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Abstract—This paper examines the frequency support ca-
pability of hydrogen electrolysis plants, considering multiple
stacks scaled-up together under different dispatch strategies. We
propose a dynamic model of a multi-stack electrolysis plant where
a common grid-side converter is used for all stacks, each of which
is interfaced through an individual DC-DC converter. The plant
control includes a power dispatch unit responsible for allocating
available power across the stacks. The model further represents
essential electrolyzer operational constraints, including ramp
rate and partial load limits. Our study clarifies how different
power dispatch strategies (e.g., average allocation, daisy-chain
allocation) and operational constraints interact and may impact
the available headroom/footroom for frequency control services,
the associated response time, and the aggregate equivalent plant
operational limitations. The simulation results indicate that the
average allocation strategy reduces the available footroom for
upward frequency control services and improves the plant ramp
rate. Conversely, the daisy-chain allocation strategy tends to
offer a larger room for power reduction during under-frequency
events, though at the expense of more restrictive ramp rate
performance. The findings of this study should be considered by
system operators and project developers when planning system
support services from large-scale electrolysis plants.

Index Terms—Frequency control, Partial load limit, Power
dispatch strategies, Ramp rate limit, Scale-up requirements,
Scaled-up hydrogen electrolyzers.

I. INTRODUCTION

The rapid growth of inverter-based technologies, such as re-
newable energy sources (RES), has reduced synchronous iner-
tia and tightened frequency stability margins in power systems
around the world [1], [2]. While there are few technological
solutions available to support system stability such as battery
storage systems, there is a potential in providing frequency
control services from large inverter-based loads (IBLs) such
as hydrogen electrolyzers (HEs). Electrolyzers can change
their active power consumption over sub-second to multi-
second timeframes, thus being able to mitigate active power
mismatch and frequency excursions [3]. There are currently
trial projects underway to demonstrate the flexible operation
of electrolysis technologies for system frequency services,
such as the 10 MW electrolyzer in Germany’s REFHYNE
project [4], 100 MW electrolyzer in the United Kingdom’s
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Gigastack project [5], and 10 MW electrolyzer in Japan’s
FH2R project [6], among others.

While the existing literature generally analyzes HE fre-
quency control capability using only a single electrolysis stack,
practical large-scale electrolysis facilities comprise multiple
stacks that are scaled up and coordinated through a specific
dispatch strategy [7]. For example, the references [1], [8]
propose dynamic models for large-scale HEs providing fre-
quency control services. However, the entire HE system is
modeled as a single unit with one stack and the associated
controls. Ignoring the scaled-up plan and requirements, elec-
trolysis plant dispatch strategy, and operational limits produces
an inaccurate picture of electrolyzer capabilities in system
frequency services. In [9], the authors propose a dynamic
power allocation control strategy for hybrid hydrogen systems
providing frequency control, with no discussions on power
dispatch strategy and its impacts on the available range for
service provision. Similarly, the impacts of dispatch strategy
on both the available range for frequency control provision
and the HE response time is not investigated in [10] and [11].

In [12]-[14], two main categories of power dispatch strate-
gies have been identified for multi-stack HE plants: the aver-
age allocation (AVA) strategy and the daisy-chain allocation
(DCA) strategy. In AVA, the available power is allocated
equally among all stacks, while in DCA stacks are activated
sequentially once the preceding stack reaches its predefined
power threshold. Based on these two strategies, previous
research works attempted to optimize power allocation in
multiple-stack units in terms of overall efficiency, and lim-
ited electrolyzer degradation and uneven stack utilization.
However, it is not yet investigated how and to what extent
these power allocation strategies may impact the available
active power headroom/footroom for HEs, as well as their
associated response time, when it comes to frequency con-
trol services. It is also not clear how to integrate power
dispatch strategy model into the whole HE plant dynamic
model with several hydrogen/power controllers and operational
limitations. Although partial load and ramp rate constraints are
generally defined for individual stacks, the resulting aggregate
limitations of a multi-stack HE plant may vary with the chosen
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Fig. 1. A generic electrolysis stack model.

dispatch strategy. This is an issue that remains unexplored.
In summary, the contributions of the paper are summarized,
as follows:

1) Presenting a detailed dynamic model of a scaled-up
HE plant with multiple stack units, coordinated with
different power dispatch strategies, connected to the
external grid through a power-electronics interface while
considering scale-up requirements;

2) Studying the potential impacts of the HE dispatch strat-
egy on its available technical range and response time
when providing frequency control services;

3) Highlighting the potential impacts of multi-stack plant
dispatch strategy on the aggregate equivalent plant par-
tial load and ramp rate limits.

