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ARTICLE INFO ABSTRACT
Keywords: In a bipolar stack, electrochemical cells are electronically connected in series. If the electrolyte resistance
Shunt currents between cells through the manifold is insufficient, some current will leak out of the cells. This reduces
Bypass currents overall efficiency, an important loss mechanism to consider when designing a stack. Many works exist in

Leakage currents

S the literature that model these shunt currents through an equivalent circuit with resistances R,, into or out
Parasitic currents

Stray currents of the cells, R,, in the manifold between cells, and a linearised cell voltage with offset V};, and resistance

Bipolar stacks R;;,- However, these typically require a numerical solution. We discuss the exact analytical solution, which

Analytical modelling gives —(Vji, — I Ry;,)/ (R, + Ry, + 12R;,/(N(N + 1))) as a new intuitive, simple approximation for the average
manifold shunt current. In an electrolyser, V};, < 0 and shunt currents increase with increasing current 7. In
a discharging (flow) battery, ¥V}, > 0 and shunt currents are negative, as they run in a direction opposite to
the stack current. We use this model to provide clear engineering guidelines for stack design. The exact and
approximate solutions are highly practical and insightful results that can be easily used for optimisation and
should find widespread use in various industrially relevant applications.

1. Introduction cell [1]. Its main advantage is that the current remains relatively low,

minimising ohmic losses in cables, connectors, and power equipment,

In a bipolar stack configuration, each anode is connected to a bipo- and the relatively high voltage requires less transformation of typical
lar plate and to the cathode of the next cell, forming an electrical series power sources that operate at high voltage [2].

circuit. Contrary to a monopolar or unipolar configuration, in which In many bipolar stacks, electrolyte is fed to the cells and products

cells are electrically connected in parallel, the current is approximately are removed by a common manifold that connects all cells. Voltage

constant throughout the stack, and the voltage increases with every
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Nomenclature

Greek variables

n Activation overpotential [V]

K Electrolyte conductivity [Q m~! ]

¢ Electrostatic potential in electrolyte [V]
17 Efficiency [-]

14 Electrostatic potential in electrodes [V]
Roman

1 Stack current (I = I, = Iy)[A]

Shunt current through manifold [A]
i’ Shunt into/out of cells [A]

Cell index (1..N) [-]

Thiele modulus (Eq. (14)) [-]
Number of cells [-]

Resistance [Q]

zZET

Rio [-]

Rinn+Riin

142R;,—1/ 1+4R;
e VIR i, Eq. (A8). [

2R;

io

xR

S

Dimensionless i/0 resistance

=

Mathematical operators

cosh x Hyperbolic cosine % (e* +e™)
sinh x Hyperbolic sine % (e —e™)
tanh x Hyperbolic tangent sinh x/ cosh x
Subscripts
index
Anode
av Average
c Cathode
EE Energy Efficiency
eq Equilibrium, no current
FE Faradaic Efficiency
io Input/Output to cells
lin Linear(ised)
max Maximum
mem Membrane or diaphragm
mn Manifold: header and footer
tn Thermoneutral

differences between cells can cause currents to run through the mani-
fold between cells, called shunt currents, or sometimes bypass currents,
leakage, by-pass currents, inter-cell currents, stray currents, parasitic
currents, dispersion currents, or leakage currents. In electrolytic pro-
cesses, these currents are in the same direction as the stack current, but
they can skip many cells, decreasing the amount of product produced.

In galvanic stacks with a shared electrolyte, such as a discharg-
ing flow battery, or a liquid-electrolyte fuel cell like an alkaline fuel
cell, phosphoric acid fuel cell, or molten carbonate fuel cell, shunt
currents oppose the stack current. These currents are also undesirable
because they are internal and cannot be used to do useful work, but
they do increase voltage losses. Even without a net stack current,
shunt currents in a flow battery persist, slowly discharging the battery.
Similarly, reaction products in the electrolyte or at the electrodes of
an electrolyser can react back [3], causing ‘reverse currents’ that are
sometimes referred to as the ‘battery effect’. For example, when a water
electrolyser is switched off, dissolved hydrogen and oxygen can cause
the stack to operate as a fuel cell, with the anodes becoming cathodes
and vice versa. However, the electrodes themselves can also participate
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in these reverse reactions, causing corrosion products and accelerated
electrode deterioration.

Shunt and reverse currents can be mitigated by using long, small-
diameter inlet and outlet ports [4], sometimes called connecting tubes,
or bubble separator channels. Such external manifolds are common, for
example, in many redox flow battery designs. Chlor-alkali electrolysers
also typically use external inlets and outlets, but are even more effective
in avoiding shunt currents by having fluid-wise completely separated
cells without a common manifold. A wide variety of patents to reduce
or eliminate shunt currents exists, including innovative inlet/outlet
channels [5-7], manifolds [8-12], means of stacking [13,14], or us-
ing auxiliary electrodes [5]. Ways to interrupt current paths include
cascaded flows [15] or dispersion [16,17]. Shunt current interrupters
or suppression devices exist in the form of perforated plates [18],
elongated (helical) loops, gas bubbles, or revolving barriers [19]. These
measures often increase fabrication complexity and reduce the fraction
of cross-sectional cell area available for the reaction. Inherently, in-
creasing resistance to shunt currents usually also increases the pressure
drop for electrolyte recirculation, which is required to supply reactants
and remove heat and reaction products. This requires increased pump-
ing costs but can also lead to significant, unsafe pressure build-up in
the event of blockages, for example, due to corrosion products from the
reverse reactions [20]. Therefore, it is often helpful to understand the
relationship between geometrical design parameters and shunt current
losses to achieve optimal designs that mitigate shunt currents while
keeping pressure drops acceptable.

A wealth of literature exists on shunt currents, both from the
modelling and the experimental side. Unfortunately, the modelling of
electrolysers, flow batteries, or electrodialysis stacks is almost always
treated separately despite their strong similarity: papers on redox flow
batteries hardly cite works on water electrolysers, and vice versa.
Additionally, a large body of literature from the former USSR, despite
being translated into English, has hardly been taken up in modern pub-
lications. As a result, many results are inadvertently reproduced. For
example, solutions to the same equivalent circuit are published repeat-
edly, while insightful analytical formulas exist that render numerical
solutions unnecessary.

A few limited review-like works exist [4,21] that provide a gen-
eral overview or summarise various analytical models [22], solution
methods [23], or using finite difference [24,25],

A particularly simple and almost exact analytical solution for the
case of constant inlet and outlet port, manifold, and cell resistances
can be obtained by treating the cell index as a continuous variable.
This converts finite-difference equations into differential equations with
solutions expressed in terms of hyperbolic functions. While several
papers in the Russian literature point to [26] as the original reference
of such continuous solutions, these seemed to have missed the original
derivation of [27]. Also Ref. [28] in the context of a general high
voltage power supply system precedes [26]. The work by Ksenzhek
and Koshel is one of the relatively few papers that consider a fuel
cell stack, in which the shunt currents flow in the direction opposite
to the stack current. Later publications using or expanding upon such
solutions include Refs. [23,29-33] or ignoring manifold resistance [34],
and extending to include multiple stacks [35]. Ref. [36] includes a
ground in the analysis and corrects some errors in Ref. [26].

