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Abstract—The cost competitiveness of green hydrogen pro-
duction via electrolysis presents a significant challenge for its
large-scale adoption. One potential solution to make electrolyzers
profitable is to diversify their products and participate in various
markets, generating additional revenue streams. Electrolyzers
can be utilized as flexible loads and participate in various
frequency-supporting ancillary service markets by adjusting their
operating set points. This paper develops a mixed-integer linear
model, deriving an optimal scheduling strategy for an electrolyzer
providing Frequency Containment Reserve (FCR) services in the
Nordic synchronous region. Depending on the hydrogen price and
demand, results show that the provision of various FCR services,
particularly those for critical frequency conditions (FCR-D),
could significantly increase the profit of the electrolyzer.

Index Terms—Electrolyzer, scheduling, frequency-supporting
ancillary services, mixed-integer linear optimization

I. INTRODUCTION

The production of renewable hydrogen through electroly-
sis is widely acknowledged as a crucial step in the green
transition, enabling decarbonization of hard-to-abate sectors,
such as industry and heavy transport. To support the large-
scale development of electrolyzers, several countries in Europe
and globally have released national hydrogen strategies. For
example, in 2021 the Danish government released a strategy
for the national development of Power-to-X, with a goal
to construct 4 to 6 GW of electrolysis capacity by 2030
[1]. However, there are numerous challenges to scaling up
this technology, including the cost competitiveness of the
electrolysis-based hydrogen production [2]. This requires the
establishment of new business models by diversification of the
products [3].

Electrolyzers are flexible assets that can rapidly change
their power consumption level within their operating range
with ramp rates around 20% of the nominal power per
second [4], [5]. This makes them eligible to produce various
frequency-supporting ancillary services, providing an addi-
tional promising revenue stream [6]. Examples of potential
ancillary services that electrolyzers can produce are Frequency
Containment Reserve (FCR) as a primary reserve, automatic
Frequency Restoration Reserve (aFRR) as a secondary reserve,
and manual Frequency Restoration Reserve (mFRR) as a
tertiary reserve. The technical feasibility of electrolyzers for
providing various services is investigated in [7] and [8]. The
economic feasibility of providing grid services is analyzed in
[9] and [10] for the French and German context, respectively.
In [11], a scheduling model for an electrolyzer in Western
Denmark (DK1) participating in the day-ahead, balancing, and
reserve markets is proposed, showing that offering FCR and
aFRR services significantly increases the profit. In a similar

direction but for batteries, [12] develops a business model by
selling FCR services in Eastern Denmark (DK2). All these
studies show that the extent of increased profit by selling
ancillary services depends significantly on the location of
the electrolyzer due to different market products, prices, and
eligibility requirements.

This paper develops a scheduling model for an electrolyzer
located in DK2, which is part of the Nordic synchronous
region. Compared to the Continental Europe region including
DK1, the power system in the Nordic region is smaller in scale
and capacity, with a higher penetration rate of renewables,
and thereby lower inertia. For that, there are three sub-
categories of FCR services in the Nordic region designed
for different ranges of frequency deviation, including FCR-N
(for normal operations) and FCR-D Up/Down (for operations
under disturbance with critically low/high frequency). The
main contributions of this paper are twofold. First, we develop
a mixed-integer linear model for scheduling electrolyzers,
aiming to maximize their profit by selling hydrogen as well
as FCR-N and FCR-D Up/Down services. Second, we provide
a quantitative assessment to evaluate to what extent an elec-
trolyzer located in DK2 earns more by providing FCR services,
in comparison to a case that solely produces hydrogen.

The remaining of the paper is organized as follows. Sec-
tion II provides an introduction to the Nordic FCR markets.
Section III presents the proposed optimization model. Section
IV provides numerical scheduling results and an economic
assessment. Finally, Section V concludes the paper.

Notation: By λ(.)
t , we refer to forecast for the volume-

weighted average price λFCR-N
t for FCR-N, λFCR-D↑

t for FCR-D
Up, and λFCR-D↓

t for FCR-D Down, all in hour t. Similarly, let
r(.)
t denote the quantity bids rFCR-N

t , rFCR-D↑
t , and rFCR-D↓

t to be
submitted to the corresponding markets.