The rest of the paper is organized, as follows: In Section II,
a novel dynamic model for scaled-up HE plants is proposed,
which includes HE stack model, power dispatch controller,
partial load limiter, and ramp rate limiter. Section III presents
the simulation test system, case studies, and discussions.
Concluding remarks are presented in Section IV.

II. PROPOSED DYNAMIC MODEL FOR A MULTI-STACK HE
PLANT CONSIDERING ITS POWER DISPATCH STRATEGY

A. Electrolysis Stack Model

The fundamental component in the HE plant modeling is
the electrolysis stack model. As illustrated in Fig. 1, the
electrolysis stack model includes a constant voltage source
(Vyew), wWhich represents the stack reversible voltage and other
components to denote several overpotentials, which are a
function of stack current (I), temperature (7'), and pressure
(P). The internal resistance (R;) captures stack voltage-current
relationship and an Electrical Double Layer (EDL) branch
composed of an overpotential capacitor (C,,) in parallel with
a mass transport resistance (R,,) [1].

In alkaline (ALK) electrolyzer modeling, the inductor L
should be considered to account for its slow dynamics. It is
to note that L ~ 0 in the case of proton exchange membrane
(PEM) electrolyzers because of their inherent fast dynamics.
The effect of the EDL branch can be neglected in PEM
stacks, while it has a significant effect on ALK stack dynamic
behavior [8].
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B. Proposed Dynamic Model for Scaled-up HE Plants

Utilizing the stack model presented earlier, a detailed dy-
namic model of a scaled-up HE plant with multiple stacks is
proposed and demonstrated in Fig. 2. The following points are
to be noted regarding the proposed dynamic model:

1) AC-DC Converter Controls: In the proposed model,
all stacks share a common AC-DC grid-side converter. The
converter capacity (Pgsc) should be enough to supply all
stacks at their rated power (i.e., Pgsc > N - Prqted), Where
N is the number of electrolysis stacks in the hydrogen plant,
and P,44eq is the individual stack rated power. The grid-
side AC-DC converter regulates the DC-link voltage and
manages the reactive power exchange with the grid. The HE
plant is synchronized with the external grid through a phase-
locked loop (PLL) unit. The active (P,.y) and reactive (Qcs)
power references for the converter are generated by the DC-
link voltage controller and the Q—V controller, respectively.
Given a mismatch between the DC-link voltage (V) and its
reference (Vdrcef ), the DC-link controller determines the (P y)
value, while the Q—V controller adjusts Q). according to the
terminal voltage (V) value at the point of common coupling
(PCC), according to the Q—V droop characteristic embedded
in the HE plant. A pulse-width modulation (PWM) strategy
generates the gating signals for the IGBT switches of the grid-
side converter. A detailed description of this control scheme
can be found in [15].

2) Power Dispatch Control Unit: The power dispatch unit,
as per Fig. 2, includes an active power-frequency characteristic
to enable HE frequency control provision and calculate the
HE power reference (P;ﬁj;t), as well as the power dispatch
strategy to calculate the power reference for each stack. In
the case of frequency disturbances, the frequency deviation
(AF) is obtained as the difference between the measured grid
frequency and the nominal frequency. Then, the calculated
P;'li’:ﬁ passes through the power dispatch unit. The power
being allocated to stacks depends on the dispatch strategy. In
the case of AVA strategy, the available power from the grid
is allocated equally to each stack, and the reference power
of each stack (PITfEf’Z.) can be calculated from the following
equation:

ref
Plrieé‘yi — Zf)]lvant7 (i=1,2,..N). (1)

So, all stacks are always in operation together at the same
power. In the case of DCA strategy, stacks start to operate
one by one. To turn on the next stack, the previous stack
must reach its predefined power value (Pgcr) (e.g., 80% of
the nominal stack power capacity) [14]. Assuming no partial
load limitation on stacks, the PIZE'E’Ci in the DCA strategy can
be formulated as:

ref .
;Ieéf _ plant’ =1, 2
’ K'L(P;ISEfy(ifl) - PHE,(i—l))a 1= 27 "7N7

where K; = 1 if Pgp —1) =2 Puey and K; = 0 other-
wise. Pyg,; is the active power of the ith stack (PuE, =
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Fig. 2. Proposed scaled-up HE plant dynamic model with power dispatch control unit, partial load limiter, and ramp rate limiter.

