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Optimized Operation of Hybrid Wind-Hydrogen
System to Provide Flexibility for Transmission

System Needs
Hosna Khajeh , Sahar Seyyedeh-Barhagh, Student Member, IEEE, and Hannu Laaksonen , Member, IEEE

Abstract—This paper focuses on the optimized and coordinated
operation of a hybrid system comprising wind turbines, a hydro-
gen electrolyzer, and hydrogen storage. A day-ahead optimized
schedule is developed for the hybrid wind-hydrogen system to
provide flexibility in meeting the transmission system operator’s
needs, offering frequency control support through frequency con-
tainment reserves (FCR) and managing congestion on nearby
transmission lines. The proposed operation strategy enables ef-
fective participation in three reserve markets (FCR-N, upward,
and downward FCR-D) while robustly managing uncertainties in
wind power forecasting by leveraging the flexibility of the hydrogen
electrolyzer and hydrogen storage. Utilizing historical data on FCR
activation during normal grid operation and disturbances, this
strategy robustly addresses frequency-driven uncertainties. The
effectiveness of the proposed method is demonstrated through two
case studies using real-world data on frequency deviations and
market prices in Finland. Additionally, the proposed strategy is
compared with two alternative approaches: one based on spot mar-
ket prices and another prioritizing self-sufficiency over financial
gains.

Index Terms—TSO, hydrogen electrolyzer, FCR, hydrogen
storage, reserve markets.

NOMENCLATURE

• Abbreviations
FCR-D Frequency Containment Reserve for Distur-

bances.
FCR-N Frequency Containment Reserve for Nor-

mal operations.
HSEW A hybrid system that includes Hydrogen

Storage, Electrolyzer, Wind.
NN Non Negative variable.
TSO Transmission System Operator.

• Sets

c Scenario pertaining to either upward or
downward activation ∈ {1, 2}
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d Time (day) ∈ D
m Time (minute) ∈ M
n, n′ Nodes ∈ N
r Segment in piece-wise linearization ∈ R
s Scenario associated with wind power fore-

casts ∈ S
t Market timeslot ∈ τ

• Variables

θn,t,c Voltage angle at node n and time t for
scenario c

A
−N,up/down,max
n=HSEW,t,c Maximum activation of FCR-N in up-

ward/downward direction at t and HSEW
node for scenario c (NN)

A
−D,up/down,max
n=HSEW,t,c Maximum activation of upward/downward

FCR-D at t and HSEW node for scenario c
(NN)

Hpro
t Hydrogen produced at t (NN)

Hdir
t Hydrogen going directly to demand at t,

without storing in the storage (NN)
Hin,sto

t Hydrogen injected into the storage at t (NN)
Hout,sto

t Hydrogen extracted from the storage at t
(NN)

Hdemand
t Hydrogen delivered to the demand at t (NN)

SOCsto
t State of charge of the storage at t (NN)

P e
t Power consumed by electrolyzer at t (NN)

P e
r,t Power consumed by electrolyzer in segment

r at t (NN)
P−N
t FCR-N capacity offered by the HSEW at t

(NN)
P

−D,up/down
t Upward/downward FCR-D capacity of-

fered by the HSEW at t (NN)
P 2grid
n=n0,t,c

Power coming to the grid from slack node
(n0) at t for scenario c

P com
t Power consumed by the compressor at t

(NN)
u
ON/OFF
t Binary variable indicating whether the elec-

trolyzer is ON/OFF at t
usb
t Binary variable indicating whether the elec-

trolyzer is in the standby state at t
usu
t Binary variable indicating whether the elec-

trolyzer starts up at t
ur,t Binary variable indicating whether segment

r is active at t
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• Parameters

αr, βr Parameters associated with hydrogen’s
piece-wise linearization.

π−N
t Price of reserving FCR-N capacity at t

π
−D,up/down
t Price of reserving upward/downward FCR-

D capacity at t
πH Hydrogen price.
π
reg,up/down
t Up/down regulation price at t

πsu startup cost of electrolyzer.
θmin/max Minimum/maximum voltage angle al-

lowed.
Δf

−N,up/down
t Average frequency deviation associated

with upward/downward activation of FCR-
N at t

Δf
−D,up/down
t Average frequency deviation associated

with upward/downward activation of FCR-
D at t

̂

Δf
−N,up/down
t Maximum of frequency deviation average

associated with upward/downward activa-
tion of FCR-N at t

̂

Δf
−D,up/down
t Maximum of frequency deviation average

associated with upward/downward activa-
tion of FCR-D at t

ΔPw
t Average error regarding wind power fore-

cast scenarios.
Bn,n′ Susceptance of the line between nodes n

and n′
̂SOCsto Maximum state of charge of hydrogen stor-

age.
̂DH Maximum hydrogen demand that should be

delivered throughout a day.
ft,m Frequency measured at minute m and mar-

ket timeslot t
̂Hout,sto Maximum hydrogen that can be extracted

from the storage.
Kc Compression coefficient.
Pf -droop Active Power frequency-droop.
P p
n,t Power produced at t and node n

P d
n,t Power consumed at t and node n

P
wind,min/max
t Minimum/maximum forecasted wind

power at t
P e,min/max Minimum/maximum power that can be con-

sumed by the electrolyzer.
P

e,min/max
n,n′ Minimum/maximum power that can flow

between nodes n and n′

P sb Power consumed by the electrolyzer in its
standby mode.

I. INTRODUCTION

EUROPE aims to lead in hydrogen production and infras-
tructure development, aligning with the EU Green Deal’s

goal of accelerating renewable energy construction, with a
particular emphasis on green hydrogen [1]. This involves
doubling hydrogen valleys across Europe [1]. However,

integrating large-scale electrolyzers poses challenges for both
local transmission grids and broader energy systems [1]. These
challenges include disrupting system balance and causing
network congestion. Therefore, effective coordination between
hydrogen production and energy systems is crucial to enable the
electrical grid to accommodate the widespread integration of
hydrogen.

