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ABSTRACT

Multi-stack proton exchange membrane (PEM) water electrolysis systems are increasingly de-
ployed to improve the scalability and flexibility of green hydrogen production. However, sharing
balance-of-plant equipment introduces coupling between stacks, and differences in stack perfor-
mance increase the complexity of plantwide operation. In particular, non-identical efficiencies and
safety constraints, such as hydrogen-to-oxygen (HTO) ratio limits, can render single-stack or
equal-power-sharing control strategies suboptimal. In this work, the steady-state optimal operat-
ing regime of a two-stack PEM electrolysis system is characterized using a plantwide optimization
approach and active constraint mapping over a range of system power loads. Performance differ-
ences between the stacks are represented through variations in Faraday efficiency to emulate
simplified degradation. For identical stacks, the system behaves similarly to a single large electro-
lyzer, where equal power distribution is optimal, and the active constraint regions closely resemble
those of a single-stack system. As the stack performance differences increase, the optimal power
distribution becomes asymmetric, with the more efficient stack preferentially loaded. However,
HTO safety constraints in the degraded stack may limit the utilization of the more efficient stack
and introduce additional active constraint regions, resulting in more complex operating regimes.
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INTRODUCTION

Hydrogen is expected to play a key role in decar-
bonization, and the development of large-scale, safe,
and efficient production technologies is therefore re-
quired to meet zero-emission targets. Proton exchange
membrane (PEM) water electrolysis is particularly attrac-
tive due to its high efficiency, fast dynamics, and suita-
bility for intermittent renewable power. To reach indus-
trially relevant capacities, modern PEM systems employ
multiple stacks operating in parallel, often connected
through a shared balance of plant (BoP). Such multi-
stack configurations improve scalability and cost-effec-
tiveness at high power loads compared to single-stack
systems [2]. However, parallel stacks significantly in-
crease system complexity and make plantwide operation
more challenging due to coupling effects.

Despite this, most studies on PEM electrolysis focus
primarily on single-stack performance. While several
works have investigated power distribution strategies for
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multi-fuel-cell systems, considerably less research has
addressed multi-stack PEM water electrolysis [2]. Among
the existing studies, Xinyu et al. [11] proposed a daisy-
chain power-distribution strategy, Cheng et al. [2] devel-
oped a power-adaptive fuzzy PID approach to improve
load flexibility, and Guo et al. [5] introduced a rule-based
strategy for hybrid PEM-alkaline systems utilizing the hy-
drogen-to-oxygen (HTO) impurity ratio.

Furthermore, due to manufacturing tolerances, ag-
ing, and thermal differences, individual stacks may ex-
hibit different efficiencies. As a result, equal power shar-
ing can be suboptimal and, in the worst case, violate op-
erational or safety constraints. These performance dif-
ferences should therefore be considered when determin-
ing power allocation among stacks [11].

In this work, we determine the steady-state optimal
operating regime of a two-stack PEM electrolyzer system
by solving a plantwide optimization problem and mapping
the resulting active constraint regions across a range of
power inputs. This analysis reveals how power should be
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distributed between two PEM stacks operating in parallel
and how differences in Faraday efficiency affect the op-
timal power allocation. The goal is to quantify how differ-
ences in stack performance affect the system’s operating
conditions and to provide a foundation for future control
development.

METHODOLOGY

In this section, we briefly describe the two-stack
PEM electrolysis system, the underlying process model,
and the optimization framework used to determine the
optimal power allocation and corresponding active con-
straint regions.

Case study and system layout

The system consists of two 60 kW PEM water elec-
trolyzer stacks operating in parallel. Each stack has its
own heat exchanger for temperature regulation and a
dedicated power converter. The stacks share common
BoP equipment, including two gas-liquid separators, a
deionized water buffer tank, four pumps, four valves, and
a hydrogen compressor. The piping is neglected as its ef-
fect on the steady-state operating conditions is negligi-
ble. The overall system layout is shown in Figure 1.
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Figure 1. System layout of the two-stack PEM water
electrolysis system with parallel stacks and shared
balance-of-plant equipment.