If the resistance in the connecting manifold can be neglected, a
parabolic shunt-current profile in the manifold results. Calculations
showing such behaviour in Ref. [37] were within 14% of the experi-
mental results [38]. An analytical solution in this limit was obtained in
Ref. [39] and mentioned in e.g. Refs. [21,40]. According to Ref. [27],
a Russian book from 1931 [41] may already contain this derivation. A
much simpler calculation appears in Ref. [20]. However, unfortunately,
a mistake is made, and shunt currents are predicted to increase with the
number of cells N as N3. The review of Kuhn [21] mentions the correct
scaling of shunt currents with N2. However, as argued, for example,
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in Refs. [42,43], this limit is of little practical use since the manifold
resistance cannot usually be neglected.

Including the manifold resistance flattens the parabolic profile of
the manifold shunt currents, with the cells at the ends making the
dominant contribution. Ref. [23] notices the analogy with the penetra-
tion depth of porous electrodes and later extends the analysis to Tafel
and also Butler-Volmer equation kinetics using computational methods
in Ref. [44]. A recent paper [33] uses linearised kinetics to derive
continuous analytical solutions. An early purely algebraic approach was
applied to electrodialysis stacks [45], where the cell voltage offset,
which describes an equilibrium potential for a reaction, can be omitted.
Additionally, a slightly different equivalent circuit was used. While
insightful, the resulting shunt current expressions contain a factor 2/3
that should not appear, as in the reported limits of the more general
analysis of Mandersloot and Hicks [46].

Ref. [35] derives an analytical solution by assuming all cells have
the same cell voltage, which will only be accurate in the case of small
shunt currents that hardly perturb the stack current. Actually, a year
earlier, Thiele et al. [42] already published an exact solution for a
linearised cell voltage. Unfortunately, possibly because this work is in
German and contains a typographical error requiring re-analysis, it has
been largely ignored. An exception is Ref. [47], which, however, does
not explicitly credit Ref. [42]. Later, this same model was reproduced
in Refs. [48-50]. These works considered ‘reserve batteries’ that, unlike
conventional batteries, have a common manifold. This allows the elec-
trolyte to be added easily upon first use, thereby increasing the shelf
life.

The flow-rate pressure drop relation for low-Reynolds-number fully
developed laminar pipe flow, as described by the Hagen-Poiseuille
equation, or Darcy’s law inside a porous medium, is completely anal-
ogous to ohmic resistances. Therefore, very similar solutions can be
found in the literature on flow in Z-type manifolds of e.g. heat exchang-
ers [51] or fuel cells [52]. Also, for heat transport, similar solutions
for such ‘ladder networks’ can be found, e.g., in the recent work of
Ref. [53]. In the latter work, the finite-difference equations are solved
exactly rather than resorting to a continuum approximation.

Equivalent circuit models for general bipolar stacks [24,54-56],
water electrolysers [57], fuel cells [58-60], for reserve batteries [47],
chlorate cells [37], electrodialysis stacks [61] or e.g. Fe/Cr redox flow
batteries [62] have been around for a long time. However, relatively
recently a large number of publications have come out for vanadium
redox flow batteries with varying degrees of complexity, accuracy, val-
idation, and additional physics [63-80]. Recent reduced-dimensional
multiphysics water electrolyser models also sometimes include shunt
currents [81-83]. They have been equally applied to model reverse
currents [84].

Shunt currents have also been studied experimentally in the litera-
ture, initially using magnetic field detectors [85], later using potential
probes. Experimental results have been reported for chlorate [38],
model systems [34], batteries [31], magnesium cells [86], vanadium
redox flow batteries [68,71], zinc-bromine flow batteries [87], iron—
chromium redox flow batteries [88], lead electrolysis from molten
chlorides [22], chlorate electrolysers [38], seawater electrolysers to
make hypochlorite [89], and alkaline water electrolysers [40,87,90—
96] These experiments overall reported to be in reasonable to excellent
agreement with simplified models.

While plastic frames are increasingly common, and even standard
in flow batteries, manifolds in electrolysers were traditionally made of
metal. Burney and White [97] also included shunt currents through
metallic manifolds, similar to Ref. [46] for electrodialysis. Ref. [98]
improves upon the oversimplified analysis of Ref. [97] by including the
reaction equilibrium voltage of the unwanted side-reactions

To study how deep shunt currents penetrate a single cell, some
analytical attempts exist [33,47,66,99]. Researchers have attempted
computational simulations, from a single cell of an alkaline fuel cell
in 2D [100], or an electrolyser [101] to multiple cells [66,90,102—
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104] up to full 3D computational fluid dynamics simulations in single
cell [105] or short-stacks [106-108]. Such computationally demanding
three-dimensional models are not necessarily more accurate than rapid
equivalent-circuit models, since they require information on many
more geometric details that may not be fully characterised.

The purpose of the present contribution is to revisit and rigorously
analyse a somewhat overlooked exact analytical model from the lit-
erature. From its limiting cases, we derive a surprisingly simple and
intuitive new accurate approximation that is easy to use for optimi-
sation. In Section 2 we first introduce a simplified equivalent circuit
model, its exact solution, and approximations, in a form applicable
to both electrolysers and (flow) batteries. In Section 3, we consider
various performance criteria and discuss some aspects of optimisation.

2. Model

We aim to model the bipolar stack shown in Fig. 1, where the stack
current enters and leaves as a flow of electrons. These electrons are
converted to or from ions in redox reactions that continue the current
through the electrolyte and membranes between opposing electrodes.
Electrolytes have to enter and leave cells to supply reactants and
remove products and heat. To simplify the design, each cell usually
does not have its own inlets and outlets; they are shared with the
other cells in a stack by connecting to a manifold. To avoid product
mixing, usually the anolyte and catholyte have their own inlet-, or feed
manifold, and outlet-, or return manifold. However, by traversing a
membrane, a continuous ionic pathway still exists between each anode
and cathode in such a stack. The trajectory from the first to the last
cell will be most used, as it bypasses all other cells, maximising the
potential drop. However, each possible trajectory can contribute to the
total shunt current that we now set out to analyse.

2.1. Resistances

Fig. 1 shows a few possible shunt current trajectories. There are
four different paths an ion can take to bypass the reaction: the feed
channel or return channel for the anolyte and for the catholyte. For
simplicity we will consider first a single manifold channel with an
effective resistance R,,, between adjacent cells. We will assume all
resistances, including those introduced below, are constant and equal
across each cell.

Fig. 2 shows an example shunt current trajectory. The contributing
ionic current can originate and terminate at any point along the elec-
trode’s height. We assign a single ‘internal’ resistance R;,, to account
for these trajectories to the cell outlet. The internal resistances and
membrane resistance act in series with the outlet resistances to give
a single equivalent outlet resistance

Rn = Rout + Rint + Rmem/2 (1)

Since the membrane has to be crossed only once per two outlet ports,
this contribution is halved. Similarly for the inlets, we have R, =
R, +R; + Ryem /2. We will be able to generalise this later, but for now,
considering a single manifold channel, we consider a single effective
inlet/outlet resistance R;,.