Some studies conclude that the flexible and optimized oper-
ation of hydrogen systems could, in turn, decrease electricity
prices and reduce renewable curtailments. For example, Ref-
erence [2] argued that the flexible operation of hydrogen can
stabilize the price of renewable energy in future renewable-based
power systems. The study conducted by [3] indicated that an
increase in hydrogen demand by deploying more hydrogen
fuel cell electric vehicles could not only support effective grid
operation but also lower electricity costs. The authors of [4]
discussed that the utilization of hydrogen as a fuel for heating
residential houses can affect energy prices and lower renewable
generation curtailment. Ref. [5] analyzed the positive impacts
of the hydrogen system on market clearing results and the hy-
drogen system’s role in electricity prices. Finally, Reference [6]
concluded that the hybrid system of hydrogen and renewable
energy systems led to up to 30% cost savings.

Besides optimization based on electricity prices, another eco-
nomically efficient coordination solution is to use hydrogen
systems to offer ancillary services to power system operators.
In this regard, some research analyzed the technical feasibil-
ity of providing ancillary services by hydrogen systems. For
example, Reference [7] focused on the technical aspects of
Proton Exchange Membrane (PEM) electrolyzer technologies,
analyzing their eligibility to comply with the requirements of
European ancillary services markets. Reference [8] analyzed
the technical potential of the alkaline electrolyzer plant when
it provides dynamic frequency regulation service to the TSO.
In another work, Reference [9] reviewed the papers proposing
the flexible operation of electrolyzers and discussed that hy-
drogen electrolyzers’ capabilities to provide ancillary services.
The research conducted by [10] assessed the dynamic charac-
teristics and potential of the electrolyzer’s stack for frequency
regulation for a power system dominated by solar photovoltaic
units. Reference [11] investigated the provision of fast frequency
reserve by electrolyzers in low inertia situations. The paper gave
special emphasis to the nonlinearity of modeling the electrolyzer
and the impacts on its service provision. In Reference [12],
authors conducted extended research on a dynamic model of the
electrolyzer interfaced with power electronics equipment that
provides fast frequency services for the TSO. Reference [13]
proposed a method to aggregate electrolyzers with VPP that
provides voltage control services to the local distribution system
operator. Similarly, an accurate real-time simulation model for
hydrogen production in response to frequency deviations was
developed in [14], ensuring contractual compliance while im-
proving system frequency regulation. Advanced control strate-
gies have been implemented to enhance the cost-efficiency and
responsiveness of hydrogen systems; however, the model was
not specifically designed for any particular flexibility service.
Additionally, a dynamic model incorporating both PEM and
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TABLE I
COMPARISON OF THE MAIN FACTORS CONSIDERED IN THE LITERATURE WITH THOSE IN THIS PAPER

alkaline electrolyzer technologies demonstrated the ability of
hydrogen systems to provide Frequency Control Ancillary Ser-
vices in [15], including virtual inertia and primary frequency
response, thereby contributing to grid stability. The model in-
volves real-time control of the electrolyzers and their response
to grid flexibility requirements, without the need to robustly
consider uncertainties.

In addition to technical aspects, limited research has been
done to focus on estimating the flexible capacity of hydrogen
systems to participate in ancillary service markets complying
with the requirements of the specific ancillary service. For exam-
ple, Reference [16] conducted a long-term profitability analysis
by developing a mathematical model of a PV producer integrated
with battery storage and a hydrogen system participating in
the multi-energy markets as well as balancing markets. The
work utilized the general “balancing service” term and did not
specify the type of balancing service. However, each frequency
regulation service defined in a specific area has its own technical
requirements and market characteristics. A chance-constrained
stochastic model was proposed in [17] for a hybrid PV-BESS-
Electrolyzer system, demonstrating the benefits of balancing
hydrogen production with ancillary grid services. Although this
approach attempts to model uncertainty in renewable generation
and in the energy content of the frequency regulation signal,
it does not robustly account for the effects of these uncer-
tainties on the operation of the hybrid system. In real-world
applications, the penalty cost of failing to react to frequency
deviations can be considerably high. In another study, a decen-
tralized dynamic power-sharing approach for hybrid hydrogen
electrolyzer systems was proposed in [18] to efficiently manage
frequency deviations. This approach utilized fast-response PEM
electrolyzers and cost-effective alkaline electrolyzers for large-
scale applications. However, the model lacks optimization, as
no mathematical optimization was employed, and uncertainties
were disregarded in the research.

Authors of [19] developed an optimization-based approach
for a system consisting of PV and hydrogen systems based on the
concept of power-to-power trading. It also provides secondary
frequency control service for TSO. Results showed that partic-
ipation in the day-ahead and ancillary service markets can be
financially viable and beneficial, particularly when markets ex-
hibit significant price volatility. In another work, Reference [15]
modeled hydrogen electrolyzers that provide frequency control
services, including virtual inertia as well as primary and sec-
ondary frequency response with a focus on Australian ancillary

service markets. Reference [20] examined how electrolyzers can
support the operation of an energy island when combined with
offshore wind energy. In [21], authors presented a method for a
wind-electrolysis joint system to provide secondary frequency
regulation aiming to reduce the production cost of green hy-
drogen. This flexibility provision does not consider the network
and also did not model the real-time activation impacts on the
system’s operation.To the best of authors’ knowledge, [22] is
the only research that suggests using an electrolyzer for FCR
provision. However, the authors did not consider the impact of
frequency-driven reserve activation on the electrolyzer’s opera-
tion and the electrolyzer’s effects on the transmission grid.

