
fees for the maximum monthly withdrawn (pwm

m ) and injected
(pinmm ) power (the second sum), as well.

max
Π

∑
t

pdat ·∆t · λda,p
t +

∑
t

hel
t ·∆t · λda,g

t

+
∑
t

rut · λu,bc
t +

∑
t

rdt · λd,bc
t

+
∑
t

Au ·∆t·rut ·λ
u,be
t −

∑
t

Ad ·∆t·rdt ·λ
d,be
t

−
∑
t

(pwt ·∆t·λw,p
t )−

∑
m

(pwm
m ·λwm

m +pinmm ·λinm
m ) (1)

Constraint (2) limits the production from PV (ppvt ). In case
the market price is unfavorable, it is possible to reject a part
of the PV production.

ppvt ≤ P pv
t , ∀t (2)

Energy needed to charge the battery pcht is purchased in the
day-ahead market, as well as the energy needed to operate the
electrolyzer pelt . On the other hand, it is possible to sell the
energy discharged from the battery pdist , along with the energy
produced from the PV. Thus, equation (3) is a power balance
constraint.

pdat = pdist − pcht + ppvt − pelt , ∀t (3)

The capacity that can be reserved for system balancing
can come either from the battery storage or the electrolyzer,



as given in (4) and (5). The battery storage can provide
upward reserve rut by reducing the charging pr,cht and/or
by increasing the discharging pi,dist , while the electrolyzer
can provide upward reserve by reducing the production of
hydrogen, i.e. by reducing the electricity consumption pr,elt . In
case of the downward reserve, the battery storage can reduce
discharging (pr,dist ) and/or increase charging (pi,cht ), while the
electrolyzer can increase its electricity consumption (pi,elt ) and,
consequently, the hydrogen production.

rut = pr,cht + pi,dist + pr,elt , ∀t (4)

rdt = pr,dist + pi,cht + pi,elt , ∀t (5)

Equations (6)–(8) are power balance constraints that include
reserve activations. Constraint (6) ensures sufficient power in
case the average assumed energy for providing reserves is
activated. However, even in extreme cases, when full capacity
is activated in either upward or downward direction, the
power balance must be maintained, which is ensured through
equations (7) and (8).

pdat +Au · rut −Ad · rdt = pint − pwt , ∀t (6)

pdat + rut = pu,int − pu,wt , ∀t (7)

pdat − rdt = pd,int − pd,wt , ∀t (8)

At time period t it is possible to either inject energy into
the network or to withdraw it, as modeled by constraints (9)
and (10). Simultaneous injection and withdrawal are disabled
by the binary variable xi,p, where superscript i ensures the
validity of the constraint for the average and both worst cases
– upward and downward. In addition, the power that can be
withdrawn is limited by Pw, and the power that is injected
cannot exceed P in.

pi,wt ≤ Pw ·
(
1− xi,p

)
, ∀t, i ∈ {Ø, u, d} (9)

pi,int ≤ P in · xi,p, ∀t, i ∈ {Ø, u, d} (10)

Constraints (11) and (12) determine the maximum monthly
power withdrawn or injected to the grid, respectively.

pwt ≤ pwm
m , ∀m, t (11)

pint ≤ pinmm , ∀m, t (12)

Constraints (13)–(20) represent limits on the charging and
discharging power of battery storage. The charging and dis-
charging power must not exceed the installed capacity of the
storage P b, which is modeled in (13) and (14). Besides, the
charging and discharging process cannot occur concurrently,
which is disable with binary variable xb

t .
pcht ≤ xb

t · P b, ∀t (13)

pdist ≤ (1− xb
t ) · P b, ∀t (14)