II. PRELIMINARIES: NORDIC FCR MARKETS

A. General overview

The Transmission System Operator (TSO) is the organiza-
tion in charge on a national scale for the secure operation of
the power grid. TSOs within synchronous areas share respon-
sibility for real-time balance between supply and demand to
maintain the grid frequency close to the nominal value, e.g., 50
Hz in Europe. Ancillary services are the measures adopted by
TSOs to ensure grid stability. For that, TSOs procure reserves
for ancillary services in advance, and activate them in the real-
time operation if necessary.

For completeness, Table I provides a nomenclature for
frequency-supporting ancillary services in the Nordic and
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TABLE I
NOMENCLATURE FOR ANCILLARY SERVICES IN THE CONTINENTAL

EUROPE AND NORDIC SYNCHRONOUS REGIONS [13]

Function Continental Europe (including DK1) Nordics (including DK2)

Frequency stabilization
(primary reserve)

Frequency Containment Reserve
(FCR)

FCR for Normal Operations
(FCR-N)

FCR for Disturbances - Up regulation
(FCR-D Up)

FCR for Disturbances - Down regulation
(FCR-D Down)

Frequency recovery
(secondary reserve)

automatic Frequency Restoration Reserve
(aFRR)

automatic Frequency Restoration Reserve
(aFRR)

Balance adjustment
(tertiary reserve)

manual Frequency Restoration Reserve
(mFRR)

manual Frequency Restoration Reserve
(mFRR)

Continental Europe synchronous regions, although the focus
of this paper is the FCR services in the Nordic region.

B. Market structure

The Nordic obligations indicate the reserve requirements
that must be collectively secured in every hour among the
Nordic TSOs in a proportional share for different services,
as reported in Table II. Note that StatNett, FinGrid, Svenska
Kraftnat, and Energinet are national TSOs in Norway, Fin-
land, Sweden, and Denmark, respectively. The Danish TSO,
Energinet, has a comparatively lower share due to congestion
and technical limitations of the DK2-Sweden connection cable.
The Nordic obligations for any hour of the day D are con-
tracted via two separate auctions, both pay-as-bid structured,
on D-2 and D-1 prior to the delivery day, as shown in Figure 1.
Approximately, 80% of each FCR service is contracted on the
D-2 auction, and the remaining in D-1.

During the daily FCR auctions, Energinet and Svenska
Kraftnat jointly procure their share of reserves, hence Danish
FCR providers can potentially meet the full Swedish demand
for FCR-N and FCR-D services. However, the maximum
amount of FCR from a single unit is limited to 100 MW [13]
to avoid a significant loss of FCR in case of a unit failure.

C. FCR delivery and payment structure

The provision of FCR services entails two distinct stages,
namely reserve contraction and activation.

Reserve contraction occurs during the D-2 or D-1 auction,
wherein the availability of the reserve noted in the FCR bid is
approved by the TSO. Recall that both auctions are based on a
pay-as-bid scheme. Compensation for the FCR service in hour
t is based on the reserve quantity r(.)

t (MW) and the submitted
bid price λ(.)

t (e/MW), resulting a revenue, the so-called
reserve payment. The Nordic TSOs do not currently disclose
information about the last accepted bid in the auctions. The
only public information is the hourly volume-weighted average
bid price for each service once the auction is closed.

The activation payment is linked to the real-time operation,
where the FCR provider must activate the reserve according
to the frequency level f in Hz at any instant within the hour

D-2 D-1 D

15

14

Published spot
prices for day D-1

Published spot
prices for day D

FCR first auction
closure for day D

14 18

FCR second auction
closure for day D

[hour]

Fig. 1. Timeline for FCR and spot markets in the Nordic region. There are
two auctions for the FCR services, one before and one after the spot market.

TABLE II
NORDIC OBLIGATIONS FOR FCR SERVICES IN 2023 [13]

Share FCR-N FCR-D Up FCR-D Down
[%] [MW] [MW] [MW]

StatNett 39 234 564 546
FinGrid 20 120 290 280
Svenska Kraftnat 38.3 230 555 536
Energinet 2.7 17 41 38

Nordic obligations 100 600 1450 1400

declared in the bid. The real-time reserve activation at any
instant in hour t is equal to the product of the amount of
the contracted reserve r(.)

t and the normalized instantaneous
response y(.), defined below for FCR-N, FCR-D Up, and FCR-
D Down, respectively:

yFCR-N =


−1, if f < 49.9

f − 50

0.1
, if 49.9 ≤ f ≤ 50.1

+1, if f > 50.1

(1a)

yFCR-D↑ =


−1, if f < 49.5

f − 49.9

0.4
, if 49.5 ≤ f ≤ 49.9

0, if f > 49.9

(1b)

yFCR-D↓ =


0, if f < 50.1

f − 50.1

0.4
, if 50.1 ≤ f ≤ 50.5

+1, if f > 50.5.