Table I compares the literature in terms of the hydrogen system
analyzed, the type of ancillary service proposed, and whether
a model was proposed to handle uncertainties of renewables
integrated with the hydrogen system, as well as uncertainties
associated with frequency-driven service activation. The final
row highlights this paper, showcasing its unique features that
distinguish it from the others.

In most ancillary service markets, participants estimate their
flexible capacity one day in advance. To accurately estimate their
flexible capacity, hydrogen systems need to consider different
service activation scenarios, which can significantly affect their
revenue. This challenge is heightened when hydrogen systems
are integrated with renewable energy sources like wind, due
to the inherent unpredictability of renewable energy forecasts.
Despite this, current literature does not offer a comprehensive
method for addressing all key uncertainties involved in estimat-
ing the flexible operation of hydrogen systems. To address the
gap, this paper proposes an optimization approach to coordinate
the operations of a hydrogen storage, electrolyzer, and wind
(HSEW) system. The goal is to provide flexibility services to
the transmission system operator (TSO). The flexibility services
studied include frequency control support through FCR markets
and participation in congestion management for transmission
lines near the HSEW system. Additionally, the study adopts
the piecewise three-state model of an alkaline electrolyzer to
account for the non-linear behavior of the hydrogen system. The
primary contributions of this paper are as follows:
� This paper examines the HSEW system’s participation

in three reserve markets (FCR-N, upward and downward
FCR-D) while simultaneously managing congestion in the
nearby transmission network. The technical and market
requirements of these services are all modeled and consid-
ered in this paper.
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Fig. 1. Illustration of Pf droop profiles for providing FCR services.

� It proposes a novel robust approach to handle two key
uncertainties in day-ahead flexible capacity estimation:
– Frequency-driven FCR activations: By modeling worst-

case scenarios for both maximum upward and down-
ward activations, the approach ensures the HSEW can
maintain network stability under extreme frequency de-
viations.

– Wind power forecasts: To address wind forecast uncer-
tainties, the model considers minimum wind scenarios
for upward capacity and maximum wind scenarios for
downward capacity, ensuring the HSEW can balance
power needs effectively.

Furthermore, the paper develops two other strategies, named
Spot and Self-sufficiency strategies, which operate under dif-
ferent frameworks. The paper compares hydrogen production,
operation, and profitability of the HSEW in the proposed model
with these two strategies using real-world market data from
Finland.

The rest of the paper is organized as follows: Section II
describes the characteristics of the FCR services including the
payment and market participation. Section III develops the op-
timization problem regarding the coordinated operation of the
HSEW. The case studies are introduced in Sections IV and V
and the results are visualized and discussed in Sections IV-A
and V-A. Finally, Section VI concludes the paper.

II. FCR PROVISION

FCR providers competitively submit bids on a daily basis to
provide FCR, allowing the TSO to secure its required flexible ca-
pacity strategically. In real-time, these frequency control support
providers must adjust their power generation or consumption to
match grid frequency deviations, aligning with their accepted
capacity reservations. Fig. 1 demonstrates how providers modify
their active power generation or consumption, precisely matched
to their allocated capacity, in response to observed frequency
changes [23].

FCR markets consist of three primary products: FCR-N,
upward FCR-D, and downward FCR-D. These products are
designed to respond to specific frequency deviations and ensure
grid stability. FCR-N is a symmetric product that can adjust
power output in both upward and downward directions. It is

typically activated when the frequency deviates 0.1 Hz from
the nominal value of 50 Hz. Upward FCR-D providers act as
disturbance responders when the frequency deviation is between
49.1 and 49.5 Hz. They inject more power into the grid (decrease
consumption or increase production) to bring the frequency back
up. Downward FCR-D providers step in to restrain frequency
increases that surpass from 50.1 up to 50.5 Hz. Downward flexi-
bility products consume more power by increasing consumption
or decreasing production to reduce frequency.

The droop settings for FCR-N and FCR-D are designed to
maintain effective frequency regulation within the power sys-
tem, responding to frequency deviations around the nominal
50 Hz. FCR-N, with a sensitive droop setting of 0.1, operates
within a narrow frequency range (49.9 Hz to 50.1 Hz) to ensure
stability during normal conditions. In contrast, FCR-D, with a
less sensitive droop setting of 0.4, manages larger deviations
(49.9 Hz to 49.5 Hz upwards and 50.1 Hz to 50.5 Hz downwards)
to handle significant disturbances without overreacting. These
settings balance system stability with the technical capabilities
of power units, enabling precise control in stable conditions and
robust response during disruptions.

Alkaline electrolysis stacks typically use modular power sup-
plies, such as DC switching power supplies, which can be con-
figured in series or parallel to meet specific power requirements.
This modular design allows individual cell stacks to be quickly
activated or deactivated as power demands change [24]. Addi-
tionally, recent studies indicate that advancements in alkaline
electrolyzer technology enable ramp rates of up to 20% of
nominal load per second, with response times of only a few sec-
onds, demonstrating that alkaline electrolyzers are well-suited
for providing FCR services [25].

If an HSEW participates in the FCR-N and FCR-D mar-
kets, it must submit its planned capacity allocations for each
service one day in advance. The HSEW first determines the
flexibility it can offer to the FCR-N and FCR-D capacity
markets (Flexible Capacities in Fig. 2), aiming to maximize
its profit while ensuring operational and market requirement
constraints are met. The paper focuses on robustly determin-
ing the hourly capacity available for each service. Once the
HSEW submits its capacity availability, the TSO clears the
capacity markets and communicates the accepted capacities to
the HSEW. In real-time, the HSEW then responds to frequency
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Fig. 2. Illustration of the steps undertaken by the HSEW to provide FCR
services, with the scope of this paper highlighted in darker color.

deviations based on the droop control for each market and the
accepted flexible capacities. Fig. 1 provides an illustration of this
process, with the lighter-colored areas indicating aspects beyond
the scope of this paper. In our proposed bidding strategy, the
HSEW assumes a conservative approach, planning as if 100%
of the capacity will be accepted by the TSO. Additionally, the
paper presents a robust method for incorporating the effects of
real-time activation and potential frequency deviations into the
day-ahead bidding strategy.