Power

Deionized water from the buffer tank is cooled in the
heat exchangers and then supplied to the stacks, where
it is electrolyzed to produce hydrogen and oxygen. The
produced gases are subsequently separated from the lig-
uid water in the gas-liquid separators, after which the ox-
ygen is vented, and the hydrogen is compressed for
downstream treatment. Finally, the remaining water is re-
cycled back to the buffer tank.
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Sharing separators introduces coupling between
the stacks and additional operational constraints. In par-
ticular, both stacks must operate at similar pressures,
limiting independent adjustment of membrane pressure
gradients for gas crossover control. Furthermore, the
HTO ratio measured at the separator does not directly
reflect the HTO within each stack; therefore, stack-level
HTO values must be estimated.

Process model description

The PEM electrolysis system model is adopted from
our previous work [4], which combines electrochemical,
thermal, and mass-transport stack submodels with
standard mass and energy balances for the BoP equip-
ment. For brevity, only the relations most relevant to the
steady-state optimization are summarized in this work;
for a more detailed model description, we refer to [4].

Electrochemical relations

The Stack performance is described using the elec-
trochemical submodel that relates cell voltage (V) to
the current density (i.;) at a given power. The cell voltage
is expressed as the sum of the reversible potential (V,,),
and the ohmic (V ,,,,), activation (V,,), and concentration
(V,n) overpotentials,

Vel = Vo + Vonm + Vaer + Veons (1

where the reversible voltage represents the thermody-
namic minimum energy required to drive the reaction, and
the remaining terms account for resistive, kinetic, and
mass-transport losses. The reversible potential is com-
puted from the Gibbs free energy and corrected for pres-
sure effects using the Nernst equation. Ohmic losses are
estimated using an empirical membrane resistance cor-
relation for Nafion 117, while activation and concentration
losses are described using Tafel-type kinetics [1, 3, 8].

Faraday efficiency and degradation

Hydrogen production is calculated using Faraday’s
law of electrolysis. To represent performance differences
between stacks, a Faraday efficiency factor (5z) is intro-
duced as a multiplicative term on the electrochemical gas
generation rates,
ielA

. ie]A
;nF' Rgen,0, = “—Np. (2)

n = =2
gen,H, 22F

A is the active membrane area, z is the number of elec-
trons transferred, and F is the Faraday’s constant [3].
Values np <1 represent parasitic charge consumption
(e.g., crossover-related recombination and other side
currents), resulting in reduced hydrogen production per
unit current. The associated electrical losses are as-
sumed to be dissipated as heat. However, since this
study focuses primarily on HTO constraints and steady-
state power allocation, additional heat generation is ne-
glected for simplicity.
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HTO ratio and gas solubility

The HTO ratio is defined as the volumetric fraction
of hydrogen relative to oxygen. Assuming ideal-gas be-
havior, this ratio can be estimated directly from the gas-
phase composition,

HTO = [2 — Y12 (3)
Vo, Yo,
where V is the gas volume and y the gas-phase mole
fraction.

The gas inventories in the separators are deter-
mined by subtracting dissolved gases from the total spe-
cies inventories. The amount of dissolved gases is esti-
mated using Henry's law with temperature-dependent
solubility constants (H) obtained from Sander [9],

H=H,-exp <B<% - Ti())) (4)
H, is the Henry constant at the reference temperature
Ty = 298.15 K, T is the stack/separator temperature, and B
is an empirical temperature parameter. Gas solubility
within the membrane is described using the correlations
presented by Afshari et al. [1] and is assumed constant.

For simplicity, the stack-level HTO is computed us-
ing the total hydrogen and oxygen inventories. Due to ox-
ygen's higher solubility in water, HTO values are slightly
lower inside the stacks than in the separators, particularly
at low pressure and temperature.

Compression and pump work

Compression and pumping contribute to the total
system power consumption and therefore influence the
optimal operating regime. Hydrogen leaving the cathode
is compressed to 30 barg for downstream handling, while
liquid water and coolant are circulated through the stacks
and heat exchangers by pumps. Including these auxiliary
loads allows the optimization to capture the trade-off be-
tween electrochemical stack efficiency and mechanical
energy requirements for compression and circulation.