The ohmic resistance over a pipe segment of length /, cross-sectional
area A, equal to %ndz for a circular cross-section with diameter d, and

effective ionic conductivity « is given by Pouillet’s law as

]

R= = 2
Therefore, to maximise the resistance to shunt currents, inlet and outlet
ports in bipolar stacks are usually relatively slender.

In the above, we have simplified the shunt current resistance to
a single resistance R;, into and out of the cell, in series with an
integer number of manifold resistances R,,,, depending on the distance
between cells.

mn?>
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Posolyterout

Return manifold
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Shunt current

L1

Negolyte Out
Outlet ports

Main

current

i:Jq

€

ports

Posolyte In

Negolyte In

n
Feed manifold

Fig. 1. A few example shunt current options indicated by red arrowed pathways in a bipolar electrolyser stack; for a discharging flow battery or liquid-electrolyte
fuel cell, the shunt currents are in the opposite direction. The positive (blue) and negative (yellow) half-cell chambers are separated by a membrane (red), and
the cells are separated by a bipolar plate. In all options ions are produced and consumed in an electrochemical reaction, traverse two inlets or outlet ports, part
of the inlet (feed) or outlet (return) manifold, and a membrane, see Fig. 2 for our naming of the associated resistances. We use posolyte and negolyte, instead
of catholyte and anolyte, which would reverse for a discharging flow battery. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Rr_etLgl r_etlin ;et m

Fig. 2. The idealised resistances encountered by an example shunt current
trajectory through the return negolyte (—) manifold. We group the resistances
internal to a cell as 2R, = 2R, + 2Ry, + R, and similarly for 2R;.

out int mem

Fig. 3. A schematic of the header with the notation used in the analysis,
showing the negolyte outlet shunt currents as an example, but the contribu-
tions from posolyte and feed manifolds are understood to be combined. The
currents in the bipolar plates I, and the manifolds i, add up to the net stack
current I = I, +i,. The inlet and outlet port currents (only outlet shown here,
mind the slightly different typography) i; contribute to the manifold current:
i =i, —i;_;, where negative values imply current from the manifold into the
cells.

Fig. 3 shows the index k = 1 to N we use to label the different
cells in the direction of the main current I, > 0. We will linearise the
electrolyte voltage drop, between cells k and k + | as

Apy = ¢y — bk = Viin — Li Ry 3)

where the resistance R;;, can be chosen based on an empirical lineari-
sation in the relevant current range; see Eq. (B.7). As schematically
depicted in Fig. B.7, ¥};, < 0 for an electrolytic cell, like an electrolyser
or a charging flow battery. In this case, a larger current makes the
potential drop A¢, more negative, increasing shunt currents. For a
Galvanic cell, with a spontaneous electrochemical reaction as in a
discharging flow battery, V};, > 0. An increase in current thus decreases
a positive potential drop A¢,, reducing shunt currents. In an electro-
chemical cell, the potential decreases continuously in the direction of
the stack current. Between cells, however, the potential in a Galvanic

Negligible R;,

L N e

1 !

i Negligible Ry
> —>—>—F——>——>——>—> >

ZT;CT?*AAA Vvv+¢¢¢

Neither negligible
> —> ——>—> —> —>

TfAA v'*l

Fig. 4. A schematic depiction of shunt currents i, in the manifold (horizontal,
the black line is a continuous representation) and i, into/out of the cells (verti-
cal, the grey line is a continuous approximation) in case the port resistance R;,
can be neglected (top), the manifold resistance R,,, can be neglected (middle)
and when neither of these resistances is negligible (bottom).

stack increases due to the reaction’s equilibrium potential; see Fig. B.7.
In this case, shunt currents i, < 0 will be in the direction opposite the
main current.

Appendix B elaborates on how the voltage drop in Eq. (3) relates to
the cell potential, measured between electrodes. The linearised voltage
Vi, may be chosen significantly different from the equilibrium voltage,
to account for reaction overpotentials.

2.2. Negligible inlet/outlet port resistance R;, < R,

First, we consider what shunt currents to expect if we can neglect
the inlet/outlet port resistance R;, ~ 0 and the main resistance to
shunt currents is R,,, in the manifold. This may be a relevant limit
for some particular cell designs, such as the Sapporo cell or a similar
design by Alcoa for industrial applications in the Hall-Héroult process
of aluminium smelting. In this case, schematically depicted in Fig.
4(top), all shunt currents will flow between the first and last cells, since
there is no potential drop associated with leaving or entering the cells.
Because of this, the voltage drops in the manifold will be equal to those
A¢, between cells. Therefore, Ohm’s law gives i, = —f;ﬂ and the shunt
current in the manifold is everywhere equal to its average value:

N-1

. 1 . _A¢av
laV:N_1Z'k= R 4

k=1 mn
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Because there are N —1 manifold segments between N cells, the average

potential drop over the electrolyte between two adjacent cells is 4¢,, =
PN=
N-T °
The cell current through the end-plates is the net stack current 7, but

the current through the bipolar plates and the rest of the cells is I —i,,.
Therefore, from Eq. (3) we have 4¢,, = VW, — Ry, (I — i, ). Inserting
into Eq. (4) and solving for i, gives i,, = i ., the maximum average
shunt current which occurs for negligible inlet/outlet resistance, where

—Ad,
Rmn + Rlin

1 =

max

and Apy = Vj, — I Ry, )

Here A¢, is the maximum electrolyte voltage drop, obtained in the
absence of shunt currents. In Eq. (5), it seems as if the two resistances
R,,, and R}, act in series. However, R, appears here only due to the
decrease in voltage that arises as current bypasses cells. Not because
shunt current passes through the membrane, which it does as illustrated
in Fig. 2. But this resistance we included in R;, as shown in Eq. (1).

The simple and insightful result of Eq. (5) is not too often found in
papers on shunt currents. However, see for example equation eight of
Ref. [43] where it is attributed to Ishikawa and Kondo [109]. Or see
Ref. [46], where it is obtained in the limit N — o and V};, =0, in the
context of electrodialysis.