If the HSEW provides FCR-N, it earns revenue based on the
price of the FCR-N capacity market. Additionally, it receives
revenue in line with the up-regulation price when the FCR-N
activates in the upward direction [26]. However, the HSEW in-
curs a payment if the FCR-N capacity activates in the downward
direction, in accordance with the down-regulation price [26],
[27]. On the other hand, FCR-D services do not entail energy
remuneration. The HSEW only receives revenue by reserving
its capacity for FCR-D, and no payment is transacted in either
activation direction [27].

In this paper, HSEW is daily scheduled to provide FCR
services, including FCR-N, upward FCR-D, and downward
FCR-D. When the grid frequency drops below 50 Hz, the
HSEW injects wind power into the grid. To counteract frequency
increases above 50 Hz, the HSEW increases the power consump-
tion of electrolyzer. Moreover, we assume a fixed-term contract
between the TSO and the HSEW so that the HSEW prevents
congestion in the local transmission grid.

III. PROBLEM FORMULATION

Fig. 3 summarizes equations (1)-(43) used in the optimization
model for the optimal day-ahead scheduling of the HSEW.
The objective function maximizes the HSEW’s revenue from

Fig. 3. Summary of the objective function and constraints used in the problem
formulation.

providing FCR services and selling hydrogen:

maxP−N
t ,P−D,up

t ,P−D,down
t

∑
t∈τ

Hydrogen Selling Revenue︷ ︸︸ ︷
Hdemand

t πH

+P−N
t π−N

t + P−D,up
t π−D,up

t + P−D,down
t π−D,down

t︸ ︷︷ ︸
Capacity Revenue

+Δf−N,up
t P−N

t πreg,up
t︸ ︷︷ ︸

Activation Revenue

−Δf−N,down
t P−N

t πreg,down
t︸ ︷︷ ︸

Activation Cost

− πsuusu
t︸ ︷︷ ︸

Startup Cost

(1)
Where, Hydrogen Selling Revenue indicates the revenue from
selling hydrogen at the fixed price πH . Capacity Revenue com-
prises the revenues earned by reserving capacity for FCR-N,
upward FCR-D and downward FCR-D. If FCR-N capacity is
activated upward, the HSEW receives Activation Revenue ac-
cording to up-regulation prices. Conversely, if FCR-N activates
downward, the HSEW incurs the Activation Cost based on
down-regulation prices. The last term in (1) refers to the cold
startup cost of the electrolyzer, which is incurred during each
startup. This startup cost accounts for electrode wear and catalyst
degradation associated with the cold start of the electrolyzer.

The introduced objective function is subjected to the con-
straints that explain the HSEW’s operational limits as well as
FCR services’ requirements. Besides offering FCR services, the
HSEW also provides the TSO with network congestion manage-
ment services, ensuring that network constraints are upheld even
in the worst-case FCR activations. In this context, the equation



KHAJEH et al.: OPTIMIZED OPERATION OF HYBRID WIND-HYDROGEN SYSTEM TO PROVIDE FLEXIBILITY FOR TRANSMISSION SYSTEM NEEDS 1581

of power balance for each node is considered a constraint and
expressed as follows:

A−N,up,max
n=HSEW,t,c −A−N,down,max

n=HSEW,t,c +A−D,up,max
n=HSEW,t,c

−A−D,down,max
n=HSEW,t,c + P 2grid

n=n0,t,c
− P d

n,t + P p
n,t

=
∑

n′∈N−n

Bn,n′(θn,t,c − θn′,t,c)

∀n′ ∈ N , ∀t ∈ τ, ∀c ∈ {1, 2} (2)

In the power balance equation, the worst-case activation of
upward FCRs is represented with a positive sign, while the
activation of downward FCRs is denoted with a negative sign.
This convention reflects that upward flexibility contributes to
increased production, while downward flexibility corresponds
to increased consumption.

In the first worst-case activation scenario (c = 1), the TSO
activates only downward for both FCR-N and FCR-D capacities
throughout the entire timeslot, meaning that threre is no upward
activations:

A−N,up,max
n=HSEW,t,c=1 = 0 ∀t ∈ τ (3)

A−D,up,max
n=HSEW,t,c=1 = 0 ∀t ∈ τ (4)

A−N,down,max
n=HSEW,t,c=1 =

̂

Δf−N,down
t

0.1
P−N
t ∀t ∈ τ (5)

A−D,down,max
n=HSEW,t,c=1 =

̂

Δf−D,down
t

0.4
P−D,down
t ∀t ∈ τ (6)

In (5) and (6), the values 0.1 and 0.4 are based on Pf droop set-
tings, as illustrated in Fig. 1, and are specific to the determination
of FCR-N and FCR-D services. In this paper, we calculate the
maximum average frequency deviations as follows:

̂

Δf−D,down
t =max

d∈D
R−D↓ = max

d∈D

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
Nm

∑
m(fd,t,m − 50.1),

if 50.1 ≤ fd,t,m ≤ 50.5
0.4, if fd,t,m ≥ 50.5.

0 otherwise.
(7)

̂

Δf−N,down
t =max

d∈D
R−N↓ = max

d∈D

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
Nm

∑
m(fd,t,m − 50),

if 50 ≤ fd,t,m ≤ 50.1
0.1, if fd,t,m ≥ 50.1.

