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Abstract A model for predicting shunt/leakage currents

in a bipolar electrolyzer stack with dual electrolyte inlets

and significant amount of gases in the outlet ports and

manifold is presented. Model includes electrolyte, manifold

and membrane separator as resistance components in the

electric circuit analog of the stack. Activation overvoltage

associated with electrodes is taken as Tafel-like. Current

balance and potential balance equations are applied to the

stack and difference calculus is employed to reduce the

problem to a set of linear difference equations with constant

coefficients. The model is validated with published results

and the effect of each resistance component and number of

cells on leakage currents in the stack is presented.

Keywords Bipolar electrolyzer stack � Hydrogen

production � Manifold current � Membrane separator �
Shunt current

List of symbols

Ae Area of the electrode, m2

b Constants in Eqs. 21 and 22

Cj Independent constants to be determined from the

boundary conditions

C5
j Constants in Eqs. 53–58

d Depth of the inlet/outlet ports, m

Dj Constants that are functions of rj

E Difference operator

Ej Constants that are functions of rj

EC Constant part of cell voltage, V

En Cell voltage, V

Eo Nernst potential, V

F Faraday’s constant, 96487 C mol–1

Fj Constants that are functions of rj

g Function that accounts for the increase in electrical

resistivity due to the presence of gases

h1 Width of the inlet/outlet port at the manifold end, m

h2 Width of the inlet/outlet port at the electrode end, m

in
1 Cell current on the cathode side of the membrane, A

in
2 Cell current on the anode side of the membrane, A

io Exchange current on the electrode, A

I Direct current applied to the stack, A

IS Fraction of current lost in the form of parasitic

currents

kn Leakage current in the cathodic inlet/outlet ports, A

Kn Current in the manifold connected to the cathode

sides of the electrolyzer cells, A

ln Leakage current in the anodic inlet/outlet ports, A

LA Gap between anode and the membrane , m

LC Gap between cathode and the membrane, m

LM Distance between two successive outlet ports, m

Ln Current in the manifold connected to the anode sides

of the electrolyzer cells, A

LP Thickness of the bipolar plate, m

LS Thickness of the membrane, m

N Number of cells in the stack

NM McMullin number

rj Roots of the characteristic equation

R Universal gas constant, J mol –1K–1

T Stack operating temperature, K

The U.S. Goverment’s right to retain a non-exclusive, royalty-free

license in and to any copyright is acknowledged.

R. S. Jupudi (&)

Applied CFD Lab, GE Global Research, John F Welch

Technology Centre Pvt Ltd, 122, EPIP, Phase 2, Whitefield

Road, Hoodi Village, Bangalore, India

e-mail: ravichandra.js@ge.com

G. Zappi � R. Bourgeois

GE Global Research Center, Niskayuna, NY, USA

123

J Appl Electrochem (2007) 37:921–931

DOI 10.1007/s10800-007-9330-4



RA Resistance in the inlet/outlet port on the anode side

RC Resistance in the inlet/outlet port on the cathode side

Re1 Ohmic resistance in the cathodic electrolyte, W
Re2 Ohmic resistances in the anodic electrolyte, W
RM Manifold resistance, W
RS Resistance due to the membrane, W

Greek symbols

aA Average volume fraction of O2

aC Average volume fraction of H2

aeA Average volume fraction of O2 in the anode outlet

port and anode manifold

aeC Average volume fraction of H2 in the cathode outlet

port and cathode manifold

ao Electrode transfer coefficient

g Electrode over voltage

h Angle of the inlet/outlet port as shown in Fig. 3

q Electrical resistivity of pure electrolyte

Subscripts

i Pertaining to the inlet

e Pertaining to the outlet

n Pertaining to cell numbered n

A Pertaining to the anode electrode

C Pertaining to the cathode electrode

Superscripts

A Pertaining to the anode electrode

C Pertaining to the cathode electrode

1 Introduction

Hydrogen is evolving as a primary energy carrier of the

future [1] as it can be used to store and transfer energy

generated intermittently from renewable sources of energy.

Among several methods of producing H2, alkaline elec-

trolysis is a well-understood technology and it promises to

be a green energy alternative with no global warming ef-

fects. However, cost of H2 produced via alkaline electrol-

ysis is significantly higher in comparison to other hydrogen

production technologies. This calls for innovation in

alkaline electrolyzer cell and stack design.

