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Abstract: As the share of renewable energy sources increases, the grid frequency becomes more unstable. Therefore, grid
balancing services will become more important in the future. Dedicated devices can be installed close to the point where off-
shore wind farms are connected to the transmission grid on land. There, they can be used to attenuate power variations, reduce
congestion and offer grid balancing. The provision of these ancillary services can create considerable additional economic
revenue. In this study, the provision of the primary reserve by means of a large hydrogen electrolyser of 25 MW is investigated
for the specific case of the Belgian transmission system. The revenue of the provision of the frequency containment reserve
(FCR) is analysed on a techno-economic model, including capital costs, operational costs, the revenue of the generated
hydrogen and oxygen products and the ancillary service income. The revenue depends strongly on the contracted power band.
Therefore, it is optimised to yield maximum revenue. The results show that providing FCR creates considerable additional
revenue. Therefore, a large electrolyser can be a good candidate to buffer excess renewable energy into green gas while
simultaneously providing the grid support.

௑Nomenclature
ΔP power reserve
Pe electric power consumption
K power consumption factor
Cel electricity price
P0 baseload
CF annual cash flow
t time step
H2v hydrogen value
H2p produced hydrogen
Pr power ratio
α baseload power as a percentage of the maximum capacity
Pmax maximum capacity
f grid frequency
k power-frequency characteristic
min technical minimum of operating power
Δ f frequency deviation
λfcr value of the FCR
β availability of the electrolyser
Pmin minimum power
et output voltage
E0 electrode potential difference
Rm ohmic losses in the membrane
Zel total impedance
Za anode impedance
Zc cathode impedance
Zwbg Warburg impedance
NPV net present value
i discount rate
N lifetime
IRR internal rate of return
FCR frequency containment reserve

Iin input current
Ecell PEM cell voltage
Pa output pressure
T temperature
Eth thermoneutral voltage
Eac, a activation voltage of the anode
Eac, c activation voltage of the cathode
Eohm ohmic voltage drop

1௑Introduction
The electric power industry is changing continuously due to
growing diversity in the energy mix. This is mainly caused by the
increasing share of renewable energy sources. Global warming and
climate change are the main reasons for a rapid global transition
towards renewable energy generation. Furthermore, fossil fuel
reserves are being depleted progressively while the demand for
energy keeps increasing. Also, the levellised cost of energy
(LCOE) of renewables has decreased drastically to a level where it
is cheaper than classical energy sources, e.g. natural gas or nuclear
energy. Clearly, a more diverse energy mix is needed, which
requires a change in the structure and operation of the conventional
power system.

Besides the positive aspects of increasing the share of
renewables in the energy mix, the technical feasibility of
integrating variable renewable sources should be considered. Due
to the intermittent nature of these sources, they bring more
fluctuations and uncertainty into the grid and complicate its
operational management. However, as wind and solar power are
the fastest-growing sources of electricity, their effects must be
taken into account [1, 2]. For example, the inertial response of the
grid on power imbalances is determined by all rotating masses of
the turbo-generators in the system. However, renewable power
sources such as wind turbines and photovoltaics do not possess
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directly coupled rotating inertia, which reduces the robustness and
stability of the power system [3–5].

Different solutions such as energy storage systems (ESSs),
demand-side response (DSR), and curtailment of variable
renewable energy sources have been suggested to manage the
energy flows and increase the flexibility of the grid [6–9]. ESS
with a certain degree of flexibility can be used to charge, hold and
discharge the electricity according to the condition of the grid.
Storage technologies with different characteristics have been
developed to provide electrical storage for a wide range of power,
i.e. pumped hydroelectric storage (PHS), batteries, flywheels and
hydrogen technologies. PHS has a long discharge time and a large
power storage capacity is counted as utility-scale energy storage.
Although pumped hydroelectric energy storage is well suited for
bulk power management, specific geographic conditions are
required, i.e. geologic and hydrologic constraints. Batteries with a
fast response have the potential advantage to be used for frequency
regulation [10]. However, this technology, with its low energy
density (energy per unit volume), is not able to store a large
amount of energy. Therefore, for a grid-scale battery system, a
large number of cells are required to store the excess electricity
production. Flywheel ESSs can provide immediate active power to
support the grid. Their main advantage is the fast response time,
which makes them suitable for frequency regulation. However,
compared to other storage systems, they have a shorter discharge
time and power storage, i.e. up to 1 MW for less than an hour.
Hydrogen storage systems have higher performance in terms of
energy storage, i.e. 1 GWh up to 1 TWh, and a discharge time
compared to the aforementioned storage systems. Therefore,
hydrogen, as an energy carrier, can be one of the possible options
for voltage and frequency stabilisation [11–13]. Despite the
advantages of hydrogen storage systems, the direct conversion of
electrical energy to hydrogen is not economically viable due to the
high electrolyser costs and relatively low hydrogen price.
Nevertheless, hydrogen storage systems can play a fundamental
role where a high amount of renewable energy is available, and
more grid support is required.