0 otherwise.
(8)

Where R−N↓ and R−D↓ indicate the frequency deviation func-
tions for downward FCR-N and FCR-D, obtained from Fig. 1.
Equation (7) examines historical events D, find situations where
frequencies have surpassed 50.1, and computes the average
deviations for downward FCR-D at each timeslot t. It then
identifies its maximum frequency deviations as the value of

̂

Δf−D,down
t . In our paper, we adopt a frequency resolution of 1

minute and have analyzed the frequency data over the past year.
Correspondingly, (8) calculates maximum of average frequency

deviations for downward FCR-N at each timeslot t ( ̂

Δf−N,down
t )

when frequencies have exceeded 50.
In the second worst-case activation scenario (c = 2), only up-

ward activation is requested for both FCRs, with the downward
activations set to zero:

A−N,down,max
n=HSEW,t,c=2 = 0 ∀t ∈ τ (9)

A−D,down,max
n=HSEW,t,c=2 = 0 ∀t ∈ τ (10)

A−N,up,max
n=HSEW,t,c=1 =

̂Δf−N,up
t

0.1
P−N
t ∀t ∈ τ (11)

A−D,up,max
n=HSEW,t,c=1 =

̂Δf−D,up
t

0.4
P−D,up
t ∀t ∈ τ (12)

Where, the calculation of maximum frequency deviations for
upward activation of FCRs is computed as follows:

̂Δf−D,up
t = max

d∈D
R−D↑ = max

d∈D

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
Nm

∑
m(49.9− fd,t,m),

if 49.5 ≤ fd,t,m ≤ 49.9.
0.4, if fd,t,m ≤ 49.5.

0 otherwise.
(13)

̂Δf−N,up
t = max

d∈D
R−N↑ = max

d∈D

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

1
Nm

∑
m(50− fd,t,m),

if 49.9 ≤ fd,t,m ≤ 50.
0.1, if fd,t,m ≤ 49.9

0 otherwise.
(14)

R−N↑ and R−D↑ indicate the frequency deviation functions for
upward FCR-N and FCR-D, obtained from Fig. 1. As (13) and
(14) indicate, the maximum frequency deviation for each times-
lot is determined by calculating the average frequency deviations
over the past year and selecting the maximum deviation value
for each timeslot.

It should be noted that the overall schedule (capacities allo-
cated to each FCR service) must remain consistent across both
activation scenarios. This means that the optimized day-ahead
schedule of the HSEW must be robust enough to handle both
extreme cases.

This paper assumes that when upward FCRs are activated,
the HSEW injects its wind power into the grid. Conversely,
in situations where downward activation is necessary, the elec-
trolyzer increases the consumption of electricity. In the down-
ward situation, although wind power may still be generated, the
electrolyzer is configured to absorb wind power to prevent any
injection into the grid.

Given that the HSEW scheduling is conducted on a day-ahead
basis, wind power is susceptible to forecast errors. Consequently,
we have devised various scenarios for wind power and selected
the scenario with the minimum wind power as the upper limit
for upward capacity to consider the robust scheduling:

P−N
t + P−D,up

t ≤ Pwind,min
t ∀t ∈ τ (15)
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Pwind,min
t = min

s∈S
Pwind
t,s ∀t ∈ τ (16)

As expressed in constraint (15), the upward capacity of the
HSEW can subsequently be allocated between FCR-N and
upward FCR-D. For the downward capacity, to guarantee the
provision of downward FCRs, the worst-case scenario is con-
templated by anticipating that the electrolyzer should absorb the
maximum forecasted wind production:

P−N
t + P−D,down

t ≤ P e,max − Pwind,max
t ∀t ∈ τ (17)

Pwind,max
t = max

s∈S
Pwind
t,s ∀t ∈ τ (18)

As indicated in (17), the maximum downward capacity of the
HSEW is determined by subtracting the maximum forecasted
wind power at time t from the maximum consumption capac-
ity of the electrolyzer. Since FCR-N capacity is symmetric it
needs to be considered to both upward and downward capacity
constraints i.e. (15) and (17).

The following constraints ensure that the voltage angles of
nodes and the limits on line power flow are maintained within
their permissible ranges:

Pmin
n,n′ ≤ Bn,n′(θn,t,c − θn′,t,c) ≤ Pmax

n,n′

∀t ∈ τ, ∀n ∈ N , ∀c ∈ {1, 2} (19)

θmin ≤ θn,t,c ≤ θmax ∀t ∈ τ, ∀n ∈ N , ∀c ∈ {1, 2} (20)

This paper adopts the three-state model for alkaline electrolyz-
ers, originally proposed in [28]. At each timeslot, the electrolyzer
can operate in only one of three modes: ON (active hydrogen
generation), OFF (complete shutdown), or standby (partial
power, enabling quick startup):

uON
t + uOFF

t + usb
t = 1 ∀t ∈ τ (21)

The power consumption in the ON state must stay within the
specified minimum load limit and maximum capacity of the
electrolyzer while the standby state has a constant consumption
(P sb):

P e
t ≤ uON

t P e,max + usb
t P sb ∀t ∈ τ (22)

P e
t ≥ uON

t P e,min + usb
t P sb ∀t ∈ τ (23)

During each cold startup, the electrolyzer transitions from the
OFF (not ON or stand-by) state at t− 1 to the ON state at t,
as modeled by (24):

usu
t ≥ uON

t − uON
t−1 − usb

t−1 ∀t ∈ τ (24)

However, the electrolyzer cannot come from the OFF to the
standby state:

uOFF
t−1 + usb

t ≤ 1 ∀t ∈ τ (25)

No startup costs are considered during the initial timeslot:

usu
t=1 = 0 (26)