2.3. Negligible manifold resistance R,,, < R;,

In case of negligible resistance in the manifold (R,,, ~ 0), the entire
manifold has the same voltage. Since we assume equal properties for
each cell, there exists a symmetry with respect to the mid-plane of the
stack. In case of an odd number of cells N, the %-th cell is exactly in
the middle and has no shunt current flowing into or out of its cell into
the manifold. This means that the potential in this cell will be the same

as in the manifold: ¢,,, = ¢ n+1 . Therefore, the shunt current leaving,
2
or entering in case i} < 0, the k-the cell into the manifold is

l.,NdJk-cbmn_%(M_k)

"R, R 2

Ly )

i0 io
where we approximated ¢, ~ ¢, + (k — 1)A¢p,, assuming small enough
shunt currents to have equal voltage differences between all cells. Now
the shunt current i in the manifold between cell k and k+1 is obtained

by summing all the contributions from the inlet/outlet ports, to give

. -1 _A¢av k(N - k)
D @

k=1 i0

obtained by inserting Eq. (6) and using that Z',z,=l K = kk—;’]. Using this
again, along with the sum-of-squares formula ZkN: N w,

1 N-1.

the average shunt current i,, = —— 3,7 i) s obtained as

_A(xbav
v = N(N+1 8
W= R N +D ®

This result® first appears in the western literature in Ref. [39], followed
by the mistaken derivation of Ref. [20], while according to Ref. [27]
a book [41] from 1933 already contains this result. While its validity
is limited by the assumptions used, which are usually not warranted,
Refs. [21,40] nonetheless made use of this result in describing shunt
currents. With 4¢,, = Vi, — Ry, (I — i, ) Eq. (8) gives
_Ad)()

12R;,
N(N+1)

iy = ©)]

Ry, +

1 Ref. [39] divides the summed shunt currents by NI, giving a
proportionality with N2 — 1 instead of our N(N + 1) for iy,.

Journal of Power Sources 670 (2026) 239447
2.4. Combined approximation

The limits of Egs. (4) and (8) individually have limited applicability
as they both neglect one of the main resistances to shunt currents. There
is, however, an obvious way to generalise both limits, by simply adding
the resistances in series to give
_A¢av

12R;,

Ry + N(N+I)

Tay 10)
This simple approximation expresses that shunt currents are deter-
mined by the manifold and port resistances in series, but not before
multiplying the latter by 12/(N(N + 1)). This naturally leads to a
hypothesis on how to approximately consider several manifolds in
parallel, by replacing

1 1
5 11
12R;, Z R 12Rinout an
mn N(N+1) feed/return + N(N+D)

where the sum runs over all feed and return manifolds with their
respective inlet and outlet ports.

In (10), A¢,, = Vi — (I — i, )Ryi, depends on i,,, so this is an implicit
equation. It can be written in terms of the known stack current 7, with
Apy = Viip = I Ry, tO

—Agy

iy~ — (12)
Rmn + Rlin +

i0

N(N+1)

This reduces to the limit of Eq. (5) in case of negligible input/outlet
resistance R;, and to Eq. (9), when the sum of manifold and cell
resistances R, is negligible. At this point, Egs. (10) and (12) are
unsubstantiated. In the following subsection, we will compare these
heuristic approximations to the exact analytical solution, to test their
accuracy.

2.5. Exact analytical solution

In the appendix, we derived the exact result for the shunt current
distribution

cosh <M<l - i/—k))

iy
k1= 13
T nax cosh (M) (13)
where i, was defined in Eq. (5), and
2R,
Nin <—> . -
TR R, > 1
142R;,—1/ 14+4R;, = 10
M= > ~ 4 2V o a4
Zhn (RL“)) R, <1
in terms of the dimensionless inlet/outlet resistance
_ R,
Ry= —">— (15)
Rlin + Rmn

This is an exact solution that can serve as a benchmark for checking
numerical codes. It was first obtained in Ref. [42], with a likely
typographical error that Eq. (14) corrects. See also Ref. [47,48] for an
application to batteries. In the limit R;, > 1 this solution tends to the
approximate result of Refs. [23,26,27,30-33], obtained by treating the
cell index k as a continuous variable. In Fig. 5 we compare this limit
with the exact result, showing only an appreciable difference for small
N and R,,.

We introduce the relative difference between the average and max-
imum shunt current per cell, or the stack’s ‘effectiveness factor’, as

. N-1. .

é_E’maxleav s -lav =N(l—€) (16)
Imax Imax N -1

Here %iw = lN Z,’(V: _1' i is the average shunt current per cell, not

per segment between the cells. This makes for a non-zero & ~ 1/N
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Fig. 5. The dimensionless average shunt current "— = % (1-¢&)for N =10
and N = 100 comparing the exact result of Eq. m(‘\17) (black), the top limit
Eq. (14) for Rio > 1 (grey) and the approximation of Eq. (18) (blue). This
approximation gives Eq. (12) and overestimates the shunt currents by at most
13% when R,, is of the order of N(N + 1)/12. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

in case iy, = i,y Since shunt currents do originate and terminate in
one of the stack’s cells. A higher effectiveness factor closer to one is
desirable, as in this case, less current bypasses. Additionally, ideally,
also i, should be small compared to I, but that is considered in the
Faradaic efficiency that we will introduce shortly in Section 3.1. From
the analytical solution of Eq. (13), we derive in the appendix :

1

tanh (M - M> N

_ bt [y an
N tanh (M/N) ‘TU M« N

The bottom approximation of Eq. (17) is equal to the effectiveness
factor expression for a catalyst layer or porous electrode [110,111],
where M is referred to as the Thiele modulus.?

From Eq. (13) we can see that for large values of N/2M ~ 1/1n(R,,)
acts as a penetration depth indicating the number of cells near the edges
over which the shunt current builds up to 1—e~! ~ 63% of its maximum
imax- Such a profile is schematically illustrated in Fig. 4 (bottom).

For M < 1, a leading order expansion of Egs. (16) and (17) gives
in/imax ® (N + DM?/3N ~ N(N + 1)/12R;,. On the other hand, if
M > N it tends to unity. A simple expression that respects both these
limits is

i

fav 1 (18)
i 12Rjo

max 1+ N(N+1)

which is exactly our earlier hypothesised Eq. (12). As illustrated in Fig.
5, it approximates the exact result very well, and the relative error with
the exact solution never exceeds 13%. So, for the simplified case of
a linear voltage current relationship and constant resistances, we now
have the insightful exact analytical solution of Egs. (16) and (17), but
also the arguably even more insightful as well as simple and accurate
approximation in Eq. (12). Note from Eq. (18) that it is the magnitude
of 12R;;/N(N + 1) rather than R;, that determines whether the port

2 Named after Ernest W. Thiele [112], not Wolfgang Thiele of Ref. [42]. Its
square is the characteristic diffusion resistance over the reaction resistance.
Analogously, in the top limit of Eq. (14) M? is the ratio of R, + Ry,
the sum of ‘longitudinal‘ resistances and an effective ‘transverse’ resistance
4R;, /(N —1)?. Similar to a diffusion resistance, the former acts in the direction
of the transport and driving gradients. Similar to how a reaction resistance
inhibits reactant flux to decrease, the latter inhibits shunt current to move
into or out of the manifold.
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resistance is significant. So, even when R;, > R,,,, the port resistance
can still be negligible when N is sufficiently large.

In the next section, we will define several performance criteria for
an electrolyser stack and use the exact and approximate expressions to
analyse the influence of shunt currents.

3. Performance criteria
3.1. Faradaic efficiency

The Faradaic efficiency ggg is the fraction of the total current that is
usefully deployed. It is also sometimes referred to as Faraday efficiency
or yield, current efficiency, or coulombic efficiency, each of which may
have slightly different meanings depending on the context. Here, we
assume there are no unwanted side reactions and consider only the
influence of shunt currents.