Studies show that electricity-based hydrogen plays a key role in
reducing greenhouse gas emissions in the future of the European
Union. Hydrogen, as a clean vector, is used in fuel cell-based
electric vehicles which leads to a de-carbonisation of the transport
sector. Moreover, hydrogen can contribute in the energy market as
a provider of flexibility [14, 15]. The results of a recent techno-
economic assessment of the hydrogen production mix for road
transport explains that the electrolyser could act as a key
technology to fulfil its hydrogen demand in the medium and long
term [14]. It is found in [15] that the most important techno-
economic properties of electrolysers are their ability to operate
flexibly and the efficient conversion of electricity into hydrogen.
These studies show that electrolysers have a positive effect on
frequency stability, as electrolysers are able to respond faster to
frequency deviations than conventional generators [16].

Large-scale electrolysers are an energy-intensive technology
that can be operated to support the grid by regulating the input
power based on the grid's condition, i.e. to deliver ancillary
services. Therefore, additional revenue can be generated by
participating in ancillary markets. In the recent research conducted
by Mohanpurkar et al., the performance of electrolyser systems in
providing grid support was investigated. The dynamic response of
an electrolyser participating in demand response, local voltage
support, and frequency support was tested by utilising the fast
response of the electrolyser, i.e. subsecond level. The results
verified that electrolysers can be utilised as controllable loads
without negatively impacting their life. However, the economic
analysis and exact economic benefits due to participating in the
demand side response were not covered in [17]. Based on the
findings of Allidières et al., polymer electrolyte membrane (PEM)
water electrolysis stacks/plants represent sufficient flexibility and
reactivity to provide primary and secondary power reserves.
However, it was concluded that the existing technology requires
further developments to reduce efficiency losses and degraded
power responses in the conditions of interest for grid services [18].
Matute et al. [19] performed a techno-economic analysis of multi-

MW electrolysis plants designed to provide grid services while
producing hydrogen for different end uses. The results showed that
combining multi-MW electrolysers with the provision of secondary
reserve in Spain is a valid option to obtain cost-competitive
hydrogen for different applications. However, a sufficient hydrogen
demand is required for the profitability of a hydrogen refuelling
station network [19].

In this paper, a techno-economic analysis is performed of a 25
MW PEM electrolyser installation in Belgium, planned to provide
grid services while injecting hydrogen into the natural gas pipeline.
Different electrolyser operational strategies are investigated to find
the optimal method of running the electrolyser, which maximises
the economic return. Later, an electrolyser system, i.e. cell stack
and controller, is developed to examine the controllability and
reactivity of the electrolyser operating with the proposed strategy.
A numerical model is developed in Matlab to assess the economic
benefits of running a large-scale electrolyser with two different
strategies. In the first strategy, the power consumption is varied
based on the electricity price variations on the Epex Spot market.
As price variations are correlated with the balance of the grid
through the supply and demand principle, this operating strategy is
a form of grid balancing. In the second strategy, the economic
return is maximised by providing frequency containment reserve
(FCR) as an ancillary service. Once the optimal operating strategy
is determined, an electrochemical model of the electrolyser is
developed to test the system response under the most extreme
variation in the grid frequency. In this paper, we propose an
optimal strategy for operating a large-scale electrolyser in Belgium.
The main contributions are:

• Maximising the economic efficiency of a large-scale electrolyser
installation.

• Optimal contribution of an electrolyser in the Belgian ancillary
service market.

• Technical validation of the proposed strategy for providing
symmetric 100 mHz frequency containment reserve.

• Monitoring the response of the dynamic model to the maximum
frequency variation in the year 2017.

• Suggesting a generic techno-economic model which can offer
useful and incentive information for the hydrogen sector to
improve the economic viability of electrolysers by providing
grid balancing services.