(1c)

The payment for activated quantity r(.)
t y(.) at any instant within

hour t is based on the balancing price in the corresponding
hour. The settlement typically occurs by the TSO within one
week after the service delivery.

D. Electrolyzer eligibility assessment

To qualify for FCR service provision, the Nordic TSOs
have established pre-qualification requirements in terms of
response time. For FCR-D Up/Down, the electrolyzer must
be capable to respond for the half reserve within 5 seconds,
and the full reserve within 30 seconds. For FCR-N, the full
reserve must be activated within 150 seconds. To determine
if an alkaline electrolyzer is eligible, its ramp-rate compliance
needs to be assessed. Manufacturers usually do not disclose
ramp rates information. However, an estimation of a ramp-
rate around 20% of the nominal capacity per second makes an
alkaline electrolyzer eligible for FCR-N and FCR-D Up/Down
provision [4].

III. PROPOSED OPTIMIZATION MODEL

This paper focuses on a typical alkaline electrolyzer provid-
ing hydrogen and FCR services, while purchasing power from
the the grid — we do not consider any local renewable power
supply. This allows for a constant baseline during the FCR
scheduling and an adjustment in power consumption according
to (1) when an activation is required. Figure 2 illustrates
the electrolyzer system and its auxiliary assets including
hydrogen compressor and storage. The hydrogen produced is
compressed and delivered to an off-taker (demand), meeting a
weekly demand, sold at a fixed price (e/kg).
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Electrolyzer
system

zont , zsbt , zsut

FCR
auctions

Compressor
Storage

Hydrogen
demand

pt

r(.)
t

hp
t dt

Fig. 2. Power system design of an electrolyzer system and its auxiliary assets,
providing hydrogen and FCR services. The power source is the grid.

A. When do we solve the optimization problem?

Recall from Figure 1 that the electrolyzer has the opportu-
nity to participate in two pay-as-bid auctions for FCR services,
one being settled in day D-2 and the other one in D-1. The
electrolyzer owner can solve our proposed optimization model
for scheduling decision making at two distinct points of time:

1) At any time before the first auction closure at hour
15:00 of day D-2. In this case, the electrolyzer owner
should forecast prices λ(.)

t for the first auction, as well
as the hourly spot prices λspot

t whose true values will
be realized in day D-1. All these forecasted prices are
treated as input parameters to our optimization model.
By solving it, we will determine reserve quantity bids r(.)

t

to be submitted to the first FCR auction. The price bids
are the same as the forecasted prices. This optimization
problem also gives quantity bids to be submitted to the
spot market, i.e., pt, but they can be modified until noon
of D-1 by a re-optimization with fixed r(.)

t if updated spot
price forecasts are available.

2) At any time before noon of day D-1, i.e., the closure
of the spot market, in case the electrolyzer could not
sell FCR services in the first auction. This time, λ(.)

t are
forecasted prices for the second auction, which are not
necessarily identical to realized prices of the first auc-
tion. The optimization outcomes are quantity bids to be
submitted to the spot market, i.e., pt, and to the second
FCR auction, i.e., r(.)

t . Note that we can also solve this
optimization problem between hours 14 and 18 of day
D-1, but then the hourly power purchases pt are fixed
based on the spot market outcomes, and therefore hourly
power consumptions can no longer be changed unless by
trading in the intra-day and subsequent markets, which
is outside the scope of this paper.