The compressor is modeled assuming multistage
compression with intercooling, resulting in approximately
isothermal behavior. The required compression work is
estimated as,

u/c - ﬁHZRTsep ln(Pslon\ge)' (5)
Ne Psep

where ry, is the hydrogen molar flow rate, T, is the sep-
arator temperature, Ry, and B, denote the storage and
separator pressures, and 7, is the compressor efficiency
(80%).

The pump work is approximated by,

M (Prina—Pinitiar) (6)
P p

%:

m is the mass flow rate, p is the liquid density, and 7, is
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the pump efficiency (75%).

Steady state optimization formulation

To determine the optimal operating policy, a steady-
state optimization problem is solved over a range of sys-
tem power inputs. The total electrical power is treated as
an external disturbance representing the available power
supply, while the internal power distribution between
stacks is optimized. For each load level, the objective is
to maximize the hydrogen output subject to the process
model and operational constraints.

max R,
MVs

s.t.  Process model equations (7)
Operational constraints

The manipulated variables (MVs) correspond to the
available actuators in the system, namely valves, pumps,
power converters, and the hydrogen compressor. With
the liquid inventories in the separators and buffer tank
regulated by local control loops and the feedwater flow
rates fixed, five MVs remain for the optimizer. These are
the oxygen outlet valve (z,), the compressor work (W),
the work of the two cooling liquid pumps (Wp;, Wp4), and
the stack power distribution factor (), which determines
the fraction of total power supplied to each stack,

MVs = [z, W, W,

o3 Woas |- 8)

Operational limits are imposed on stack pressure,
temperature, and the HTO ratio to ensure safe operation.
Although the lower explosion limit of hydrogen in oxygen
is approximately 4 vol.%, the HTO constraint is conserva-
tively set to 2 vol.% to provide a safety margin. Upper
bounds on stack pressure and temperature are adopted
from Crespi et al. [3]. Additional constraints are imposed
on minimum stack power (5% of nominal load) and cool-
ing liquid flow rates to ensure physically feasible opera-
tion. The resulting bounds are summarized in Table 1.

Table 1: PEM system operating constraints.

Condition Lower bound Upper bound
Stack power 3 kW 60 kW
Anode pressure 0.2 barg 2.7 barg
Cathode pressure 0.2 barg 30 barg
Temperature 10 °C 60 °C
Cooling liquid 0 mol/s 15 mol/s
HTO ratio 0 vol.% 2 vol.%

Syst Control Trans 5:2551-2557 (2026)

The optimization problem is solved for 120 evenly
spaced values of total power input, ranging from 6 to 120
kW. For each operating point, all constraints are scaled
between 0 and 1 and used to identify the corresponding
active constraint region. A constraint is considered active
when its scaled value reaches either O for the lower limit
or 1 for the upper limit. This procedure is repeated for
multiple Faraday efficiency scenarios to evaluate the
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impact of stack degradation and performance differ-
ences.

The steady-state optimization problem is imple-
mented in Julia (v1.9.3) using JUMP (v1.29.0) [7]. The re-
sulting problem is solved with the Ipopt (v1.11.0) interior-
point solver [10], using the HSL MAS57 linear solver [6].

RESULTS AND DISCUSSION

To evaluate the impact of stack performance differ-
ences on optimal operation, active constraint regions are
analyzed for three efficiency scenarios. In Scenario 1,
both stacks operate with identical Faraday efficiencies of
100%. In Scenarios 2-3, the efficiency of Stack 2 is re-
duced to 90% and 80%, respectively, while Stack 1 re-
mains at nominal performance. Although these reduc-
tions are more severe for the Faraday efficiency than typ-
ically observed in practice, they are intentionally intro-
duced to clearly illustrate how stack mismatch influences
the optimal power distribution and operating regime. The
considered scenarios and the corresponding number of
active constraint regions are summarized in Table 2.

Table 2: Faraday efficiency scenarios for Stack 2 and the
corresponding number of active constraint regions. The
efficiency of Stack 1 is fixed at 100%.