This paper is organised as follows: Section 2 describes the
business case and methodology. The optimisation of the
electrolysers power consumption is described in Section 2.1.
Section 2.2 explains the strategy of providing ancillary services to
the grid. The electrolyser degradation and modelling are discussed
in Section 2.3. The optimisation and simulation results of each
strategy are presented in Sections 3.1 and 3.2, respectively. The
PEM electrolysers dynamic response to the grids condition is
discussed in Section 3.3.

2௑Methodology
Since hydrogen production through electrolysis is an energy-
intensive process, the electricity price is of vital importance to the
economic viability of the electrolyser. As the first business case,
the electrolyser is operated to follow the variations in the electricity
price. As mentioned before, these variations are linked to the grid
balance through the supply and demand principle. Hydrogen
storage is not foreseen in the model, assuming that all the produced
hydrogen can be injected into the conventional natural gas grid as
long as a limit of 2% volume hydrogen is not exceeded. This limit
is imposed to avoid exceeding flame temperature limits in natural
gas consumers. To inject the hydrogen into the existing natural gas
pipeline, it must be compressed from 30 to 70 bar. It is assumed
that the compression stages are not costly in comparison to the
electrolysis. Therefore, the compression station costs are not
included. However, for high-pressure applications such as mobility
(pressure level up to 700 bar), the compression cost is not
negligible. Injecting hydrogen in the natural gas grid reduces the
CO2 emission with 202 kg/MWh (39 kWh(HHV)/kgH2

) [20].
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However, the avoided emission of CO2 does not generate
substantial revenue for the hydrogen supplier. Table 1 gives an
overview of the assumptions and the main parameters of the
electrolyser. 

The second business case aims to analyse the possible
profitability of using the electrolyser to provide DSR services.
Ancillary services are essential to support the power grid stability
in unbalanced situations. Moreover, participating in the ancillary
market brings additional economic revenue. The ancillary services
can be provided by regulating the power offtake of the electrolyser
according to the grid frequency. In this economic model, the power
consumption profile of the electrolyser is varied based on the
frequency variation of the Belgian grid in 2017, operated by the
transmission system operator Elia.

The additional economic revenue of the provision of each FCR
product type (two symmetrical and two asymmetrical products)
will be investigated. Symmetrical FCR products are delivered
within a frequency deviation of 100 or 200 mHz from the nominal
50 Hz upward or downward. Asymmetrical FCR products are
provided if the frequency deviates more than 100 mHz from
nominal, either upward or downward. The power reserve offered
by the electrolyser is assumed to be constant for the whole year,
though the tendering process is evolving to a shorter period in the
future.

The power response of alkaline and PEM electrolysers to
frequency variations of the grid can be easily modulated [17]. The
response time from pressurised standby to a full-load operating
condition is < 3 s. A hot-start is even faster, i.e. < 1 s. However, it
is not recommended to frequently switch the electrolysers entirely
on and off in stand-alone systems, from a system frequency control
perspective [21]. Therefore, to provide an adequate response to the
grid frequency variation and to fulfil the technical specifications,
the electrolyser is supposed to be continuously operated in a
variable way to avoid the start-up and shut-down time required to
purge the nitrogen. Thus, a minimum operating capacity of 10%
(2.5 MW) is considered.

The average prices of all primary reserve products in 2017 are
given in Table 2. The hourly electricity price in the model is equal
to the Epex Spot electricity price in 2017 with an average price of
44.6 €/MWh. The same assumptions as the first business case are
considered with a difference that the ancillary service is included in
the optimisation algorithm as an end product. Therefore, the
algorithm optimises the objective function of producing hydrogen
and providing ancillary services as the end products, based on the
annual average Epex Spot electricity price. The optimisation aims
to find the baseload power and power reserve at which the
maximum revenue is generated.

The investment profitability of the electrolyser for the lifespan
of 20 years is calculated, taking into account both the operational
and investment costs. The cash flow (CF) is kept identical for each
year based on the assumption that both the hydrogen and electricity
price will increase by the same amount. According to Thomas et al.
[20], the hydrogen value for on-site production will reach 2.72 €/kg
in 2030 and 3.59 €/kg in 2050, with an average yearly increase of
2%. As the electricity prices are also expected to rise in the near
future, an annual increase of 2% is assumed. However, by
scheduling the power input according to the electricity price, the
power consumption decreases, and the influence of the electricity
price evolution is cancelled out. The electrolytic cells wear out
over time, and a replacement is required after 10 years (half of the
lifetime) with a cost of 50% of the initial investment. This
replacement cost is included in the CF of the tenth year, and it is
weighed with the discounting factor. To analyse the economic
feasibility of operating the electrolyser with the first strategy, the
net present value (NPV) is calculated as:

NPV = ∑
k = 1

N
CF(a)

(1 + i)k
(1)

where a is the year, CF(a) is the cash flow in the year a, i is the
discount rate, and N is the lifetime. A discount rate of 2% is
considered.