In an electrolyser, or other stack of electrolytic cells, we define the
Faradaic efficiency as the average main current divided by the stack
current /. This gives the ratio of the realised amount of product to the
ideally produced amount of product in the absence of shunt currents:

Ezﬁﬂ["=1—N‘”ﬂ=1—"““(1—5) 19)
NI N I 1

where we used that the main current 7, and the shunt current i,
always add up to the stack current I (Eq. (A.1)) to write Z,’{V: e =
NI — (N - 1)i,,. The appearance of the factor (N — 1)/N may also be
appreciated by the observation that each ion is produced and consumed
in a useful redox reaction in a cell, but in the rest of the N — 1 cells,
the average useful stack current is reduced to I —iy,.

The definition in Eq. (19) is used in e.g. Refs. [42,43,109]. Several
other references, for example Refs. [39,56,91] introduce the quantity
1—only equal to our definition of Faradaic efficiency in case N > 1.
Note from Eq. (19) that to obtain a high Faradaic efficiency requires the
product of i, /I and 1 — £ to be small. Either of the two can, when
small enough, ensure a high efficiency. These two options correspond
roughly to having either a high enough manifold resistance or a high
enough port resistance.

Inserting the approximation of Eq. (12) into Eq. (19) gives
o~ 1 — N]\; 1 Run— Vlin/llm (20)
Rmn + Rlin + -

PrE

N(N+1)

This shows how at large current densities, ¢ primarily depends on the

various resistances. At low current densities Ry;, will be small compared

to V;,/I. To ensure a high Faradaic efficiency, assuming N > 1, the

current has to satisfy at least

1> % 21)
Rmn + Rlin + sz

This provides a practical operational limit imposed by shunt currents,

to avoid operating electrolysers very inefficiently.

A more dramatic electrolyser malfunction, particularly relevant
when operating under variable loads, occurs if all the current I leaves
the first cell, bypasses the N — 1 cells in between, and enters the final
cell. Conservatively, to avoid this the potential drop for all the current
bypassing I ((N — )Ry, + 2R;,) has to be smaller than roughly N — 1
times —A¢g,. With Eq. (5), this gives for the minimum current
I> _Vlin (22)

~ 2R,
Rmn - Rlin + N:ol

Mind, upon comparing with Eq. (21) in the denominator, the minus
sign of the second term and the different third term. Therefore, Eq. (22)
may be harder to satisfy than Eq. (21), which therefore provides a more
stringent current minimum for electrolysers.

At high currents, the best protection against a low Faradaic electrol-
yser efficiency, from Eq. (20), is to have

12R;
= — > Ry, 23)

Ry + ——2—
m T NN + 1)
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It will be interesting to know how to design an electrolyser such
that this is the case. Therefore, we provide rough order-of-magnitude
estimates. Typically, Ry, ~ 1 Q cm? and the conductivity of most used
liquid electrolytes ¥k ~ Q~!/cm. Pouillet’s law Eq. (2) then requires
Apn/lan < cm~1, to have R, > Ry,. With a stack pitch I, of the
order of 1 cm, the cross-sectional area of the manifold has to be much
less than 1 cm?, or even smaller when taking into account several
parallel pathways. Such small manifolds may be challenging in gas-
producing electrolysers or in flow batteries, which require high flow
rates. Therefore, in this case, the second term in Eq. (23) may be
needed, which limits the number of cells to

N 5 VRio/Ryjy 24

Assuming the largest contribution to R;, in Eq. (1) comes from the
cell inlet/outlet ports, this implies, with the above assumptions, that
N < y/1emxly/A;,,. With /,, = 1 cm and a small outlet area of
A;, = 1 mm? limits N < 10. To allow N ~ 100 then requires very long
inlets/outlets of I, ~ 1 m or, sub-millimetre outlet diameters which
incur large pressure drops. With these rough estimates, it is clear that
shunt currents provide a significant design challenge and that a large
number of cells require either very long and narrow inlet and outlet
ports or manifolds or require other smarter solutions.

In a stack of Galvanic cells, i,, < 0, so Eq. (19) gives values of ¢gg
above 1. Therefore, in a galvanic stack ¢y is perhaps not so useful as
an efficiency. However, we maintain the same definition as a useful
placeholder.

3.2. Stack voltage

The full stack current I undergoes redox reactions at terminating
half cells, and only in between these cells do shunt currents arise.
Therefore, as is also illustrated in Fig. B.7, the stack voltage is approx-
imately once the voltage A¢, associated with the net stack current I
and N — 1 times A¢,, = V;i, — (I — iy )Ryjn = Ay + iy Ryjn» SO

Vitack N-1.
SIl\z}C = Ay + —— favRiin = Viin = @rel Riin (25)

The final expression follows from inserting Eq. (19). It shows that shunt
currents do not contribute to the cell voltage losses. They reduce the
absolute value of the stack voltage by making the electrolyser stack
voltage less negative or the Galvanic stack voltage less positive.

What is usually known is the stack voltage. From Eq. (25) we have
Ap,, = M, so we can write Eq. (10) also as

_Vslack/N
Riin 12Rio
N + N(N+1)

i (26)

av

R+

Here R;;, re-appears, as in Eq. (12), however this time divided by N. As
discussed before, it does not act as a resistance to shunt currents; rather,
it describes the voltage change as shunt currents arise. In Eq. (26), most
of this effect is taken into account by the numerator.

Eq. (25) shows how shunt currents change the current-voltage
relationship at the stack level. However, because gp; depends on I this
is still an implicit relation. Inserting into ¢z = 1 — '“‘% (1-¢&) from

Eq. (16) gives with i, = —I;““_—ig““ that
'mn lin

V,

=5 = (Vin = TRy (1= 0) @7)

Riin Riin N-1 gy

where ¢ = r—— 1-&= RertRr N

R, . Using the approximation
of Eq. (26) gnl‘{]/es,mafter some aTgebra

N-1
2R,
{ - N lin (28)

~ 12R;,
Rmn + Rlin + N(N+1)

which only depends on stack design parameters. This parameter was

introduced in Ref. [47] as & and written as ¢ in a subsequent paper [48].
So, independent of current density, the entire stack voltage will be
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lower by a factor 1—¢ to the value N A¢, that is expected in the absence
of shunt currents. If the cell resistance is not much smaller than the
shunt-current resistance, the stack voltage magnitude may drop below
N |V}, |. While for an electrolyser this may seem beneficial, the Faradaic
efficiency will suffer as is clear from Eq. (20).

3.3. Energy efficiency

In an electrolyser, the stack energy efficiency is defined by the ratio

of the usefully deployed power, given by the useful current gz NI > 0

times the equilibrium voltage, or the thermoneutral voltage V;, < 0,

divided by the total electrochemically consumed power IV, 4 < O,
giving

PrEVin PrEVin

PEEel = = 29)
T Vaae /N Vin — 0ppl Ry

where both numerator and denominator are negative, to give a positive
value. An increase in Faradaic efficiency ¢ thus changes the energy
efficiency of an electrolyser in two ways: it increases the useful current
but also the voltage losses. However, the overall effect on the energy
efficiency is always positive. In case of negligible |V};,| < I R};,, as may
be the case for example in some electrodialysis or capacitive deionisa-
tion stacks, the energy efficiency @gg o = —V,,/1Ry;, becomes inversely
proportional to the current density, independent of the Faradaic effi-
ciency: the positive effect of an increase in ggg of on the useful current
is offset by the negative effect of an increase in the stack voltage.