This paper suggests introducing a constraint, which was not
considered in [28] to ensure that the binary variable representing
startup does not equal one when the electrolyzer is not ON:

uON
t ≥ usu

t (27)

The following constraint estimates the minimum real-time
power consumption of the electrolyzer, influenced by both the
activation of FCR services and various wind power injection
scenarios:

P e
t ≥

Consumption regarding downward FCRs activation︷ ︸︸ ︷
Δf−N,down

t

0.1
Pn
t +

Δf−D,down
t

0.4
P−D,down
t

+ P−N
t +P−D,up−

(
Δf−N,up

t

0.1
P−N
t +

Δf−D,up
t

0.4
P−D,up
t

)
︸ ︷︷ ︸

Non-activated upward FCRs

+ΔPw
t ∀t ∈ τ (28)

In (28), the terms Δf
−N,up/down
t

0.1 and Δf
−D,up/down
t

0.4 denote the
mean values of activation ratio, which are estimated from the
historical activations, as illustrated by (29), (30), (31), and (32):

Δf−D,up
t =

1

ND
R−D↑ (29)

Δf−D,down
t =

1

ND
R−D↓ (30)

Δf−N,up
t =

1

ND
R−N↑ (31)

Δf−N,down
t =

1

ND
R−N↓ (32)

As per (28), the electrolyzer is designed to consume energy
in response to the activation of downward FCRs. Additionally,
it is required to absorb the non-activated segment of upward
FCRs originating from wind power. Given our consideration of
the minimum wind power scenario, the electrolyzer must also
account for absorbing the average error in forecasted wind. The
error is estimated based on the minimum wind power scenario
considered when determining the maximum reserve capacity
limit. Estimating this average error involves analyzing different
wind scenarios and their respective probabilities:

ΔPw
t =

∑
s∈S

ρs(P
wind
t,s − Pwind,min

t ) ∀t ∈ τ (33)

Where ρs refers to the probability of scenario s.
As suggested in [28], the function representing the elec-

trolyzer’s hydrogen production in relation to its electricity con-
sumption has been linearized in a piecewise manner to model the
non-linear efficiency of the electrolyzer. The resulting function
is as follows:

Hpro
t =

∑
r∈R

αrP
e
r,t + βrur,t ∀t ∈ τ (34)

Also, each linearized segment needs to remain within its lower
and upper bounds:

P e,min
r,t ur,t ≤ P e

r,t ≤ P e,max
r,t ur,t ∀t ∈ τ,∀r ∈ R (35)
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Fig. 4. Illustration of the HSEW providing flexibility services to the TSO while selling hydrogen to the demand.

The electrolyzer in its on-state operates exclusively within the
efficiency that is obtained from (36):

uON
t =

∑
r∈R

ur,t ∀t ∈ τ (36)

The following formulation specifies that the electricity con-
sumption of the electrolyzer is determined by the sum of lin-
earized segments when it is ON, and by a constant power when
it is in standby mode:

P e
t =

∑
r∈R

P e
r,t + usb

t P sb ∀t ∈ τ (37)

A portion of the total hydrogen produced by the electrolyzer is
immediately routed to meet current demand, while the remainder
is stored in the hydrogen storage system, as depicted in Fig. 4.
Equation (37) precisely articulates the balance among hydrogen
production, its immediate demand, and the amount reserved in
the storage:

Hpro
t = Hdir

t +Hin,sto
t ∀t ∈ τ (38)

Additionally, there is another equation that explains how the
hydrogen delivered to meet demand can come from storage (as
the output of storage) or directly from the electrolyzer. This
concept is shown in Fig. 4 and written in math like this:

Hdemand
t = Hdir

t +Hout,sto
t ∀t ∈ τ (39)

This paper operates under the assumption of a daily minimum
threshold for required hydrogen, as shown in (40). The minimum
hydrogen level should be a conservative estimate, providing a
buffer for any deviations from ideal conditions.∑

t∈τ
Hdemand

t ≥̂DH (40)

As depicted in Fig. 4, the hydrogen must first pass through the
compressor before being sent to storage. The compressor con-
sumes electricity, which varies according to the storage inputs:

P com
t = KcHin,sto

t ∀t ∈ τ (41)

Fig. 5. Illustration of the 4 bus case study along with the hourly net production
of the nodes.

The time-varying state of charge of the storage and its maximum
allowable capacity are mathematically modeled in (42) and (43),
respectively.

SOCsto
t = SOCsto

t−1 +Hin,sto
t −Hout,sto

t ∀t ∈ τ (42)

SOCsto
t ≤ ̂SOCsto ∀t ∈ τ (43)

IV. CASE STUDY I

The first case study presents a simplified model of the standard
European High Voltage (HV) transmission network, using line
parameters obtained from [29]. In Fig. 5, the network under
consideration is illustrated, alongside the net production values
for each node during the simulation. As the figure illustrates,
the HSEW is located at bus b3 while other nodes include
various types of generation units and demand. The timeslot
is contemplated one hour. The hourly net production of other
nodes is calculated by subtracting their hourly demand from
their hourly production. Positive net production indicates that the
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Fig. 6. Comparison of spot, FCRs, and regultaion prices on 1.4.2023 in
Finland.

Fig. 7. The mean and maximum values of activation ratio estimated for the
case study.

production exceeds the demand, while negative net production
signifies higher demand than production. All specific details
about the hydrogen electrolyzer, compressor and storage are
sourced from [28]. The capacities are as follows: 52.25 MWh
for the electrolyzer, 22 kg for hydrogen storage, and 42 MWh
for the wind park. The daily demand for hydrogen is assumed
to be 1222.44 kg.