2.1 Power input optimisation

In the first strategy, the power input of the electrolyser is
dynamically modulated to follow the electricity price. No ancillary
service provision is considered. The electric power consumption Pe

is regulated as a linear function of the electricity price:

Pe = P0 − KCel (2)

where K is a constant control factor that determines how strongly
the power consumption reacts to price variations. The hourly
electricity price is represented by the variable Cel. P0 is the
baseload power which can be set between a minimum of 2.5 MW,
to avoid start-up time, and a maximum of 25 MW. An optimisation
algorithm maximises the annual CF of the system with an objective
function in which electricity expenditure and hydrogen sale are
considered as the main cost and revenue drivers, respectively. The
objective function of the algorithm is defined as follows:

CF = ∑
t = 1

T

H2vH2p

t − Pe
t
Cel

t ΔT (3)

where electricity consumption Pe specified at each time step t,
(where t = 1, 2, …, 8760 h). The amount of hydrogen produced
varies on an hourly basis, as the electricity price also varies hour-
by-hour. The value of hydrogen H2v is a constant, given in Table 1.
The produced hydrogen in the function of the operating power is
calculated by (4), considering the partial load efficiency of the
electrolyser. The equation is obtained based on experimental data
provided by Hydrogenics, a manufacturer of hydrogen generation
and fuel cells

H2p = −5.9 ⋅ Pr
2 + 5.07 ⋅ Pr + 20.17 ⋅ Pe (4)

where

Pr =
Pe

Pmax
. (5)

Fig. 1 shows the annual CF of the electrolyser as a function of
the baseload P0 and the control parameter K. The annual CF
reaches its maximum at K = 0.29 and P0 = 25 MW (maximum
baseload). Operating the electrolyser at these optimum values
generates the maximum revenue for the system, considering the
hydrogen production and the electricity expenditure as the main
parameters in the cost function.

Operating the electrolyser at its maximum capacity with K =
0.29 makes the CF mostly positive, giving the possibility to follow
the electricity price with considerable hydrogen production.

2.2 Providing primary reserve

2.2.1 Symmetric 100 and 200 mHz FCR product: To provide
symmetrical 100 and 200 mHz FCR products, the electrolyser is
never operated at the maximum or minimum capacity on an
average, to keep the power reserve available for the positive and
negative variations of the grid frequency. Therefore, the baseload
power is set between 15 and 95% of the maximum capacity (3.75–
23.75 MW). In these strategies, the power input responds linearly
and proportionally to the frequency variations of the grid.
According to the grid operator regulations in Belgium, a deadband
of 10 mHz (50 Hz ± 10 mHz) is considered, in which the primary
control is not allowed to react, and the electrolyser operates at its
baseload power. The equation used to guarantee such behaviour is

Pe =
αPmax −0.01 ≤ Δ f ≤ 0.01

αPmax + kΔ f otherwise
(6)

where α is the baseload power as a percentage of the maximum
capacity Pmax. This is the variable that is optimised in the algorithm.
The frequency of the grid is represented by f. The parameter Δ f  is
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the frequency deviation from 50 Hz (Δ f = f − 50 Hz). k is the
power–frequency characteristic of the electrolyser, defined as

k =
ΔP

Δ f
. (7)

The symmetric mHz FCR product covers the frequency deviation
Δ f  up to 100 mHz. The symmetrical product with respect to the
nominal frequency gives an equal chance for downward and
upward requests to stabilise the frequency. To provide a

symmetrical 200 mHz product, the system reacts to a frequency
deviation of 200 mHz from the nominal value. The power input
reacts linearly to the frequency variation with a less steep slope
compared to the 100 mHz product, because of the less restrictive
activation range (48.8–50.2 Hz). The equation that expresses the
power reserve is as follows:

ΔP =

P0 − Pmin, α ≤
1 − min

2
+ min

Pmax − P0, α >
1 − min

2
+ min

(8)

The annual CF is calculated as

CF = ∑
t = 1

T

H2vH2p

t + ΔP
t
λfcrβ − Pe

t
Cel ΔT (9)

where λfcr is the value of the FCR product, H2
v is the value of

hydrogen (2.2 €/kg), t = 1, 2, …, 8760 h, and β is the availability of
the electrolyser, i.e. 98%. H2p is the produced hydrogen which
changes linearly with the power input indicated by Pe, and can be
calculated using (4).