In constraint (15) the battery storage can reduce its charging
power at time period t by amount pcht , at which is charged
at that time. Also, the resulting charging power after the
reduction must meet the condition that the charging power
must not exceed the installed battery power, which is modeled
in (16). The battery storage can provide upward reserve also
by increasing the discharging at time period t. However, it

must not exceed the installed power of the battery storage, as
indicated in constraint (17). Namely, in case of the battery stor-
age already charging at time period t, it can provide upward
reserve by both reducing the charging power and increasing the
discharging power. For that matter, the charging needs to be
completely stopped first, and then the discharge power can be
increased following (17). The described case is mathematically
modeled using binary variable xu,b

t . Constraints (18)–(20)
describe the same process for the downward reserve.

pr,cht ≤ pcht , ∀t (15)

pcht − pr,cht ≤ xu,b
t · P b, ∀t (16)

pi,dist ≤
(
1− xu,b

t

)
· P b − pdist , ∀t (17)

pr,dist ≤ pdist , ∀t (18)

pi,cht ≤
(
1− xd,b

t

)
· P b − pcht , ∀t (19)

pdist − pr,dist ≤ xd,b
t · P b, ∀t (20)

Furthermore, constraints (21)–(24) limit and define state-of-
energy of the battery storage at any time period t. The state of
energy (soet) cannot exceed the installed capacity (SOEb),
as modeled in (21). Given the possibility of providing the
balancing services, the battery storage must at all times have
a guaranteed state of energy within the limits in case of
activation of the entire reserved capacity. Thus, in case of
activation of the entire downward capacity, the battery storage
cannot be charged above the capacity limit, as modeled in (23),
and in the case of activation of the upward reserve, the state-
of-energy must remain non-negative, as enforced in (22). The
actual change in the state-of-energy is calculated in equation
(24). Thus, the state-of-energy at time period t is equal to the
one at the previous time period, to which we add the energy
that entered the battery storage at t, and subtract the energy
that is discharged from it. Again, it is assumed that only a
certain proportion of the reserved capacity is activated in both
directions (Au, Ad).

0 ≤ soet ≤ SOEb, ∀t (21)

soet−1 + (pcht − pr,cht ) · ηch ·∆t −
(pdist + pi,dist ) ·∆t/ηdis ≥ 0, ∀t (22)

soet−1 + (pcht + pi,cht ) · ηch ·∆t −
(pdist − pr,dist ) ·∆t/ηdis ≤ SOEb, ∀t (23)

soet = soet−1 + (pcht −Au · pr,cht +Ad · pi,cht ) · ηch ·∆t

−(pdist −Ad · pr,dist +Au · pi,dist ) ·∆t/ηdis, ∀t (24)

The authors in [26] present a battery storage model that
was used, which considers the reduced maximum charging
power at high state-of-energy of the battery storage. For all the
modeling details, we kindly refer the reader to this reference
due to page limit.

Finally, constraints (25)–(31) describe the operation of
the electrolyzer. The electrolyzer must operate in the range
between 10% of the rated power [27] and the rated power
P el, given by (25) and (26). As with the battery storage,
the electrolyzer must also comply with these restrictions



when providing reserve. Therefore, a reduction in electricity
consumption can be achieved ranging from the current con-
sumption pelt to the minimum consumption, as modeled in
(27). On the other hand, an increase in the consumption can
only be achieved up to the rated power of the electrolyzer (28).

pelt ≥ 0.1 · P el · wt, ∀t (25)

pelt ≤ P el · wt, ∀t (26)

pr,elt ≤ pelt − 0.1 · P el · wt, ∀t (27)

pi,elt ≤ P el · wt − pelt , ∀t (28)

Equation (29) describes how much electricity pee,elt is
needed to produce a certain amount of hydrogen hel

t . The
efficiency of the electrolyzer (ηelt ) depends on its operating
point. At 10% of the rated power the efficiency is 80%, and
at the rated power it is reduced to 70% [28]. Therefore, the
mentioned equation needs to be linearized, and the result
of linearization is (30). Variable pee,elt denotes the electricity
that needs to be provided to the electrolyzer to produce hel

t

hydrogen, and that electricity in this case is equal to the sum
of the energy purchased in the day-ahead market and the
balancing energy (31).