Vue,i - Iug:), where Vyg, and Iyg, are the voltage and
current of the ‘" stack, respectively. In the DCA strategy,
it is assumed that there is no communication delay and that
sequence rotation is implemented to ensure that no single
electrolyzer is operated significantly more than the others.

3) DC-DC Converter Control and Operational Limitations:
In the proposed model, a DC-DC converter controller regulates
the active power of each stack according to the active power
reference assigned by the power dispatch control unit. The
ramp rate limiter is responsible for maintaining the rate of
change of active power within an allowable range during
power transient [16]. So, the ramp rate limiter can override
the dispatch control unit if the power change rate is beyond
the permissible ramp rate. Also, the reference power passes
through a partial load limiter, which enforces the stack safe
power consumption window. If the reference power falls below
the P,,;, threshold, the partial load limiter overrides the
dispatch control unit and sets the power to P,,;,, thus all
online stacks operating at partial load [17]. Finally, using the
stack voltage and current measurements, the PWM technique
generates the gating signals for each DC-DC converter.

III. CASE STUDIES
A. Case Study Description

To investigate the efficacy of the proposed multi-stack HE
plant model, a PEM HE of 50 MW, with 10 identical stacks
rated at 5 MW, is simulated in an electromagnetic transient
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(EMT) simulation platform. The plant is connected to the
external grid, modeled by a Thevenin equivalent with a series
impedance (Ry, Lgy), as shown in Fig. 2. The parameters used
in this simulation study can be found in Table I.

TABLE 1

THE PARAMETERS USED IN THE SCALED-UP ELECTROLYSIS PLANT

DYNAMIC MODEL.

Parameter Value
Upstream AC grid voltage 132 kV
Grid inductance (Lg) 100 pH
Grid resistance (Rg) 1 mQ
Transformer rated voltage 132/11 kV
Line filter inductance (L r) 38.51 uH
Line filter resistance (Ry) 7.26 mQ2
DC link capacitance (Cy.) 0.05 F
DC link reference voltage (V) 18 kV
P-f droop gain (Dy) 23 MW /Hz
Frequency dead-band 0.05 Hz
Stack rated power (Prqted) 5 MW
Number of stacks (V) 10
Predefined active power threshold (Pge ) 5 MW
Stack reversible voltage (Vyev) 336 V
Internal resistance (R;) 0.112
Mass transport resistance (Ry,) 0.02Q2
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Fig. 3. Power dispatch strategy impacts on HE frequency response volume and
the whole-plant partial load limit: (a) Frequency disturbance at 7=5 seconds,
(b) First scenario results with P,,,;,, = 0 MW, (¢) Second scenario results
with Ppin = 1 MW, and (d) Third scenario results with P, = 2 MW.

The following cases are studied: Case I examines how a
particular dispatch strategy may impact the available technical
range for HE service provision, and the partial load limit of the
whole HE plant. Case II investigates the aggregate ramp rate
limitation of a multi-stack HE plant under a given dispatch
strategy, and compares it with the individual stack ramp rate
limit, highlighting the importance of accounting for scale-up
effects on response time when assessing the actual capabilities
of electrolysis plants in service provision.

B. Case I: Dispatch Strategy Impacts on the Whole-plant
Partial Load Limit and the Scaled-up HE Frequency Control
Services

In Case I, the focus is on understanding the dispatch
strategy impacts on the whole-plant partial load limit and the
corresponding impact on the volume of upward frequency
control services from the 50 MW HE plant. In this case,
two main dispatch strategies are investigated, i.e., AVA and
DCA, considering three scenarios with different stack partial
load limit values: 1) P,,;n= 0 MW, 2) P,,;,= 1 MW, and 3)
Prin=2 MW. The HE plant operates at 30 MW before the
contingency (Pse:=30 MW). If the DCA is embedded in the
dispatch control unit, six stacks are online and each operates at
5 MW, while the remaining four stacks are off. Under the AVA
dispatch strategy, the 30 MW power is equally shared among
10 stacks, thus each stack operating at 3 MW. As shown in
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Fig. 3(a), a frequency disturbance of 1 Hz is applied to the
HE terminals at ¢ = 5 s (Fig. 3(a)). Fig. 3(b) (dashed line)
shows how the HE droop controller changes the P;[;J;t value
in response to the frequency drop of 1 Hz.