2.2.2 Asymmetrical FCR downwards: To provide the
asymmetrical product FCR downwards, the system reacts to
frequency deviations above 50.1 Hz. Therefore, if the grid
frequency is above 50.1 Hz, the power input of the electrolyser
follows the frequency as:

Pe =
αPmax + kΔ f δ > 0

αPmax otherwise
(10)

where Δ f = f − 50.1 Hz, and k is the power frequency
characteristic of the electrolyser for a frequency deviation of 0.2 
Hz. To keep the power reserve available, the electrolyser cannot be
operated at its maximum capacity. Therefore, the baseload varies
between a technical minimum of 10 and 95%. The power reserve is
given by

ΔP = Pmax − P0 . (11)

2.2.3 Asymmetrical FCR upwards: In this strategy, the
electrolyser reacts to the grid frequency when the frequency is
below 49.9 Hz. The power input varies as a function of frequency
according to

Pe =
αPmax + kΔ f Δ f < 0

αPmax otherwise
(12)

where k is the power frequency characteristic of the electrolyser for
a frequency deviation of 0.2 Hz, and Δ f = f − 49.9 Hz. The
baseload varies between 15 and 100%. The power reserve is
calculated as

ΔP = P0 − Pmin . (13)

2.3 Electrolyser model

When electrolysers are used as variable loads, both their static and
dynamic performance must be considered. During the exploitation
of the electrolyser, its static behaviour can vary depending on the
accumulated operating hours, which is known as stack degradation.
As will be shown, the dynamic behaviour of the PEM stack will be
included in the model.

2.3.1 PEM stack degradation: When current is flowing through
a PEM cell, a voltage drop is created. According to the authors in
[22, 23] this voltage drop is composed of several components. In
addition, this voltage is dependent on the stack output pressure and

Table 1 25 MW electrolyser parameters and assumptions
25 MW PEM electrolyser
capital expenditure (CAPEX) 1000 €/kW [20]
operational cost 1% of capital cost
nominal H2 output 5000 Nm3/h

lifetime 20 years
availability 98%
cell stack lifetime 80,000 h
operating hours 8760 h/year
substitution cell 50% of capital cost
output pressure 30 bar
connection cost to the power grid 500,000 €
connection cost to the gas grid 2,250,000 €
value of generated hydrogen 2.2 €/kg [20]
value of generated oxygen 24.5 €/ton [20]
 

Table 2 Annual average price of contracted primary
reserves
FCR product Price, €/MW/h
symmetric 100 mHz 33
symmetric 200 mHz 15
ssymmetrical 4

 

Fig. 1௒ Net CF as a function of K and P0
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temperature [24]. The mathematical expression for the cell voltage
is given as follows:

Ecell(Pa, T) = Eth + Eac, a + Eac, c + Eohm (14)

where Ecell is the PEM cell voltage, Pa is the output pressure, T is
the temperature, Eth is the thermoneutral voltage, Eac, a is the
activation voltage of the anode, Eac, c is the activation voltage of the
cathode and Eohm is the ohmic voltage drop.

In [22–27], the necessary data to fill in (14) and the results are
presented in Fig. 2a. These results are obtained at 25°C, 30 bar
pressure and a current density between 0 and 2.5 A/mm2. The
major contributor to the PEM voltage is the thermoneutral voltage,
which gives an offset of 1.483 V. In practice, a typical value used
for the current density is 1 A/mm2. At this point, the next more
dominant component is the anode activation voltage and finally the
ohmic voltage drop. By using these parameters, the resultant
voltage drop is obtained to be Ecell(Pa, T) = 1.8 V.