This paper analyzes real-world price data from Finland on
April 1, 2023. We focus on the annual capacity prices for three
FCR markets: FCR-N, upward FCR-D, and downward FCR-D
capacity markets. Fig. 6 illustrates a comparison of these prices.

This paper examines the activation ratios for FCRs by analyz-
ing one-year historical frequency data from Finland, spanning
from April 1, 2022, to March 31, 2023. The maximum frequency
deviation values are determined using (7), (8), (13), and (14),
while the mean frequency deviation values are estimated using
(29)–(32). The activation ratios are computed by dividing the
frequency deviations for FCR-N by 0.1 and those for FCR-D by
0.4, in order to account for their activation droop characteristics.
Fig. 7 represents the estimated activation ratios for FCRs. For
improved clarity in presentation, the mean values of FCR-D acti-
vation are depicted based on the left y-axis, while the remaining
activation values are illustrated based on the right y-axis.

Fig. 8. The heatmap and line plots representing the wind power values and
the probability for each scenario.

Furthermore, we consider six onshore wind turbines with full
power converters, each with a capacity of 7 MWh, aligning with
the 2020 ATB NREL turbine outlined in [30]. Essential turbine
parameters and power curves can be referenced in the provided
source. We utilized quantile regression to forecast wind power
from forecasted wind speed, generated different scenarios from
the quantiles and assign probability to each scenario using the
CDF of the quantile [31]. Accordingly, 10 scenarios (s1-s10) are
considered. In Fig. 8, the x-axis represents 10 scenarios labeled
from s1 to s10. The left y-axis corresponds to the hour of the
day, ranging from 0 to 23 hours. Each cell in the heatmap is
colored according to the wind power values (in MW) for each
scenario and hour, with lighter colors indicating lower wind
power and darker colors indicating higher values. Additionally,
there is a line plot overlaid on the heatmap. This line represents
the probability associated with each scenario, as indicated on
the right y-axis. For comparison purposes, this paper examines
three different operation strategies. In all strategies, the HSEW
plays a role in managing network congestion. However, their
operation strategies differ as follows:
� Proposed operation strategy: The model suggested by this

paper in which HSEW contributes to both FCR-N and
FCR-D provision.

� Spot strategy: Introduced by [28] which optimizes HSEW
operation based on spot market prices.

� Self-sufficient strategy: Designed to enhance Self-
sufficiency. This model aims to minimize the power flow-
ing into the local transmission network. The costs are also
calculated based on spot market prices.

A. Simulation Results I

The optimization problem described by (1) through 43 has
been formulated and solved using the JuMP package in Julia.
Fig. 9 illustrates the optimized decision values, representing the
FCR capacities to be offered in reserve markets. Given the pa-
per’s focus on addressing wind power uncertainties robustly, the
proposed operation strategy with optimal scheduling prioritizes
allocating more capacity to downward flexible capacities. Fig. 9
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Fig. 9. Optimal capacities devoted to each reserve product in the proposed
operation strategy.

Fig. 10. Optimal hydrogen delivered to demand (H2D) and the total hydrogen
produced by the electrolyzer (Total Hydrogen) for three studied strategies.

showcases that the majority of HSEW capacity is allocated to
downward FCR-D provision, with lesser capacity dedicated to
symmetrical FCR-N provision, and none allocated to upward
FCR-D capacity.

Furthermore, the Spot and Self-sufficient strategies were
developed and solved using the JuMP package. Fig. 10 com-
pares daily hydrogen production between these three strategies.
“H2D” represents hydrogen delivered to meet demand, while
“Total Hydrogen” signifies overall hydrogen production from
the electrolyzer. The proposed operation strategy prioritizes hy-
drogen production alongside FCR market operations. Notably,
it utilizes hydrogen storage and compression, leading to higher
total hydrogen production compared to H2D at certain hours.
In contrast, the Spot strategy follows spot market price patterns,
with lower prices resulting in increased hydrogen production.
The Spot strategy does not view hydrogen storage as a prof-
itable option. Conversely, the Self-sufficient strategy minimizes
hydrogen production to prevent excessive power entering the
local grid. Hydrogen production occurs during hours of positive
net production in the local transmission network. Similar to
the Spot strategy, the Self-sufficient strategy does not utlize the
storage. Fig. 11 further demonstrates that the proposed operation
strategy maximizes the consumption of the electrolyzer, while
the Spot strategy adjusts electrolyzer consumption according to
spot prices. In contrast, the Self-sufficient strategy minimizes

Fig. 11. The box plot representing the distribution of electrolyzer’s consump-
tion in three studied strategies.

Fig. 12. The hourly illustration of costs and revenues brought from the
proposed operation strategy.

electrolyzer’s electricity usage altogether. In this figure, the
white square denotes the mean value of electrolyzer’s consump-
tion for each strategy.

Fig. 12 depicts the revenues and costs in the proposed op-
eration strategy. Hydrogen selling revenue is shown on the
right y-axis, while other costs and revenues are displayed on
the left y-axis. The figure highlights that after hydrogen sell-
ing, a significant portion of HSEW revenue comes from FCR
capacity revenue. Activation costs for downward FCR-N are
relatively minor compared to its capacity revenue. Additionally,
the optimized scheduling maintains the electrolyzer in ON-mode
operation due to its high startup cost.

In contrast to the proposed operation strategy, the Self-
sufficient and Spot strategies have limited revenue sources.
HSEW profits solely from selling hydrogen and, if net pro-
duction is positive, from selling wind power production at
spot market prices. Conversely, when net production is nega-
tive, HSEW incurs costs for electricity consumption. Fig. 13
illustrates the costs and revenues when HSEW is optimized
according to spot market prices. The figure reveals that buying
electricity results in negative revenue when HSEW produces
hydrogen. However, when hydrogen production ceases, HSEW
can generate revenue by selling its wind production at spot
market prices. Fig. 14 presents the revenues and costs associated
with the Self-sufficient strategy. In this scenario, the electrolyzer
is turned off for 5 hours, as the Self-sufficient strategy prioritizes
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Fig. 13. The hourly illustration of costs and revenues brought from the spot-
market-participation-based operation strategy.