When a high energy efficiency is desired, ideally Vj;,, > IRy,
so, from Eq. (29), ¢gge ~ @pe(Vin/Vin) and optimising for energy
efficiency is the same as optimising the Faradaic efficiency. To ensure
a high efficiency, then also requires at least Eq. (21) to be satisfied.

In a discharging flow battery or liquid-electrolyte fuel cell, the energy
efficiency is given by the stack power IV, > 0 divided by the power
produced electrochemically, which is the total current N I gg times the
equilibrium voltage V.4 > 0, so

_ Yoae/N _ Vi = @ped Riin

PEE,bat = V.

(30)
eqPFE Veq(PFE

Note that this the inverse of Eq. (29): @ggpy = 1/@ggeq but the
definition of @gg is different. In the case of a Galvanic stack, V};, > 0
and shunt currents make @gg > 1, so they decrease the stack voltage in
the numerator and also increase the electrochemically consumed power
in the denominator, both decreasing the energy efficiency.

3.4. Self-discharge of a redox flow battery

Attaching a fuel cell or battery load with resistance R4 we have
Viack = I Rioaq> and solving Eq. (27) for the current gives

I/lin

1= (31)

. Rioad
Rin + 5025

The useful battery power P = IV,,q = I*R, is maximised with
respect to the load when dP/dR,,,q = 0, which gives Ry,,q = N Ry;,(1-{).
Without shunt currents, { = 0 and we obtain the well-known result
that the power is maximised when the external load R4 equals the
internal resistance N Rj;,. However, in the presence of shunt currents,
the highest power is obtained for a load that is 1 — ¢ times smaller, as
was already shown in Ref. [48].

It may be useful to know how the energy efficiency of Eq (30)
depends on the battery load. From Egs. (5), (19) and the definition
of ¢ below Eq. (27), gives g = 1 + g% Inserting Eq. (31) gives

Rigy . - .
Qg =1+ é ﬁ. Inserting this in Eq. (30) gives

Vlin 1-¢

PEEbat = 7,
: Veq (1 + 1{_5_15113“ ) (1 +
- lin

(32)

N(1-{)Ryp )
Rload
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This can be optimised analytically by solving 0@gg y/ORjpq = O to
give Ry = S5 N Ry, a result also previously obtained in Ref. [48].
Without shunt currents (¢ = 0) the load should be as high as possible, so
the battery current is as small as possible, to obtain the highest energy
efficiency. However, shunt currents will drain the battery slowly so that
an optimal energy efficiency is obtained at a finite current, obtained by
inserting the optimal load in Eq. (31) to give

I/Iin

fon = Ryin (1/\/Z+ 1)

(33)

3.5. Side-reactions in manifolds

When the voltage differences inside the manifold increase beyond
a certain voltage threshold, certain side-reactions may occur. These
can lead to unwanted corrosion, but the reaction products can also
contaminate the desired products or pose safety risks. For example, for
voltage differences exceeding 1.23 V, aqueous electrolytes can undergo
water splitting, potentially leading to explosive mixtures. Ref. [97]
shows an experimental result from Ref. [113] in which a metallic
foil in a brine performs hydrogen evolution on one side and chloride
evolution on the other, without being connected to an outside circuit,
demonstrating that this is not necessary. Electrons only have to be able
to travel through the metal, and there has to be a sufficient potential
over the electrolyte along the metal.

Self-consistently describing this requires including at least a decom-
position potential and resistances in parallel to the manifold, as was
done in Ref. [98] in the limit of a continuous cell index, or considered
in Ref. [114]. Here, we will only evaluate the conditions under which
this could arise.

Multiplying i, from Eq. (13) with R,, and summing gives the
N-1;

potential drop over the manifold as 4¢,, = Ry, X, i = (N —
1)iay Ry~ Inserting our approximate Eq. (12), this gives
—(N - 1R
A¢mn R T;Rio A¢0 (34)
Rmn + Rlin + N(N+1)

If this potential difference exceeds the onset potential of corrosion
reactions, or e.g. water splitting, ionic shunt currents may switch to
electronic shunt currents through the conducting manifold. Assuming
this onset potential is similar in magnitude to A¢,, avoiding this
requires A¢,,, < —A¢,, which gives

12R;, 35)
N(N +1)

N - 2)Rmn s Rlin +
So, avoiding currents through metallic manifolds imposes a limit on the
number of cells, N. Note that Eq. (35), which is more easily satisfied
for low manifold resistance R,,,, contrasts with Eq. (23), which shows
that a high value helps to achieve a high efficiency.

There are at least two ways out of these conflicting design criteria.
One is to rely on a high inlet/outlet resistance so R;, 2 (N —2)(N? —
DR,,,/12 and Ry, > N(N + 1)Ry;,/12, to satisfy both (35) and Eq. (23).
This will become increasingly difficult as the number of cells per stack,
N, increases. Alternatively, non-conducting manifolds, such as poly-
mers, may be used to prevent side reactions. This is indeed increasingly
more common.

3.6. Summary

The above design considerations for a stack with a large number of
cells N > 1 can be summarised as:

+ A desirable high energy efficiency requires a Faradaic efficiency

close to 1, which from Eq. (20) requires R,,, + 2R+, be much

N(N+1)
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larger than both R}, and |V};,|/1. The latter condition provides a
minimum current for efficient operation.

» The inlet/outlet ports thus only significantly contribute to miti-
gating shunt currents for stacks with a limited number of cells
N 5 v/Rio/ Ry

- When the first condition in this list is satisfied, the current that
optimises the energy efficiency of a fuel cell or a discharging
flow battery is I ~ Yiin , obtained from combining

le<Rmn+ﬁ

Egs. (28) and (33).

Additionally, unless the port resistances can be made very large, non-
conducting manifolds seem a required and appropriate design solution
to avoid undesirable manifold-side reactions.

4. Conclusions

Assuming the linearised cell voltage of Eq. (3), we heuristically
derived the average shunt current in the limits of negligible inlet/outlet
resistance, Eq. (5), and negligible manifold resistance, Eq. (9). These
limits can be conveniently combined in the form of Eq. (12). Fig. 5
shows this simple expression to be a reasonable approximation to the
exact solution of Eq. (14), with a maximum relative error less than 13%.
While the exact solution can be useful in verifying numerical solvers, or
when more accuracy is required, this approximation suffices for many
purposes.