In this paper, it is assumed that the lifespan of the PEM stack is
80,000 h (see Table 1). In the literature, it was found that the major
contributor for the stack degradation is the increased ohmic
resistance of the electrodes and membrane. A typical degradation

rate of the stack is considered to be about 1 mV per cell for 1000 h
operating at full load [28]. Therefore, the total cell voltage increase
is 80 mV, i.e. 1.880 V after 80,000 h of operation. Fig. 2b shows the
curves of new and degraded cells. In this particular case, the
degraded cell has 82.7% more ohmic resistance compared to a new
cell. If a constant cell voltage is applied at the cell terminals, then
the current density drops from 12 to 0.7 A/mm2, which will result in
a decreased hydrogen production. However, these results are
obtained at 25°C (298 K). Usually, the PEM stack temperature is
higher than that, as it reaches 80 °C (353 K). Fig. 2b also shows the
curves of new and degraded cells at 80°C. It can be seen that the
degraded cell voltage decreases at higher temperature, and at
1A/mm2 it is close to a new cell voltage. The voltage of the new
cell decreases even further down to 1.72 V at high temperatures for
the same current density.

The conducted analysis shows that the cell degradation does not
have a severe impact on the PEM stack consumption and power
supply performance. Indeed, with a new stack and high
temperatures, the PEM power will be slightly lower and gradually
increasing with the degradation. Nevertheless, the maximum power
at a new stack is known, and it can be used as a contracted power
for ancillary services. With the degradation of the stack, the power
will increase, but the contracted power will be intact, and the
electrolyser will continue to provide FCR as expected. From (14),
it is evident that the cell voltage is dependent on pressure and
temperature. The additional ‘Balance of Plant’ (BoP) components
in the system, i.e. chillers, compressors etc. are assumed to regulate
the pressure and PEM stack temperature such that the total power
can be controlled.

2.3.2 Dynamic model of the PEM stack: The electrochemical
model of the PEM electrolyser can be described with Randles
circuits connected in series. The electrolyser impedance can be
calculated from the difference of the standard electrode potential E0

and the measured output voltage et, which is given by (15):

Zel =
Vel

Iin
. (15)

The voltage drop across the electrolyser is the sum of the over-
voltages of the anode, the cathode and the membrane. Therefore,
the equivalent impedance of a PEM is composed of the cathode
and anode impedance in series with the ohmic losses in the
membrane Rm [29]. The total impedance Zel of the PEM cell is then
given by

Zel = Za + Rm + Zc . (16)

As illustrated in Fig. 3a, the impedances of anode and cathode
are composed of the double-layer capacitance, the resistance of the
charge transfer to the electrode, and the Warburg impedance
Cdl ∥ [Rt + Zw]  [30, 31]. The electrical model can be simplified

to the Randles–Warburg (RW) model, in which The RW cell
represents the PEM impedance Zel [31–33]. The equivalent
electrical circuit of the RW can be used to model the impedance
response of electrochemical systems such as a galvanic cell or an
electrolytic cell [34]. The electrochemical model of the PEM
electrolyser based on the RW cell is illustrated in Fig. 3b. The
equation of the Warburg impedance Zwbg in the Laplace domain is
given by

Zwbg(s) =
Rd1

1 + Rd1Cd1s
+

Rd2

1 + Rd2Cd2s
. (17)

The parameter values of the RW model are estimated based on
the physical characteristics of the system. The parameters in [35]
are upscaled with different factors to give the desired impedance
behaviour of the 25 MW PEM electrolyser. The values of these
parameters are given in Table 3. 

Up to this point the dynamic behaviour was presented under the
assumption of a new stack. Nevertheless, with the degraded stack,

Fig. 2௒ PEM stack degradation impact
(a) Different PEM cell voltages as a function of the current density, (b) V-I
characteristics of a degraded PEM cell (after 80,000 h of operation) at 353 K (80°C)
and 298 K (25°C)

 

Fig. 3௒ PEM stack model
(a) Electrical model, (b) Electrochemical model with Randles-Warburg cell

 
Table 3 Randles–Warburg model parameters
Rct, Ω Cdl,F Rd1, Ω Cd1, F Rm, Ω Rd2, Ω Cd2, F
0.331 0.545 0.013 1080 0.381 0.121 14,400
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the ohmic resistance increases, while the capacitance remains the
same. This will increase the time constant of the PEM stack.
However, the change will not be greater than the time constant of
the BoP equipment. Therefore, even if the stack is degraded, the
whole system will be able to provide a fast response which is
suitable for ancillary services provision.

The dynamic performance of the model based on the
approximated parameters is monitored by applying an ideal current
source, which is shown in Fig. 4. The PEM model reacts to the
current changes, and the power signal settles down within one
second at maximum, while the PEM voltage reaches 0.9 kV at the
rated power.