Alkaline electrolyzer cells can be uni-polar or bipolar

[1]. In a uni-polar cell, each electrode acts either as an

anode or a cathode. In a bipolar cell, one side of the

electrode acts as an anode and the other side acts as a

cathode. Bipolar cells, hence lead to a very compact stack

without any tabs and cell-to-cell inter-connections that are

essential in a stack with unipolar cells. The compactness in

design increases the energy density of the stack. However,

an inherent limitation with a bipolar cell stack is leakage/

shunt current [2]. Leakage current is the current that es-

capes from the main flow of cell current and passes through

the electrolyte inlet, outlet ports and inlet, outlet mani-

folding. Leakage current reduces the efficiency of the

stack. For optimum stack performance, stack design should

be such that the leakage currents are minimal. The present

work deals with the development of a model that will serve

as a valuable tool in the design of such an electrolyzer

stack.

Several papers dealt with the modeling of leakage cur-

rents in a bipolar electrolyzer stack [3–8]. Kuhn and Booth

[3] reviewed the origins of bipolar leakage currents and

computed leakage currents by modifying the zenor diode

representation of the cell by Katz [4]. They incorporated

the real i–V characteristics of the electrochemical cell by

using a commercially available software package. Burnett

and Danly [5] developed an analytical model for shunt

currents by employing several simplifications. Without

such simplifications, Dousek and Micka [6] used the Gauss

elimination method to solve the 5N + 1 equations repre-

senting the flow of currents in the electrolyzer stack. This

model accounts for the presence of gases in the outlet ports

and outlet manifolding, and assumes linear polarization at

both the electrodes. Tafel polarization was incorporated by

Rangarajan and Yegnanarayanan [7]. They analyzed leak-

age currents by solving the non-linear difference equations

appropriate to Tafel regime by four different numerical

methods. In order to keep the model simple, they neglected

the effect of the presence of gases in the outlet ports and

manifolding. In a subsequent paper, Rangarajan et al. [8]

extended the model for current densities close to the

electrode exchange current densities by including the ef-

fects of electrode over voltages by Butler–Volmer

expressions.

In all the work discussed so far, attention was focused

on simplifying the circuit analog of the electrolyzer stack

by either neglecting the presence of gases or by assuming

simple representation of the cell voltage. Not much atten-

tion was given to the relative importance of the individual

resistance components of the cell. This is not justifiable as

the membrane separator is an important contributor to the

resistance of the cell. Further, the models discussed so far

do not account for dual electrolyte inlets, which aid in

reducing the leakage currents. By accounting for Tafel

polarization at the electrodes and also for resistance due to

the presence of gases, the present model appears more

comprehensive than any of the existing models. Moreover,

this model is computationally very inexpensive as it in-

volves computation of the inverse of a 5 · 5 matrix only.
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Model is validated by qualitative and quantitative

comparison with published results. The effect of each of

the resistance components and the number of cells on the

percentage current lost in the form of parasitic currents is

presented in Sect. 3. Section 3 is preceded by a detailed

mathematical description of the model in Sect. 2.

2 Description of the model

It is an established practice to represent an electrolyzer

stack by an equivalent circuit [3–8]. This inherently in-

volves the assumption of uniform current distribution along

the electrodes. Non-uniform current distribution can be

accounted for by suitably coupling the electrolyzer circuit

with a computational fluid dynamics (CFD) model of the

kind reported by Mahmut Mat et al. [9, 10]. Figure 1

shows the resistances components and Fig. 2 shows the

current components in the nth and n + 1th cells of the

circuit considered in the present work. In Fig. 1, resistances

Re1 and Re2 are Ohmic resistances in the cathodic and

anodic electrolytes respectively and RS represents the

resistance due to the membrane separating the anodic and

cathodic channels. The increase in resistance due to the

presence of gases is accounted via Maxwell Eq. [11]. The

resistances are given by

Re1 ¼
qLC

Ae

1þ aC=2

1� aC

� �
; ð1Þ

Re2 ¼
qLA

Ae

1þ aA=2

1� aA

� �
ð2Þ

and

RS ¼
qNMLS

Ae
; ð3Þ

where NM is McMullin number, defined as the ratio of the

tortuosity to the porosity of the membrane [12]. The

average volume fractions of gases in anodic and cathodic

channels, outlet ports and outlet manifolds are obtained

using a 3D CFD model developed along the lines of the 2D

model of [9, 10]. The validated CFD model is in prepara-

tion for publication elsewhere.