In the first scenario with P,,;, = 0 MW, both dispatch
strategies make an equal 30 MW footroom available for
upward frequency response. This is since each stack can
reduce its power consumption down to 0 MW. Given the 23
MW/Hz droop gain (Table I), 23 MW frequency response is
provided to the external system in the first scenario (Fig. 3(b)).

In the second scenario with P,,;,= 1 MW, however, the
footroom provided by the AVA and DCA strategies are 24
MW and 20 MW, respectively. As per Fig. 3(c), the reference
power change reference by the droop control is 23 MW. While
the DCA-operated plant can achieve this change due to its
sufficient footroom, the AVA-operated plant cannot meet the
desirable power change due to the available footroom limited
to 20 MW.

The third scenario further demonstrates that the desirable
frequency response volume, according to the active power-
frequency droop characteristic, is even more restricted and
may not be achievable when the AVA strategy is applied to
the electrolysis plant with a higher stack partial load limit
(e.g., Ppin =2 MW in the third scenario). In this scenario, the
footroom provided by the AVA and DCA strategies are 10 MW
and 18 MW, respectively. As shown in Fig. 3(d), only 10 MW
is provided from the AVA-operated HE plant as a response to
the frequency disturbance of 1 Hz, while the DCA-operated
plant provides 18 MW frequency response. Differences in the
speed of the frequency control response resulting from the
mentioned dispatch strategies can also be noted, which will
be further discussed in the following case study.

C. Case II: Dispatch Strategy Impacts on the Whole-plant
Ramp Rate Limit and the Speed of the HE Frequency Response

The 50 MW scaled-up HE system described in Section III-A
is simulated under three different scenarios: 1) No ramp rate
limitation considered, 2) the 50 MW plant with R; = 5 MW/s
ramp rate limitation on each stack, and 3) the 50 MW plant
with R; = 2.5 MW/s ramp rate limitation on each 5 MW
stack. As shown in Fig. 4(a), a 1 Hz frequency step is applied
at t = 5 s. As shown in Fig. 4(b), when there is no ramp
rate limit, HE plant increases its power consumption to track
the power reference produced by the active power-frequency
characteristicc. When no ramp rate limitation is imposed,
changing the dispatch strategy does not lead to difference in
the speed of the HE frequency response.

In the second and third scenarios with ramp rate limi-
tations, however, Fig. 4(c) and Fig. 4(d) demonstrate that
per-stack limits of 5 MW/s and 2.5 MW/s lead to different
aggregated plant ramp rates and response times for the two
dispatch strategies, even though the stacks and their individual
R; values are identical. Under the AVA strategy, all stacks
are in operation and thus ramp up simultaneously, so their
parallel contributions combine, yielding a whole-plant ramp
rate roughly ten times that of a single stack. Under the DCA



integration into ancillary service markets. Future works will
include developing an analytical formulation of scale-up re-
quirements and quantifying their impacts on HE services.
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Fig. 4. Case II simulation results: (a) System frequency, (b) Results with
no ramp rate limit, (c) Results with a ramp rate value of R; =5 MW/s, (d)
Results with a ramp rate value of R; = 2.5 MW/s.

strategy, however, stacks ramp up sequentially, only one stack
increases its power at a time, meaning the plant response
mirrors the individual stack’s ramp rate until the next stack
begins frequency response provision.

IV. CONCLUSION

This paper presented a detailed dynamic model of a scaled-
up electrolysis plant consisting of multiple stacks participating
in frequency control services. The model incorporates individ-
ual stack models, the power-electronic interface, a dispatch
control unit, and essential operational constraints including
partial load and ramp rate limits. Focusing on the Average
Allocation (AVA) and Daisy-Chain Allocation (DCA) strate-
gies, the study examined how the choice of dispatch strategy
influences HE frequency response volume and speed.

The simulation results showed that AVA-operated plants
with non-zero stack partial load limits experience a reduction
in available footroom for upward frequency response. Also,
DCA-operated plants exhibit slower frequency response when
the HE stacks are subject to non-zero ramp rate limitations.
Furthermore, the analysis demonstrated that the aggregate
partial load and ramp rate limits of a multi-stack electrolysis
plant can differ significantly from the limits of an individual
stack, depending on the adopted power dispatch strategy.

These findings underscore the importance of considering
scale-up effects and dispatch strategies in service provision
from large-scale HEs, which should be considered by sys-
tem operators and project developers when planning for HE
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