3௑Optimisation and simulation results
3.1 Power input optimisation

Fig. 5 shows the electrolyser performance running with a power
input optimisation strategy. As illustrated, the electrolyser power
consumption follows the electricity price variations. Therefore, in
the coldest months of the year (October, November, December,
January, February), when electricity prices are high, the power

input is accordingly reduced to its minimum, and less hydrogen is
produced. In contrast, in warmer months of the year, the input
power and consequently the hydrogen production rise due to the
low electricity price.

Figs. 6 and 7 show a detailed overview of the power
consumption, electricity price, and produced hydrogen in the whole
month of January and the first day of the year, respectively. As can
be seen, the electrolyser power consumption is scheduled based on
the electricity price. This dynamical operation of the electrolyser
maximises the CF as the cost function is minimised As a result,
despite the positive net CF, the calculated NPV is negative. The
economic parameters and generated incomes from selling hydrogen
are given in Table 4. 

The results show that the electrolyser is only operated at its
maximum capacity on moments with a very low electricity price,
particularly when the price becomes negative. As shown in Fig. 8,
the electrolyser runs up to 25 MW on the 30th of July due to the
negative electricity price. 

Fig. 4௒ Dynamic response of the PEM stack to the ideal current source
 

Fig. 5௒ Electrolyser power consumption in 1 year
 

Fig. 6௒ Electrolyser power input in first day of the year
 

Fig. 7௒ Electrolyser power consumption in January
 

Table 4 Economic parameters for different ancillary
services and operating strategies based on the optimal
operating point

Power input
optimisation

100
mHz
FCR

200
mHz
FCR

FCR
downwards

FCR
upwards

NPV, M€ −18.55 21.23 −6.78 −27.76 −20.6

IRR, % −6 9 −0.7 −13 −7

FCR
income, M
€

– 3.18 1.44 0.77 0.51

H2 income,
M€

5 5.3 5.39 0.97 6.88

 

Fig. 8௒ Electrolyser power consumption in July
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3.2 Providing primary reserve

Fig. 9 shows the power–frequency chart of symmetric 100 mHz
product. The power input follows the frequency variation with the
optimum baseload of 13.75 MW with a reserve of 11.25 MW.
However, the primary reserve does not react within the first 10 
mHz deviations from 50 Hz. As illustrated in Fig. 10, offering the
100 mHz product as the primary reserve and operating the
electrolyser with a baseload of 55% of its capacity, maximises the
annual CF with a yearly income of 3.18 M€ by providing ancillary
services. The profitability of the investment is estimated,
considering a lifespan of 20 years. The power–frequency chart of
symmetric 200 mHz product is shown in Fig. 9. The maximum
annual CF is achieved for the electrolyser operating at 55%
baseload and providing 11.25 MW power reserve (Fig. 10). As a
result, running the electrolyser at its optimum baseload generates
an income of 1.44 M€ from providing primary reserve and 5.39 M€
from the hydrogen production. The response of the electrolyser in
function of time, delivering the symmetrical 100 and 200 mHz
products, is represented in Fig. 11. The power input variation of the
electrolyser providing the 100 mHz product is twice as high
compared to the 200 mHz product. This is because of the fact that
the system reacts to the frequency deviation within a different
frequency range but with the same available power reserve.

The power–frequency of the electrolyser operating at its
optimum point providing the asymmetric downward product is
presented in Fig. 9. The maximum net CF is obtained by running
the electrolyser at the minimum technical capacity as baseload and
providing 22.25 MW of power reserve. The optimal economic
solution yields an income of 770 k€/year from offering primary
reserve and 970 k€/year from the hydrogen sale.

Fig. 9 illustrates the power–frequency chart of the electrolyser
offering the asymmetric upward product. The income of 510 k€/
year from offering primary reserve and 6.8 M€/year from the
hydrogen sale are not enough to cover the electricity cost.
Therefore, the NPV becomes negative (−20.6 M€/MW/h). The
dynamic response of the electrolyser delivering FCR down and
FCR up are shown in Fig. 11. The power input is adjusted either
with increasing of frequency (FCR down) or with the frequency
drop (FCR up). As shown, the electrolyser mostly operates at a
very low capacity which gives rise to the poor economic viability.
The optimised economic parameters and generated incomes from
selling hydrogen and providing ancillary services for each ancillary
product are listed in Table 4.