In the current work, the inlet/outlet ports are considered

to be trapezoidal in shape as shown in Fig. 3. A consid-

eration that the surfaces of the electrolyte feed system are

non-conducting, leads to the following expressions for

resistances in the inlet/outlet ports

Ri
C ¼ Ri

A ¼
q

2d tan h=2ð Þ ln h2=h1ð Þ½ �; ð4Þ

Re
C ¼ Ri

C

1þ aeC=2

1� aeC

� �
ð5Þ

and

Re
A ¼ Ri

A

1þ aeA=2

1� aeA

� �
; ð6Þ

The resistances in the inlet/outlet manifold are com-

puted as follows

Ri
MC ¼ Ri

MA ¼
qLM

ph2
1=4

� � ; ð7Þ

Re
MC ¼ Ri

MC

1þ aeC=2

1� aeC

� �
ð8Þ

and

Re
MA ¼ Ri

MA

1þ aeA=2

1� aeA

� �
; ð9Þ

where LM = LC + LA + LS + LP is the length between two

successive outlet ports.

A constant direct current, which branches as it passes

through the stack, is supplied to the circuit. The assumed

direction of current flow is shown in Fig. 2. The main

current, referred henceforth as cell current, is indicated as

in
1 and in

2 on the cathode and anode sides of the membrane.

The leakage currents, kn and ln in the cathodic and anodic

inlet/outlet ports are considered perpendicular to the cell

current. They are considered positive when they are flow-

Ri
C

Ri
C Ri

C
Ri

A

Re1Re1 Re1Re2 Re2RS RS RS

Re
C Re

A Re
A Re

A
Re

C Re
C

Ri
ARi

A

Re
MC

Ri
MC

Ri
MC

Ri
MA Ri

MA

Re
MA Re

MA

Ri
A

Re
A

Re
MC

Fig. 1 Resistance components

in a circuit analog of an N-cell

assembly
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ing towards the manifold and negative otherwise. The

manifold currents, Kn and Ln are parallel to the cell current

and are considered positive when they flow in the same

direction as cell current and negative otherwise.

Ten simultaneous linear equations with ten variables:

Four leakage currents (kn
e ,kn

i ,ln
i ,ln

e ), four manifold currents

(Kn
e ,Kn

i ,Ln
i ,Ln

e ) and two battery currents result by applying

Kirchoff’s law to the nth cell of the network shown in

Fig. 2. The first six equations are derived from the current

balance equations at A, E, I, K B and G:

Ke
nþ1 � Ke

n � ke
nþ1 ¼ 0 ð10Þ

Le
nþ1 � Le

n � le
nþ1 ¼ 0 ð11Þ

Ki
nþ1 � Ki

n � ki
nþ1 ¼ 0 ð12Þ

Li
nþ1 � Li

n � li
nþ1 ¼ 0 ð13Þ

i1
nþ1 � i2

n þ ke
n þ ki

n ¼ 0 ð14Þ

i2
n � i1n þ le

n þ li
n ¼ 0 ð15Þ

The other four equations are obtained by applying Kirc-

hoff’s second law to loops ABCD, EFGH, BIJC and FKLG:

Re
C ke

nþ1 � ke
n

� �
� Re

MCKe
n þ Re1 þ RSð Þi1n þ Re2i2

n þ En ¼ 0

ð16Þ

Re
A lenþ1 � len
� �

� Re
MALe

n þ Re1 þ RSð Þi1
nþ1 þ Re2i2n þ En ¼ 0

ð17Þ

Ri
C ki

nþ1 � ki
n

� �
� Ri

MCKi
n þ Re1 þ RSð Þi1

n þ Re2i2
n þ En ¼ 0

ð18Þ

Ri
A linþ1 � lin
� �

� Ri
MALi

n þ Re1 þ RSð Þi1
nþ1 þ Re2i2n þ En ¼ 0

ð19Þ

In Eq. 16–19, En is cell voltage or voltage/potential

sink for every cell. It is given by the sum of Nernst

potential (Eo ) and electrode over voltages (gC , gA ) as

follows

En ¼ Eo þ gC þ gA ð20Þ

A general equation for the computation of electrode

over-voltage is the Butler–Volmer Equation [8]. How-

ever, Tafel equation [7] is a very good approximation

for the current potential relationship when the applied

current is significantly higher than the electrode

exchange current. Hence, the electrode over-voltages are

taken as

gC ¼ bC ln
i1n
iCo

� �
ð21Þ

and

gA ¼ bA ln
i2n
iAo

� �
; ð22Þ

where

bC ¼
RT

aC
o F

; ba ¼
RT

aA
o F

: ð23Þ

ki
n

ki
n+1 ki

n+2
li

n+2

i1
n

i2
n i2

n+1

ke
n

le
n le

n+1
le

n+2
ke

n+1
ke

n+2

li
n+1

li
n
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n+1
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n+1
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n
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Fig. 2 Current components in a

circuit analog of an N-cell

assembly

Fig. 3 Schematic of the electrolyte inlet/outlet triangle to the cell
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Following [7], the over-voltages are approximated as

gC ¼ bC ln
i1n
iCo

� �
¼ bC ln

I

iCo

� �
� bC

ke
n þ ki

n

I

� �
ð24Þ

gA ¼ bA ln
i2n
iAo

� �
¼ bA ln

I

iA
o

� �
� bA

le
n þ li

n

I

� �
: ð25Þ

For the sake of convenience, the expression for cell

voltage is written as

En ¼ EC � bC
ke

n þ ki
n

I

� �
� bA

le
n þ lin

I

� �
ð26Þ

where

EC ¼ Eo þ bC ln
I

iC
o

� �
þ bA ln

I

iAo

� �
ð27Þ

is the constant part of the cell voltage term.

Following [2], Eqs. 10–19 are rewritten in the form of

linear difference equations as follows

E � 1ð ÞKe � Eke ¼ 0 ð28Þ

E � 1ð ÞLe � Ele ¼ 0 ð29Þ

E � 1ð ÞKi � Eki ¼ 0 ð30Þ

E � 1ð ÞLi � Eli ¼ 0 ð31Þ

Ei1 � i2 þ E ke þ ki
� �

¼ 0 ð32Þ

i2 � i1 þ le þ li ¼ 0 ð33Þ

Re
C E � 1ð Þke � Re

MCKe þ Re1 þ RSð Þi1 þ Re2i2 þ EC

� bC
ke þ ki

I

� �
� bA

le þ li

I

� �
¼ 0 ð34Þ

Re
A E � 1ð Þle � Re

MALe þ Re1 þ RSð ÞEi1 þ Re2i2 þ EC

� bC
ke þ ki

I

� �
� bA

le þ li

I

� �
¼ 0 ð35Þ

Ri
C E � 1ð Þki � Ri

MCKi þ Re1 þ RSð Þi1 þ Re2i2 þ EC

� bC
ke þ ki

I

� �
� bA

le þ li

I

� �
¼ 0 ð36Þ

Ri
A E � 1ð Þli � Ri

MALi þ Re1 þ RSð ÞEi1 þ Re2i2 þ EC

� bC
ke þ ki

I

� �
� bA

le þ li

I

� �
¼ 0 ð37Þ

where

Ke ¼ Ke
n; Ki ¼ Ki

n; ke ¼ ke
n; ki ¼ ki

n; ð38Þ

Le ¼ Le
n; Li ¼ Li

n; le ¼ len; li ¼ lin; ð39Þ

and

i1 ¼ i1
n; i2 ¼ i2

n: ð40Þ

E is the difference operator defined as [2]

Ef xð Þ ¼ f xþ 1ð Þ ð41Þ

and

Enf xð Þ ¼ f xþ nð Þ: ð42Þ

Appropriate mathematical treatment of Eqs. 34–37 leads

to

ki ¼ keg aeCð Þ ð43Þ

and

li ¼ leg aeAð Þ; ð44Þ

where function g, that accounts for the increase in

electrical resistivity due to the presence of gases, is

defined as [11]

g að Þ ¼ 1þ a=2ð Þ
1� að Þ ð45Þ

Eliminating Ke, Le, ki, li, i1and i2 from Eqs. 34 to 35, we

get

�
Re

C

�
E�1

�2�
�

Re
MCþ

�
1þgðaeCÞ

��
Re1þRSþRe2þ

bC

I

��
E

þbC

I

�
1þgðaeCÞ

��
ke�

�
1þgðaeCÞ

�
��

Re2�
bA

I

�
EþRe1þRSþ

bA

I

�
le¼0

ð46Þ
�

Re
A

�
E�1

�2�
�

Re
MAþ

�
1þgðaeAÞ

��
Re1þRSþRe2þ

bA

I

��
E

þbA

I

�
1þgðaeAÞ

��
le�
�
1þgðaeAÞ

�
��

Re1þRSÞE2þ Re2�
bC

I

� �
EþbC

I

�
ke¼0

ð47Þ
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Further eliminating le from Eq. 46, using Eq. 47, we get