B. Mathematical formulation

The proposed model is formulated as (2)-(6). Lower-case
symbols are used for variables, whereas upper-case or Greek
symbols indicate parameters. The objective function maxi-
mizes the total profit over the set of hours t ∈ T as

max
x

∑
t∈T

(
dtλ

H2 + rFCR-N
t λFCR-N

t + rFCR-D↑
t λFCR-D↑

t +

rFCR-D↓
t λFCR-D↓

t − pt
(
λspot
t + λTSO + λDSO)− zsuKsu

)
,

(2)

where vector x includes the set of variables, which will be
defined later. The revenue streams are based on hydrogen sale

dt at a constant price λH2 and service sales r(.)
t at price λ(.)

t . The
cost incurs by purchasing hourly power pt at spot market price
λspot
t , marked up by the TSO tariff λTSO as well as the tariff

of the distribution system operator λDSO, if the electrolyzer
is comparatively small and connected to a distribution grid.
In addition, (2) accounts for the cold start-up cost of the
electrolyzer, where the binary variable zsu indicates the start-
up at hour t, associated with the cost Ksu per start-up. Note
that the activation payment is excluded1.

The following set of constraints (3) models the physics and
limitations of the electrolyzer and auxiliary assets including
compressor and hydrogen storage. The power purchased from
the spot market, i.e., pt, supplies the electrolyzer’s consump-
tion pet and the compressor’s consumption pct :

pt = pet + pct ∀ t ∈ T . (3a)

The electrolyzer is either on, or standby, or off, i.e.,

zon
t + zsb

t ≤ 1 ∀ t ∈ T , (3b)

including binary variables zon
t (if 1, the electrolyzer is on)

and zsb
t (if 1, the electrolyzer is on the standby state). If

on, the electrolyzer consumes power and produces hydrogen.
If standby, the electrolyzer does not produce hydrogen but
consumes 1-5% of the nominal power needed to keep the
system warm and pressurized for quick activation [4]. If both
binary variables are zero, then the electrolyzer is off, neither
consuming power nor producing hydrogen2.

The power consumption pe
t of the electrolyzer defines the

operational baseline, constrained by

Pminzon
t + P sbzsb

t ≤ pe
t ≤ Pmaxzon

t + P sbzsb
t ∀ t ∈ T , (3c)

where the lower bound is Pmin and the upper bound is the
capacity Pmax when the electrolyzer is on (zon

t =1). If standby
(zsb

t =1), pe
t is set to be equal to the standby power P sb.

Transition from off state in hour t−1 to on state in t incurs
the start-up cost due to the need to reach the desired pressure
and temperature levels. For that, (3d) sets the binary variable
zsu
t to be 1 during such a transition, otherwise it is 0:

zsu
t ≥ (zon

t − zon
t−1) + (zsb

t − zsb
t−1) ∀ t ∈ T . (3d)

The power-to-hydrogen conversion efficiency of an alkaline
electrolyzer is not constant over the operating range. To model
the non-linear dependency between power consumption and
hydrogen production, a piece-wise linearization is introduced
as proposed in [15]. For each linearization segment s ∈ S, the
hydrogen production hp

t is formulated as a linear function of
the power consumption p̂e

t,s:

hp
t =

∑
s∈S

(
Asp̂

e
t,s +Bsẑt,s

)
∀ t ∈ T , (3e)

1This is a mild assumption because (i) FCR-N is a service being activated
in both sides. Historically, the FCR-N activation is almost symmetrical over
every week in 2022, and (ii) the activation rate of FCR-D Up/Down services
in the Nordic area was less than 1% in 2022 [12]. The interested reader in
FCR activation data in DK2 is referred to [14].

2In this formulation, we model three states (on, standby, off) with two
binary variables only, instead of three, as it is prevalent in the literature. We
hypothesize, depending on the solver used, this may reduce computational
time, but a further investigation is required.
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where the coefficients As and Bs represent the slope and
intercept for each linear segment, whereas the binary variable
ẑt,s, if one, indicates segment s is active in hour t.