hel
t = pee,elt · ηelt , ∀t (29)

hel
t = 0.689 · pee,elt + 0.011 · P el · wt, ∀t (30)

hel
t = 0.689 · (pelt +Ad · pi,elt −Au · pr,elt )

+ 0.011 · P el · wt,∀t (31)

III. CASE STUDY

A. Input Data

We present two case studies. The first is to consider the
impact of the units’ size and the market prices on the facility’s
operation, and the second is to determine the impact of having
a PV in such a plant. Prices in the electricity day-ahead market
are taken from the wholesale market of the Croatian Power
Exchange (CROPEX) [29], while prices from the Central
European Gas Hub (CEGH) [30] are used for the gas day-
ahead market, both for period 2019–2021. In the electricity
system, the grid tariff is charged both for the energy and
power components. The energy component has two tariffs
and is charged only in case of withdrawal, while the power
component is charged for both directions and is calculated
as the maximum monthly average power during 15-minute
periods. Prices are defined by the Croatian Transmission
System Operator (HOPS) [31]. On the other hand, the gas
system grid tariff charges only for the energy component, but
in both directions, and is defined monthly by the Croatian Gas
System Operator (Plinacro) [32].

Automatic frequency restoration reserve (aFRR) activation
of 20% in both directions (Au, Ad) is assumed. Reservation
of the capacity is charged at 12.36 e /MW in the upward
direction and 12.05 e /MW in the downward direction. These
are the prices in Croatia in the year 2021 [33]. For activated
balancing energy in the upward direction, the transmission
system operator pays the provider 40% higher price than the

one in the day-ahead market, and for the downward direction,
the provider pays the transmission system operator 40% lower
price than the one in the day-ahead market [31].

Data on PV production are taken from [34] for Croatia with
an installed capacity 18 MW. The rid injection limit of the
plant is set to 65 MW, while the withdrawal limit is 40 MW.
Three scenarios are created to assess the impact of the installed
capacities of the battery storage and the electrolyzer on the
facility’s operation:
(S1) SOEmax = 7.5 MWh, P b = 7.5 MW, P el = 7.5 MW
(S2) SOEmax = 10 MWh, P b = 10 MW, P el = 7.5 MW
(S3) SOEmax = 7.5 MWh, P b = 7.5 MW, P el = 10 MW
In all scenarios, battery charging and discharging efficiencies
are set to 0.92.

B. Impact of Market Prices and Installed Capacities

Fig. 2 shows revenues (R) and costs (C) for all three
scenarios in the period 2019–2021. Total profit is the highest
in 2021 due to extremely high prices and price spreads in
the electricity day-ahead market, and the lowest in 2020 due
to the effects of the pandemic, i.e. low prices and price
spreads. In 2019 and 2020, the largest share of the total profit
comes from the capacity reservation (dark blue columns),
more precisely about 60% in the year 2019 and about 70%
in 2020, depending on the scenario. In the year 2021, its
share is reduced to approximately 30% because the highest
share in profit (over 50%) is generated in the electricity day-
ahead market. Such high electricity day-ahead market profit
is due to the aforementioned high and volatile prices — the
average price on CROPEX in 2021 was 114.7 e /MWh, while
in 2019 and 2020 around 40 e /MWh. This is why the share
of electricity day-ahead profit in 2019 and 2020 is merely
over 30% and 20%, respectively. The share of hydrogen sales
revenue in the gas day-ahead market in total profit ranges
between 5 and 10%, depending on the year and the scenario.
The impact of the installed battery storage and electrolyzer
capacities is visible in scenarios. By increasing the installed
battery capacity (S2), it is possible to increase the provision
of reserves from the battery storage in both directions by
approximately 30% for all three years as compared to the other
two scenarios, as presented in Fig. 3 (dark and light blue bars).
On the other hand, the ratio of purchased and sold energy from
the battery storage is constant throughout the scenarios.