In an electrolyser or charging flow battery, to avoid current bypassing
cells and maintain a high Faradaic efficiency, Egs. (21) and (22) show
that the current should be sufficiently high, which is an important
restriction for operation with variable loads as occur in combination
with renewable energy sources. Additionally, to avoid significant shunt
currents also at higher current densities, the summed manifold and
inlet/outlet port resistances should far exceed the cell resistance, viz.
Eq. (23). If the manifold resistance cannot be made much larger than
the cell resistance, for example, to avoid side-reactions (viz. (35)), this
gives a stringent condition, Eq. (24), on the maximum number of cells.

In a liquid-electrolyte fuel cell or flow battery, the equations derived
equally hold and show that the reverse currents are negative, which
means they are in the direction opposite to the main current. Eq. (33)
shows the current that optimises the energy efficiency, taking into
account the effect of shunt currents.

By providing a simple yet accurate analytical model that easily
allows calculation of stack voltage, efficiencies, and design limitations,
valid for both galvanic and electrolytic stacks, we hope to bring some
order to the vast body of knowledge on shunt currents. We resolved
several subtleties and errors in this literature and brought together
results from various subfields. By Pouillet’s law, Eq. (2), the resistances
used in the present equivalent circuit model can be related to geomet-
rical design parameters, which therefore may be optimised for various
applications.
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Vstack

Fig. A.6. The equivalent circuit model that Eq. (A.9) or, equivalently, Eq. (13)
solves exactly. Note that we arbitrarily put the ground and a voltage V};, (in-
dicated by the two unequal-length parallel lines) on the left and an additional
resistance on the right. This may differ for different shunt current paths, and
we merely assume that they sum up to an additional A¢, = Vj;, — IRy, in

defining the stack voltage as in Eq. (25).

Appendix A. Exact analytical solution

A.1. Equivalent circuit model

We consider here the equivalent circuit of Eq. A.6, formalising
the schematics of Figs. 1, 2, and 3. The currents i;( are positive in
the direction out the cells into the manifold. An additional resistance
R, and offset voltage V};, are arbitrarily added the right and left,
respectively, but could equally have been both on the left or the right.

Kirchhoff’s first law, junction law, or current law, expresses con-
servation of charge, by demanding that in any closed loop along the
circuit, the currents sum up to zero. Equivalently, the average current
in any direction is constant. This means that the current through the
bipolar plates, I,, and that through the manifold i, adds up to the total
current

I =1 +i (A1)

Additionally, current conservation demands that the difference in cur-
rent between two manifold segments comes from the cells:

iy =iy =10y (A.2)

Kirchhoff’s second law, loop rule, or voltage law expresses conser-
vation of electrostatic energy by demanding that by traversing a closed
loop, the potential change is zero. The potential difference between any
two points should not depend on the path taken. The potential drop
between two consecutive half-cells equals the potential drop following
the shunt current out of the half cell and through a manifold section,
back into the next half cell:

Ay = dpi1 — b = — (Rigiy, + Ryniy — Riol )

The minus sign on the final term results from following the path from
manifold into cell k + 1, while we define currents i’ as positive when
going from the cell into the manifold.

Egs. (3), (5) and (A.1) combine to A¢, = Apy + Ry;,iy. Using this in
Eq. (A.3), along with Eq. (A.2), gives

(A.3)

A = Rig (ig_t +iger = 2ix) = (Rop + Ryn) i (A.4)

This linear recurrence relation describes the equivalent circuit of
Eq. A.6, along with boundary conditions iy =iy =0.

A.2. Continuous approximation

In several works in the literature, Eq. (A.4) is solved approximately

by treating k as a continuous rather than a discrete variable. A Taylor
; 2,

expand up to second order then gives i\, ~ i} + i L& Inserting in

. T T 2ae
Eq. (A.4) gives
d?iy

0 2 (A.5)

A¢y =R — (Roun + Riin) iy
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With the corresponding boundary conditions i(k = 0) = i(k = N) = 0,
this equation is solved by

N/2—k
cosh| ——
ke ( Vi )

=1-

i
e cosh | N2
\Y; Rio

Rio

(A.6)

where R, = T This solution seems to have been derived first
mn TN . . .
in Ref. [27]. As can be seen from Fig. 5, the difference with the exact

solution is very small.

A.3. Exact solution

Eq. (A.4) can also be solved exactly. Similar to the way a constant-
coefficient linear inhomogeneous second-order differential equation is
solved, we first find the particular solution, which can easily be seen
to be iy, = —Ado/ (R, + Ry, ). Inserting the trial solutions x* into the
homogeneous version of Eq. (A.5), so without the left-hand side A¢,
already taken care of by the particular solution, gives

0= Ry, (x*71 +x*! —2x%) — (Ryj, + Ry ) x* (A7)

Dividing by x*~! gives a quadratic equation for x that is solved by
1+2R, — /1 +4R;,

= A.
* 2R A8

io

where R;, = = Ro A second solution is the same expression, but with
. I . .

a + instead of a — in the numerator, where we note that this solution
is equal to 1/x. Therefore, the full solution is the sum of the particular

solution i,,,, and a linear combination of x* and x~*:

i Nk 4k

LI S . (A.9)
lmi\x 1 + XN

which satisfies iy = i = 0. This exact analytical solution to Eq. (A.4)
and the equivalent circuit of Fig. A.6 was first derived 2in Ref. [42].
However, Eq. (A.8) for x seemed to read b % + JT + b) , where b is
what we here denote as R,,. This, likely typographical, error along with
the article being written in German, likely did not help its widespread
use and appreciation.

Multiplying both numerator and denominator of Eq. (A.9) by x~N/2
and inserting x = e 2M/N gives Eq. (13). Using the first order expansion
—In(l —€) = € and the second order expansion V/1+¢=1+¢/2—¢*/8
in € < 1 give the approximations of Eq. (14).

Upon comparing this with the continuous approximation of Eq. (A.6)
we see that they are equal in case R,, > 1, in agreement with Fig. 5.

A.4. Limits of the exact solution

When M < 1, the leading order expansion coshe ~ 1 + ¢%/2 gives
reduces Eq. (13) to iy & 2i,, M?k(N —k)/N?. When additionally R;, >
N2, the top limit of Eq. (14) gives M ~ N/24/R,, so

_A¢0
2R;,
This is a parabolic profile in k and represents the limiting solution
obtained first in Ref. [39], but possibly already in Ref. [41].

In the opposite limit M > 1, Eq. (13) becomes approximately a
constant i, = i, , except for the first and last cells. We can approximate
Eq. (13) near k = 0 in this limit by

i~ k(N — k) (A.10)

T _ | g 2MK/N (A.11)

lmax

Here N /2M is an e-folding dimensionless “penetration-depth” into the
manifold [23,26]. It gives the cell number up to which 1 —e™! = 63%
of the maximum shunt current in the manifold has been established.



J.W. Haverkort

Electro

Galvan

Fig. B.7. An idealised rough schematic of the first and last cell showing that
the stack voltage Vy, — V" and the voltage drop ¢, — ¢y over the electrolyte
differ by ¥+ — V= 4 yf — g, with + and minus denoting posolyte and
negolyte, respectively. This is approximately equal to A¢,. Possible potential
differences between ¢2 and ¢, are not shown.