Scenario Stack 2 Faraday Active constraint

efficiency [%] regions [#]
1 100 2
2 90 5
3 80 6

Scenario 1-Identical stacks

The optimal operating regime, active constraint re-
gions, and corresponding power distribution for Scenario
1 are shown in Figure 2.

1
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HTO (stack 2)
Stack power 1
Stack power 2
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Figure 2. Optimal operating regime and active constraint
regions for Scenario 1.

When both stacks have identical efficiencies, the
optimizer distributes the power evenly between them.
This is expected, since operating each stack at a lower
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individual power load improves hydrogen production per
unit of power. Consequently, the two-stack system be-
haves similarly to a single larger stack.

At low loads, the stack temperatures increase rap-
idly with power until the upper temperature constraint
becomes active at approximately 20 kW. Because higher
temperatures improve electrochemical efficiency, the
optimizer keeps the cooling flow rates at their lower
bounds until the maximum temperatures are reached.

The anode pressure remains at its lower bound
across the entire operating range due to the small effi-
ciency penalty associated with elevated pressures. In
contrast, the cathode pressure gradually increases with
load. This behavior arises because the optimizer utilizes
the stack pressure to partially compress the produced
hydrogen, thereby reducing the work required by the
downstream compressor. Although in-stack compression
is generally more energetically favorable than mechanical
compression, the compressor is modeled as a highly ef-
ficient isothermal unit. As a result, the optimizer prefers
using both the compressor and the stack for compres-
sion. However, a less efficient compressor would likely
result in higher optimal cathode pressures.

The HTO constraint remains inactive throughout this
scenario. This is partly due to the low pressure gradients
at small loads and partly due to the equal power distribu-
tion between the stacks, which results in similar crosso-
ver behavior. At very low power levels, the separator HTO
is slightly higher than the stack HTO. This difference
arises because the stack HTO is computed from the total
gas inventories, whereas the separator measurement ex-
cludes gases dissolved in the liquid phase.

As both stacks operate under identical conditions,
the active constraint regions closely resemble those of a
single-stack system [4]. One of the main differences is
that the single-stack system exhibits a slightly higher an-
ode pressure at high loads. In the multi-stack configura-
tion, however, increasing the anode pressure requires
additional pump work due to the extra feedwater pump,
making such operation less favorable.

Consequently, two active constraint regions are
identified for the multi-stack system. In Region 1, the
temperature constraints are inactive, and the cooling lig-
uid flow rates remain at their lower bounds. As the load
increases and the upper temperature constraints become
active, the system transitions to Region 2, where addi-
tional cooling is required to maintain safe operation. Both
regions have two degrees of freedom (DoFs), defined as
the number of MVs minus the number of active con-
straints.

Scenario 2 - Stack 2 at 90 %

In Scenario 2, the Faraday efficiency of Stack 2 is
reduced to 90%, introducing asymmetry between the two
stacks. The optimal operating regime, active constraint
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regions, and power distribution are shown in Figure 3.
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Figure 3. Optimal operating regime and active constraint
regions for Scenario 2.

Stack 1is more efficient than Stack 2, therefore the
optimizer allocates a larger share of the power load to
this electrolyzer. This behavior is expected and
consistent with prior work recommending preferential
use of the most efficient stack [11].

The HTO ratio of Stack 2 becomes significantly
higher than that of Stack 1 at low loads. This occurs
because reduced Faraday efficiency lowers oxygen
production, thereby reducing hydrogen crossover
dilution. At low loads, the HTO in Stack 2 increases
rapidly until additional power is allocated to the stack,
demonstrating a clear coupling between stack loading
and the HTO ratio.

The temperature behavior largely follows Scenario
1. However, Stack 2 operates slightly below its upper
temperature limit when Stack 1 reaches its constraint.
Since Stack 2 contributes less to the overall hydrogen
production in this region, operating at a lower
temperature incurs a relatively minor efficiency penalty
while slightly reducing downstream compression work.
The optimizer also concentrates cooling on Stack 2,
effectively allowing one cooling circuit to assist both
stacks by overcooling the less efficient electrolyzer.