The electrolyzer produces hydrogen in the on state with one
segment active only in hour t, as enforced by∑

s∈S
ẑt,s = zon

t ∀ t ∈ T . (3f)

The power consumption p̂e
t,s for each segment s is con-

strained by

P sẑt,s ≤ p̂e
t,s ≤ P sẑt,s ∀ t ∈ T , ∀ s ∈ S, (3g)

where P s and P s represent lower and upper bounds. The
power consumption pe

t is then calculated as

pe
t = P sbzsb

t +
∑
s∈S

p̂e
t,s ∀ t ∈ T . (3h)

The hydrogen production of the electrolyzer goes to the
compressor to be further pressurized, and then is either stored
or is directly injected to tube trailers, representing the demand.
The compressor power consumption pct is a function of the
hydrogen production hp

t of the electrolyzer as

pct = Kchp
t ∀ t ∈ T , (3i)

where Kc gives the energy required to compress 1 kg of
hydrogen from the electrolyzer output pressure to the pressure
level of the storage or tube trailers. The hourly hydrogen
demand is bounded by the capacity of tube trailers, as

dt ≤ Dmax ∀ t ∈ T . (3j)

In case the hydrogen production hp
t of the electrolyzer in

hour t is more than demand dt in that hour, the excess is being
stored, while in the case of deficit, we discharge the storage.
By this, the state of charge of the storage hs

t is defined as

hs
t = hp

t − dt t = 1, (3k)
hs
t = hp

t − dt + hs
t−1 ∀ t ∈ T \1, (3l)

which is upper-bounded by the capacity of the storage, i.e.,

hs
t ≤ Hmax ∀ t ∈ T . (3m)

The following set of constraints (4) enforces FCR reserve
allocation constraints. To clarify the need for these constraints,
Figure 3 provides an example, where the electrolyzer con-
sumes pe

t in hour t, which is the baseline for reserve activation.
Recall from (1) that FCR-N is a market with a two-side
product, meaning that the electrolyzer might be activated to
consume less power (if frequency is below 50 Hz) or more
power (if frequency is above 50 Hz). On the contrary, FCR-
D up/Down are markets with one-side products, meaning
that if FCR-D Up is activated (i.e., frequency is below 49.9
Hz), the electrolzyer must consume less power, whereas if
FCR-D Down is activated (i.e., frequency is above 50.1 Hz),
the electrolzyer must consume more power. To operate fully
reliably under the worst case wherein frequency drops to 49.5
Hz (threshold defined by the Nordic TSOs), the electrolyzer

Pmin Pmaxpet

rFCR-D↑
t rFCR-D↓

t
rFCR-N
t rFCR-N

t

0

Fig. 3. An example FCR reserve allocation for an alkaline electrolyzer,
consuming power pe

t in hour t which is the operational baseline.

should be able to respond by the full activation of both FCR-N
and FCR-D Up, i.e.,

pe
t − rFCR-N

t − rFCR-D↑
t ≥ Pminzon

t + P sbzsb
t ∀ t ∈ T , (4a)

indicating that if fully activated, the electrolyzer’s consumption
should still not be lower than Pmin (if it is on) or P sb if it is
in the standby state. Similarly, for the over-frequency worse
case (i.e., 50.5 Hz defined by the Nordic TSOs), we enforce

pet + rFCR-N
t + rFCR-D↓

t ≤ Pmaxzon
t + P sbzsb

t ∀ t ∈ T , (4b)

stating that by the full activation of both FCR-N and FCR-D
Down, the electrolyzer’s consumption should not go beyond
its capacity Pmax (if on) or P sb (if standby)3.

In addition, we enforce the minimum bid requirement QFCR,
an identical value for all FCR services set by the Nordic TSOs:

rFCR-D↑
t ≥ zFCR-D↑

t QFCR ∀ t ∈ T , (4c)

rFCR-D↑
t ≤ zFCR-D↑

t

(
Pmax − Pmin) ∀ t ∈ T , (4d)

rFCR-D↓
t ≥ zFCR-D↓

t QFCR ∀ t ∈ T , (4e)

rFCR-D↓
t ≤ zFCR-D↓

t

(
Pmax − Pmin) ∀ t ∈ T , (4f)

rFCR-N
t ≥ zFCR-N

t QFCR ∀ t ∈ T , (4g)

rFCR-N
t ≤ zFCR-N

t

(
Pmax − Pmin

2

)
∀ t ∈ T , (4h)

where binary variables zFCR-N
t , zFCR-D ↑

t , and zFCR-D ↓
t ensure

that the reserve quantity bid r(.)
t , if takes a non-zero value,

is lower bounded by QFCR. If a binary variable z(.)
t takes a

zero value, combination of the corresponding lower and upper
bounds enforces r(.)