When M > N, the majority of the shunt current comes from the first
cell and enters the last. When M < N several cells contribute, while for
M < 1 the concept starts to lose its significance as all cells contribute
significantly.

A.5. Average shunt current i,,

The average shunt current i,, = ﬁ Zﬁ;l i, is obtained from
Eq. (A.9) as
; 1 Nk, Lk
SRR T W s . (A12)
Imax N-1 k=1 1+x
_ 94N
_ 1 2x —2x (A13)
N-10-x)(1+xN)
1— 1 tanh (M) _ (A14)
N —1 \tanh(M/N)

. . . - _xN
Using the geometrical series result Zi’:ll xk = == for x and x7!

gives, after some algebra Eq. (A.13). Multiplying the numerator and
denominator by x~(1*N)/2 and replacing x = e”?M/N gives Eq. (A.14),
equal to Eq. (20) of Ref. [42]. With the definition of the effectiveness
factor in Eq. (16), Eq. (A.14) gives Eq. (17).

Appendix B. A note on potentials

In this work, we make a clear distinction between the electrostatic
potentials ¢ in the electrolyte and V in metals like the electrode
and bipolar and end plates. This is not always made explicit; see,
however, for example, Ref. [47]. Applying a potential V' to a metal
in an electrolyte, a potential difference V' — ¢ arises over the electric
double layer that, relative to its value in thermodynamic equilibrium,
we call an activation overpotential 5

n=V == (V=)

Here, a subscript 0 refers to the position near the ‘front’ of the elec-
trode, facing the membrane. The cell voltage is defined as the voltage
difference between the anode (a) and the cathode (c):

(B.1)

Vcell = Vc - Va = Veq - (77& — N + A¢mem) (B.Z)

where we used ¢, = ¢eq. and defined the equilibrium voltage as
Veq = Vege = Veqa» and the membrane or diaphragm potential drop as
Aem = doa — o > 0. Here 5, < 0, so between brackets is a sum of
positive quantities. For galvanic cells, V. and V,, are positive, whereas
for electrolytic cells, they are negative.

In a zero-gap configuration, there will be a potential difference
between the front and back of the electrode

bk — ok = Adn i (B.3)
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where we use the indicator h of Ref. [115], which dealt with holes
in a perforated plate electrode. Assuming all cells are equal, we have
w - d))eq,k = - d))eqykﬂ so Eq. (B.1) gives for Ag, = ¢, — ¢y

Apy = Ve + 4V (B.4)

where V., = Vj1 —V; is the cell voltage, including a potential voltage
difference over the current collector, and

AV = A st — Mesr = A e + 11 (®.5)

In case the current through all cells is similar, this term may be ne-
glected. This is implicitly assumed in using Eq. (3), which only depends
on I; and not on I, ;. With this assumption, linearising Eq. (B.4) gives
Ady = Vi, — I Ry, where

Vlin = I/eq - (’13 /N + A¢mem) ’, (B6)
9 (m, = ne)
Ry, = o + Riyem (B.7)
1
with Ry, = 04¢,e, /01|, is the membrane resistance evaluated for a

a(ﬂa_ﬂc)
1

current I. For Tafel kinetics = % with b the summed anodic

and cathodic Tafel slope. Assuming Ry, to be constant, as assumed
in this work, thus strictly speaking requires R > Ib or otherwise
I, ~1.

mem

Appendix C. Optimal port length

In the definition of electrolyser energy efficiency, Eq. (29), only
the stack power consumption —IV,,, was included as an energy loss.
Adding also other power losses P, a generalised energy efficiency may

be defined as

Viin /1
1 + R I+ 12R;,
_ _(pFENII/m Vm mntN2
PEEel = ~ 7 (C.1)
—IVack + Pross Vin loss

In the final approximation, we inserted Eq. (20), assuming an optimised
stack with a large number of cells and negligible resistance Ry;,.

In case the cell inlets and outlets are made sufficiently small, the
flow may be laminar, and the pressure drop Ap may be approximated
by the fully-developed single-phase Hagen-Poiseuille equation, so

Q4p  16zulQ?

})1095
2 N =
Poump A2 Ppump

N

=R I? (c.2)
where Q [m?/s] is the flow rate per port, of length / and area A, which
we assume to be traversed once into and once out of the cell. Assuming
the ohmic resistance of the ports dominates Eq. (1), Pouillet’s law
Eq. (2) gives, in case of four equal parallel feed and return manifolds,

i
Rio = oA SO ¢ = -
approximation of Eq. (C.1) to be analytically optimised for R,, for

constant ¢ by solving dggg . /dR;, = 0 for Ry, to give
V2

12R i (1 + i)
_ RV + lin cN2 R _ ﬁ (C.3)
N2 T 12 mn T .
A real solution only exists for sufficiently small R,,; otherwise, the
manifold resistance will take over as the dominant resistance to shunt
currents, and there is no need for small inlets and outlets.
Inserting typical numbers, we find that often the term involving 1/c¢
will dominate and

N [Vin N
Rio,opt ~ 7 E or lopl ~ 5

In this limit, the optimal port length scales linearly in the number
of cells, more than linearly in the port cross-sectional area A, and
inversely proportional to the flow rate. Often, the flow rate in an
electrolyser is chosen high enough to maintain a maximum temperature

2
Stmep (Q . This allows the energy efficiency

i0,0pt

xkVZ A3
lin

D — (C.4
487/ Ppump
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difference AT over the cell height. The heat generated in each cell is
14V, with AV = V4 /N — V;, the amount by which the cell voltage
exceeds the thermoneutral voltage. Equzating this to the heat removal

64k

. AV
rate pc,QAT gives ¢ =
re, QAT g A@pump \ PepAT

With e.g. AV ~ 0.3 V, AT = 10 K, @pypp = 0.8, & = 1.5 S/cm, 4 = 1 mPa
s and a volumetric heat capacity pc, = 4 - 10 J/m?/K, typical values
for an alkaline electrolyser, with say A4;,, = 1 mm?, gives ¢ ~ 2- 107, so
we can indeed use Eq. (C.4).

For a typical large, megawatt-scale, alkaline electrolyser, I = 10* A
so the above approximations give Q ~ 8 - 10~ m?/s. With V;, = 1.5
V and N = 10? Eq. (C.3) gives lope = 1.8 km, so that it is clearly not
feasible to make use of this optimum. Note that this does not necessarily
mean that the energy efficiency cannot be high, just not a maximum.

In line with this, Ref. [81] argues that the inlet and outlet ports
should be made as long as possible, and that the channel diameter
should then be used to optimise for the desired pressure drop and shunt
losses. This can be immediately appreciated since a change in length
impacts shunt current and pressure drop in a similar way. However,
a change in diameter affects pressure drop much more than shunt
currents. In the laminar analysis provided here, the pressure drop at
constant flow rate scales inversely with the channel diameter to the
power 4, whereas in fully turbulent flow it scales roughly to the power
5. While this section presents an illustrative example that enables
analytical optimisation, in general, the energy efficiency in Eq. (C.1)
can only be optimised numerically.

, independent of the current.

Data availability
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