The cathode pressure remains inactive throughout
the operating range and follows the same trend as in
Scenario 1, but at lower absolute values. The maximum
cathode pressure decreases from 14.84 bar in Scenario 1
to 11.75 bar, while the anode pressure remains fixed at its
lower bound.

Scenario 2 has five active constraint regions.
Regions 1-2 resemble Region 1 from Scenario 1, where
the temperature constraints are inactive. However, in
Region 1, Stack 2 operates at minimum power, while in
Region 2, its load gradually starts increasing. In Region 3,
the temperature constraint on Stack 1 becomes active,
and Stack 2 is slightly overcooled. In Region 4, the
temperature constraint on Stack 2 also becomes active.
Finally, in Region 5, Stack 1 reaches its maximum
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allowable power, limiting further redistribution. Regions
2-4 have two DoFs, while Regions 1 and 5 have one DoF.

Scenario 3- Stack 2 at 80 %

In Scenario 3, the Faraday efficiency of Stack 2 is
reduced to 80%, further increasing the performance
mismatch between the two stacks. The resulting optimal
operating regime, active constraint regions, and power
distribution are shown in Figure 4.
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HTO (stack 2)
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Stack power 2
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Figure 4. Optimal operating regime and active constraint

regions for Scenario 3.

The overall behavior follows the same trends ob-
served in Scenario 2, but with more pronounced asym-
metry. The optimizer allocates an even larger fraction of
the total load to Stack 1, causing Stack 2 to operate at its
minimum power over a wider range of low system loads,
while Stack 1 remains at its upper power limit for a larger
portion of the high-load region.

As a result of this extended low-power operation,
the HTO ratio in Stack 2 increases and reaches its upper
constraint, which becomes active over a small portion of
the operating range. When the HTO limit is reached, the
cathode pressure stagnates slightly before the power
load of Stack 2 begins to increase. This behavior indi-
cates a clear relationship between the stack HTO, the
pressure gradient, and the power load, where either the
stack power must be increased or the cathode-anode
pressure gradient reduced to maintain the HTO ratio of
the degraded stack within safe limits.

Consistent with the reduced utilization of Stack 2,
its operating temperature decreases further compared to
Scenario 2. The cathode pressure continues to decrease,
with the maximum dropping to 9.92 bar, while the anode
pressure remains at its lower bound.

The increased stack asymmetry adds another active
constraint region as the HTO limit of Stack 2 becomes
active, yielding six active constraint regions in Scenario
3. In Region 1, Stack 2 operates at minimum power, with
the anode pressure and both coolant flow rates at their
lower bounds. In Region 2, the temperature constraint of
Stack 1 becomes active, and the coolant flow of Stack 2
leaves its bound. In Region 3, the HTO constraint for
Stack 2 becomes active, and it subsequently relaxes in
2555



Region 4 as the lower power limit for Stack 2 becomes
inactive. In Region 5, both temperature constraints are
active, and in Region 6, Stack 1 reaches its maximum
power limit. Regions 1, 2, 3, and 6 have one DoF, while
Regions 4 and 5 have two.

CONCLUSION AND FUTURE WORK

This work investigates how differences in stack per-
formance affect the optimal operating regime and active
constraint regions of a two-stack PEM water electrolysis
system. For identical stacks, the plant behaves similarly
to a large single-stack system, and equal power alloca-
tion remains optimal across the entire operating region.

As performance differences are introduced, the op-
timal allocation becomes asymmetric, with the more effi-
cient stack preferentially loaded. However, this utilization
is restricted by safety constraints, particularly the HTO
limit in the degraded stack. To maintain safe operation,
the system must balance power allocation and pressure
levels. This coupling between HTO, pressure, and power
leads to additional active constraint regions, fragmenting
the operating space and increasing the complexity of the
optimal operating policy. These findings highlight the im-
portance of accounting for stack asymmetry when de-
signing control strategies for multi-stack systems.

Future work will use the identified operating regimes
and active constraint regions to develop appropriate
control structures for multi-stack PEM electrolysis sys-
tems using dynamic plant models. Additionally, the im-
pact of extending the framework to systems with more
stacks will be investigated.
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