Fig. 14. The hourly illustration of costs and revenues brought for the Self-
sufficient strategy.

TABLE II
COMPARISON OF TOTAL DAILY PROFIT FOR THREE STUDIED STRATEGIES

Self-sufficiency over economics. However, the high startup cost
imposes significant expenses on HSEW in the Self-sufficient
strategy.

Finally, Table II compares the daily profits obtained from
these three strategies. The results show that participating in FCR
markets can increase HSEW’s profit by more than 2.6 times
compared to when HSEW operates solely based on spot market
prices. Additionally, the significant impact of startup costs is
evident in the Self-sufficient strategy, where profits are 8 times
lower than in the proposed operation strategy.

Fig. 15. The schematic of IEEE 30 bus system and the location of the HSEW
in the network.

Fig. 16. Net demand (demand minus generation) values for buses in the IEEE
30-bus system.

V. CASE STUDY II

To demonstrate how the network affects HSEW’s optimal op-
eration, we place the HSEW within the IEEE 30-bus system [32].
Fig. 15 shows the network schematic, with the HSEW located
at bus 12. Additionally, Fig. 16 illustrates the net demand (the
difference between load and generation) within the network.
Note that the HSEW maintains the same characteristics and
specifications as in the first case study. The optimization problem
is re-run using the IEEE 30-bus network setup.

A. Simulation Results II

Most reserve capacities are allocated to downward FCR-D, as
the strategy aims to absorb excess wind generation, relying on
minimum wind power forecasts. However, with the new network
imposing additional constraints on HSEW operation, the optimal
solution now includes less symmetrical reserve (FCR-N) and
introduces upward FCR-D, unlike the 4-bus system, where no
upward FCR-D was allocated. Fig. 17 shows the reserve allo-
cations for the HSEW positioned at bus 12 in the IEEE 30-bus
network.
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Fig. 17. Optimal capacities devoted to each reserve for the HSEW located in
the IEEE 30-bus network.

Fig. 18. Comparison of revenues and costs for the HSEW in the 4-bus network
versus the IEEE 30-bus network.

Fig. 18 compares the revenues and costs of the HSEW in both
the 4-bus and IEEE 30-bus networks. As shown, revenues from
downward FCR-D decrease significantly due to the additional
network-related constraints in the IEEE 30-bus network, which
reduce flexibility for frequency-based services. A lower allo-
cation to FCR-N is also observed in the IEEE 30-bus system,
resulting in reduced activation costs and revenues for the HSEW.
Similar to the 4-bus network, the HSEW in the 30-bus network
incurs no startup costs, as the optimization consistently keeps
the electrolyzer running without shutdowns.

In the HSEW simulation, the hydrogen storage starts with
an initial state of charge (SOC) set at 0%. This initial SOC is
then adjusted to 25%, 50%, 75%, and 100% to observe how the
HSEW’s optimal operations change with different starting lev-
els. Interestingly, the reserved capacities remain the same across
all four cases. The main difference is that as the SOC increases,
more hydrogen is sold each hour, leading to higher revenue from
hydrogen sales. Fig. 19 illustrates how the storage SOC changes
over time in each scenario. As shown, the optimal strategy is to
sell as much hydrogen as possible, fully depleting the storage,
which allows for greater flexibility to offer downward FCRs.
Table III compares revenues from hydrogen sales across sce-
narios with varying initial SOC levels. As anticipated, a higher
initial SOC results in increased hydrogen sales revenue. How-
ever, the capacity allocated to reserves, and consequently, the
revenue derived from them, remains constant across scenarios.

Fig. 19. Variation in hydrogen storage SOC during optimal HSEW operation
for different initial SOC levels.

TABLE III
COMPARISON OF TOTAL DAILY REVENUE FROM HYDROGEN SALES

VI. CONCLUSION

This paper introduced a novel method to optimize the coordi-
nation of HSEW operation to align with the requirements of the
TSO. HSEW can serve multiple purposes, including providing
FCR for normal operation and disturbance scenarios, as well as
assisting with congestion management. The method addressed
wind power uncertainty robustly while considering detailed
electrolyzer states and FCR market characteristics, including
activation features.

In the simulation section, we compared the performance
and profitability of our proposed operation strategy with two
others: Spot, which operates based on spot prices, and Self-
sufficient, which emphasizes the grid’s Self-sufficiency. The re-
sults showed that our proposed FCR-market-participation-based
strategy produces significantly more hydrogen compared to the
other strategies whereas the Self-sufficient operation strategy
minimizes hydrogen production. Also, utilizing the hydrogen
storage was only found to be profitable in the proposed operation
strategy. In profitability, our FCR participation strategy earns 2.6
times more than the Spot-market-participation-based operation
strategy and 8 times more than the Self-sufficient one.

In future, this paper can be extended in following directions:
� Since this paper focuses on the day-ahead scheduling, the

real-time operation of an alkaline electrolyzer can be en-
hanced by using a detailed model that considers the effects
of operational temperature and heat release. Understanding
how these factors influence the electrolyzer’s response to
frequency changes in the power grid is essential. Future
research can focus on optimizing temperature and pressure
settings, as well as managing current density, to improve
the electrolyzer’s performance in real-time operations.
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� A comprehensive future study is needed to assess the
impact of different electrolyzer operations on spot prices.
This research could be conducted across various systems
with diverse generation mixes and consumption behaviors.
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