t to be zero.
Within a Hydrogen Purchase Agreement (HPA), the elec-

trolyzer owner might be obliged to supply at least a minimum
demand HPAmin over a time period, e.g., a day, or a week.
For example, let T indicate the time horizon, then Hw ⊂ T
represents the time period w ∈ W where the hydrogen demand
must be met. The minimum hydrogen demand is enforced by∑

t∈Hw

dt ≥ HPAmin ∀ w ∈ W. (5)

The non-negativity of variables is enforced by

dt, h
s
t, h

p
t , p

e
t, p̂

e
t,s, pt, p

c
t , r

FCR-D↑
t , rFCR-D↓

t , rFCR-N
t ∈ R+. (6a)

whereas binary variables are

zon
t , zsb

t , zsu
t , ẑt,s, z

FCR-D↑
t , zFCR-D↓

t , zFCR-N
t ∈ {0, 1}. (6b)

The vector x contains all variables listed in (6).

3An extension to this work is to make (4a) and (4b) probabilistic, e.g.,
via chance constraints, making less conservative reserve allocation decisions,
which is outside the scope of this paper. We refer the interested reader to
[16].
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TABLE III
INPUT DATA.

Tariffs λTSO 15.6 [e/MWh] [17]
λDSO 5.36 [e/MWh] [18]

Electrolyzer

Pmin 1.6 [MW]
Pmax 10 [MW]
P sb 0.5 [MW] [19]
Ksu 1,000 [e]
Kc 1.67 [kWh/kg H2]

Hydrogen
λH2 2 [e/kg]
HPAmin 9,072 [kg/week]
Hmax 60,500 [kg]
Dmax 180 [kg/hour]

FCR QFCR 0.1 [MW] [13]

IV. NUMERICAL RESULTS AND ANALYSIS

We consider a 10-MW alkaline electrolyzer located in DK2,
operating at a pressure of 30 bars, increased up to 350 bars
by the compressor for storage purposes. For the hydrogen
production curve of the electrolyzer, we use five linearization
segments. The minimum weekly hydrogen demand is 9,072
kg, which can be met if the electrolyzer operates with 30%
of its capacity all over the week. All parameters are given in
Table III. Currently, the minimum bid quantity QFCR in the
Nordic area is 0.1 MW, which is not a limit for a 10-MW
electrolyzer, but it could be for small-scale electrolyzers.

We solve the proposed optimization problem based on real
prices in year 2022. Since we use realized (and not forecasted)
prices, this study provides an economic assessment assuming
a perfect foresight for year 2022. All source codes and input
data are publicly shared4.

A. Optimal electrolyzer scheduling

Figure 4 illustrates the electrolyzer scheduling during a sam-
ple 90-hour horizon within 2022. We make four observations.

First, in hours with comparatively low spot prices, e.g.,
hours 30-40, the electrolyzer operates in its full capacity of 10
MW to maximize hydrogen production. Among FCR services,
the electrolyzer sells FCR-D Up reserve only in these hours.
The FCR-D Up bid quantity is maximum, which is 8.4 MW,
i.e., the capacity of 10 MW minus the minimum operating
level of 1.6 MW.

Second, in hours with comparatively high spot prices, e.g.,
hours 16-19, the electrolyzer operates in its minimum operat-
ing level of 1.6 MW. Among FCR services, the electrolyzer
sells FCR-D Down reserve only in these hours. Again, the
electrolyzer submits its maximum FCR-D Down bid quantity,
which is 8.4 MW (i.e., 10 MW minus 1.6 MW).

Third, in hours with extremely high spot prices, e.g., hours
75-90, the electrolyzer switches off, producing neither hydro-
gen nor any FCR services. Indeed, this might be affected if
the minimum weekly hydrogen demand is higher, eventually
reducing the profit.

Fourth, in hours with intermediate spot prices, the elec-
trolyzer operates at partial loading between its minimum level
of 1.6 MW and the capacity of 10 MW, and produces also
FCR-N services. For example, in hours 22-24, among FCR
services, it only produces FCR-N. For that, the electrolyzer

4Github repository: https://github.com/marco-srtt/electrolyzer nordic FCR
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Fig. 4. Optimal scheduling of the electrolyzer in FCR-N, FCR-D Up/Down,
and spot markets, in an example 90-hour horizon, starting from 22/02/2022.

consumes 5.8 MW to be able to sell 4.2 MW reserve in
the FCR-N auction, such that in extreme cases of full acti-
vation, the consumption level either drops to the minimum
or increases to the maximum level. There are also hours that
the electrolyzer sells multiple FCR services, e.g., FCR-N and
FCR-D Up in hours 9-13, or FCR-N and FCR-D Down in
hours 25-30.