In case of higher installed power of the electrolyzer (S3),
the possibility of selling hydrogen increases, and therefore
the annual hydrogen production, along with the revenue from
the gas day-ahead market (light blue in Fig. 2), increases by
the same percentage as the installed capacity. The increase
in production occurs solely due to the increase in installed
capacity because the electrolyzer operates the same amount of
time through all scenarios. However, changes in the amount
of electrolyzer operation occur over the years, as given in Fig.
4. In the years 2019 and 2020, the electrolyzer operates 92%
and 96% of the year (the upper two graphs), respectively, due
to relatively low prices in the electricity market. As the prices
begin to rise in the year 2021 (blue curve on the last graph),
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Fig. 2: Breakdown of yearly cost (C) and revenue (R) for the
2019–2021 period in all three scenarios (“R1” — revenue in S1)
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Fig. 3: Reserve provision for the period 2019–2021 and all three
scenarios

the amount of time the electrolyzer operates reduces to only
57% of the year. The red curve on the last graph is mostly at 0
MW (electrolyzer is turned off) and has occasional increases to
its technical minimum. In the case of 2019 and 2020, most of
the time the electrolyzer operates at the technical minimum
with occasional shutdowns and increases to its maximum
capacity. Such changes occur to provide reserve services to the
electricity system — increase operation to its maximum to be
able to provide the upward reserve or operate at the technical
minimum to be able to provide the downward reserve. The
electrolyzer provides the highest amount of reserve in the
downward direction throughout all years and all scenarios,
given in Fig. 3, with the provision of reserves in both directions
decreasing in 2021 due to an extremely large increase in prices.

C. Benefit of Having PV

To compare the impact of the PV on the facility’s profitabil-
ity, calculations were made for all three scenarios for the year
2021, with and without PV. When the purchase and sale prices
of electricity are equal in a certain time period, PV does not
make a difference in the operation of such a plant. However, if
grid tariffs are considered, buying electricity results in higher
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Fig. 4: Electrolyzer operation (red curve, left-hand axis) in year
2019 (top), 2020 (middle) and 2021 (bottom) vs electricity

day-ahead market prices (blue curve, right-hand axis)
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Fig. 5: The highest withdrawn power in S1 in case of installed PV
(red bars) and without it (blue bars) in 2021

costs than the possible revenue that a sale would bring at the
same time period. Therefore, electricity produced from PV is
used for self-supply purposes and thus enables cost reduction
of the facility. Fig. (5) shows the maximum withdrawn power
from the network without (blue bars) and with (red bars)
the PV plant for each month in S1. With available PV, peak
withdrawal power is reduced in all months. The same trend
is observed in the other two scenarios, as well. The small
reduction in months 10–12 occurs due to high prices in the
electricity market, which makes it more profitable to sell the
produced energy than to use it locally to reduce the grid
tariff cost. Average prices in those months were 203 e /MWh,
215 e /MWh, and 251 e /MWh, respectively. The energy
component of the grid tariff is reduced with the use of PV
in all three scenarios by approximately 37%. In total, the grid
costs decreased by around 10%. In addition, an increase in the
number of time periods in which the electrolyzer operates of
around 5% can be observed, because the electricity needed for
its operation does not have to be taken from the grid.



IV. CONCLUSION

This paper analyzes a facility consisting of a PV, battery
storage, and an electrolyzer, and which participates in the
day-ahead and reserve markets. The rise in prices in 2021
yields trading in the electricity day-ahead market as the most
profitable source of income, while in the earlier years the
majority of profit came from the reserve capacity. On the other
hand, such high prices reduced the annual period of operation
of the electrolyzer.

Changes in the capacity of the electrolyzer or battery storage
do not affect their operation, they only allow a change in the
range of their action, which is then reflected in the final profit.
Finally, the possession of PV allows further reduction of the
costs caused by the grid tariff and increased operating time
of the electrolyzer. In further research, we will examine the
impact fuel cell could have on the proposed framework, as
well as the modeling of the hydrogen and the gas systems.
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