3.3 Electrolyser dynamic simulation

To test the dynamic performance of the PEM electrolyser in
providing ancillary services, a cascaded control system is designed
to regulate power consumption. The power reference signal reacts
linearly and proportionally to the grid frequency deviation
according to (6). In this control scheme, the proportional–integral
(PI) controller (slow outer controller) reacts to the frequency
deviation and provides the reference signal to the current controller
(fast inner controller). Therefore, the cascade controller adjusts the
power consumption of the electrolyser by regulating the PEM stack
current. Fig. 12 illustrates the control diagram. The proportional
and integral gains of the control system are given in Table 5. The
output signal of the ramping block is passed to the BoP equipment

Fig. 9௒ Power–frequency chart in the optimal technical condition for FCR products
 

Fig. 10௒ Economics for the FCR products varying the baseload
 

Fig. 11௒ Comparison of the dynamic power consumption for FCR products
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as well as the cascaded loops of the electrolyser control. Since the
BoP reacts within 3 s [17], a time delay block is included in the
forward path to match the responses of BoP and electrolyser stack.

Fig. 13 shows the flexible operation of the electrolyser
providing 100 mHz FCR. The performance of the electrolyser is
monitored for 10 min on the first day of January 2017. The grid
frequency varies every 10 s, and the electrolysers power
consumption is regulated based on the grid frequency. The 25 MW
electrolyser is operated at its optimum operating point obtained in
Section 3.2. Therefore, the electrolyser operates at 55% of its full

capacity while providing 11.25 MW of the primary reserve. The
power offtake is regulated with a cascade controller by regulating
the current input. As illustrated in Fig. 13, the dynamics of the
PEM electrolyser are considerably fast during the operation, and it
can react to the grid frequency deviations within 5 s. Therefore, the
PEM electrolysis can be operated at different power values with a
high degree of flexibility. Also, the hydrogen production obtained
from (4) and the current input variation of the electrolyser running
with the grid balancing strategy are represented in Fig. 13.

Fig. 14 demonstrates the dynamics of the 25 MW PEM
electrolyser reacting to the maximal frequency deviation that
occurred in the year 2017. The maximum frequency deviation is
obtained for the reaction zone of FCR 100 mHz (49.9–50.1 Hz). In
this frequency event, the frequency increased from 49.978 to 50.1 
Hz. The controllability of the electrolyser is tested in this region to
regulate power consumption for the desired response time within a
maximum of 30 s. As shown in Fig. 14, the electrolyser responds to
the 0.125 Hz frequency variation with an abrupt load change of
13.725 MW (11.275–25 MW and back) in < 5 s. This shows that
the PEM stack has sufficiently fast dynamic behaviour to react to
realistic frequency changes and provide services to the power grid.

4௑Conclusion
The main goal of this study is to investigate an optimal strategy for
operating a large-scale electrolyser in Belgium to maximise
economic efficiency by providing FCR. Therefore, we have
assessed the techno-economic performance of two operational
strategies for power-to-hydrogen technology. In the first strategy,
the electricity consumption of the electrolyser was modulated
according to the electricity price. Later, the electrolyser was
operated to participate in the ancillary market, by adjusting the
power offtake according to the grid frequency. Four possible
ancillary service products have been investigated, and technical
validation is performed for the optimal operating strategy.

The results demonstrate that operating the electrolyser to follow
the electricity price would not be economically viable. This is due
to the high investment cost and low hydrogen selling price. It was
found that offering the symmetric primary reserve (FCR 100 mHz)
is a valid option to generate additional revenue from ancillary
services. The optimal economic strategy is to run the electrolyser at
a baseload of 55% while providing the remaining capacity as a
power reserve. Moreover, the Randles–Warburg electrochemical
model is used to represent the dynamic behaviour of the PEM stack
of the electrolyser. The electrolyser response to the maximum
frequency variation has been tested to verify the controllability of
the power offtake. Simulation results show that the fast dynamics
of the PEM electrolyser provide a high degree of flexibility, which
provides the opportunity to participate in the ancillary market.
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Fig. 12௒ Control diagram of PEM electrolyser
 

Table 5 Proportional and integral gains of the cascaded
controller
Controller Proportional gain (P) Integral gain (I)
power (outer loop) 20 10
current (inner loop) 10 10
 

Fig. 13௒ Dynamics of PEM electrolyser providing FCR 100 mHz
 

Fig. 14௒ Step response of PEM electrolyser to the maximum frequency
variation of year 2017 occurred in Belgium
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