Note that the minimum weekly demand of 9,072 kg hydro-
gen is met in the reserve contraction stage. In the activation
stage it might be violated, although it is unlikely as already
explained in footnote 1. However, one may develop a real-time
policy to track meeting the weekly demand, which is outside
the scope of this paper.

B. Economic assessment

Figure 5 shows the yearly profit of the electrolyzer in 2022,
which is 0.73 million e, as well as the distribution of yearly
revenues and expenses. The activation payments are excluded,
but as it was mentioned earlier, FCR services are not energy-
intensive overall, and thereby the activation payments are
expected to be negligible [12].

The total annual revenue is 3.43 million e, for which
the contributions of selling hydrogen, FCR-N, FCR-D Down,
and FCR-D Up are 28%, 2%, 30%, and 40%, respectively.
This implies that the electrolyzer earns 72% of its total
revenue from FCR auctions, which is significant. Indeed, these
results could be sensitive to the hydrogen price of e2/kg and

Fig. 5. Cash flow for a 10-MW alkaline electrolyzer, participating in the
Nordic FCR markets in 2022. Minimum weekly hydrogen demand is 9,072
kg, equivalent to 30% of electrolyzer’s capacity. The hydrogen price is e2/kg.
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Fig. 6. Sensitivity of the annual profit of the electrolyzer (with and without
selling FCR services) with respect to the minimum weekly hydrogen demand
(%) and the hydrogen price (e/kg).

the minimum weekly hydrogen demand of 30%. Therefore,
we will conduct a sensitivity analysis in the next section.
The total expenses over the year 2022 is 2.69 million e,
76% of which corresponds to the power consumption of the
electrolyzer (baseline). Tariffs cause 20% of total expenses,
while the remaining 4% is incurred by the consumption of the
compressor and the start-up cost of electrolyzer (44 start-ups
over 2022, each costing 1,000 e).

C. Sensitivity analysis

Recall we have assumed the minimum weekly hydrogen
demand HPAmin is met if the electrolyzer operates at 30% of
its capacity all over the week, whereas the hydrogen price λH2

is e2/kg. We conduct a sensitivity analysis for the annual profit
of the electrolyzer with respect to these two parameters. We
vary HPAmin from 0% to 50%, and λH2 from e1/kg to e5/kg.
We conduct this analysis for two cases: (i) the electrolyzer
offers FCR services along with the hydrogen production, and
(ii) the electrolyzer produces hydrogen only.

The results are depicted in Figure 6. As expected, profit
declines by increasing HPAmin, as the electrolyzer is obliged
to operate during non-profitable hours. In extreme cases, the
annual profit is negative. The economic value of FCR services
becomes even more remarkable when HPAmin increases.
Finally, higher hydrogen prices increase the profit.

V. CONCLUSION

This paper develops a mixed-integer linear model for opti-
mal scheduling of an electrolyzer, purchasing power from the
spot market and selling hydrogen as well as FCR-N and FCR-
D Up/Down services in the Nordic synchronous region. For a
case study based on realized spot and FCR prices in 2022, we
found out FCR services can significantly increase the annual
profit of the electrolyzer. For a case with the fixed hydrogen
price of e2/kg and the minimum weekly hydrogen demand of
30%, the electrolyzer earns the annual profit of 0.73 million
e with a significant contribution from FCR markets (72%),
particularly from FCR-D Up/Down markets. However, this is
an analysis with perfect foresight into prices, thereby the true
contribution of FCR markets with imperfect foresight might
be different. The capital cost of an alkaline electrolyzer alone
(without auxiliary assets) varies with its scale and depends

on the manufacturer, but overall it is approximately around
1 million e per MW [20]. It looks the annual profit of
0.73 million e, earned mostly from FCR auctions, is still
insufficient to recover the investment cost, but it requires an
in-depth analysis, which is left for the future work. This may
call for additional regulatory supportive actions to make green
hydrogen cost competitive.
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