Equation 48 is a fourth order linear homogeneous dif-

ference equation with constant coefficients. Considering

that the characteristic equation corresponding to this

equation does not have multiple roots, the general solution

for ke can be written as

ke ¼
X4

j¼1

Cjr
n
j ð49Þ

where Cj are independent arbitrary constants to be

determined from the boundary conditions and rj are the

roots of the characteristic equation. Further, the general

solutions for le, ki, and li can be written as

le ¼
X4

j¼1

CjDjr
n
j ; ð50Þ

ki ¼
X4

j¼1

CjEjr
n
j ð51Þ

and

li ¼
X4

j¼1

CjFjr
n
j ; ð52Þ

where Dj, Ej and Fj are constants that are functions of rj. They

can be determined once the general solutions are obtained.

Using the general solution for ke in Eq.28, we get the

general solution for Ke as

Ke ¼ C1
5 þ

X4

j¼1

Cjr
nþ1
j

rj � 1
: ð53Þ

Similarly, the general solutions for Le, Ki, Li, i1and i2 are

found to be

Le ¼ C2
5 þ

X4

j¼1

CjDjr
nþ1
j

rj � 1
; ð54Þ

Ki ¼ C3
5 þ

X4

j¼1

CjEjr
nþ1
j

rj � 1
; ð55Þ

Li ¼ C4
5 þ

X4

j¼1

CjFjr
nþ1
j

rj � 1
; ð56Þ

i1 ¼ C5 �
X4

j¼1

Cj Dj þ Ejrj þ Fj þ rj

� � rn
j

rj � 1
ð57Þ

and

i2 ¼ C5 �
X4

j¼1

Cj Dj þ Ej þ Fj þ 1
� � rnþ1

j

rj � 1
: ð58Þ

In Eqs. 53–58, C5
1 , C5

2 , C5
3and C5

4 are constants. They

can be obtained by substituting the general solutions of the

current components [Eqs. 49–58] in Eqs. 34 and 35 and

equating the resultant coefficients of terms with identical

exponents. This results in the following expressions for C5
1

to C5
4, Dj, Ej and Fj,

C1
5 ¼

Re1 þ RS þ Re2

Re
MA

þ EC

Re
MA

; ð59Þ

C2
5 ¼

Re1 þ RS þ Re2

Re
MC

þ EC

Re
MC

; ð60Þ

C3
5 ¼

Re1 þ RS þ Re2

Ri
MA

þ EC

Ri
MA

; ð61Þ

C4
5 ¼

Re1 þ RS þ Re2

Ri
MC

þ EC

Ri
MC

; ð62Þ

Ej ¼ g aeCð Þ; ð63Þ

Dj ¼
Fj

g aeAð Þ ð64Þ

and

Re
C E � 1ð Þ2� Re

MC þ 1þ gðaeCÞð Þ Re1 þ RS þ Re2 þ
bC

I

� �� �
E þ bC

I
1þ gðaeCÞð Þ

� �

� Re
A E � 1ð Þ2� Re

MA þ 1þ gðaeAÞð Þ Re1 þ RS þ Re2 þ
bA

I

� �� �
E þ bA

I
1þ gðaeAÞð Þ

� �
ke

� 1þ gðaeCÞð Þ 1þ gðaeAÞð Þ

� Re2 �
bA

I

� �
E þ Re1 þ RS þ

bA

I

� �
Re1 þ RSð ÞE2 þ Re2 �

bC

I

� �
E þ bC

I

� �
ke ¼ 0

ð48Þ
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DjþFj¼
Re

A rj�1
� �2� Re1þRSþRe2ð Þ 1þgðaeCÞð ÞþRe

MA

	 

rj

Re1þRSþRe2rj
:

ð65Þ

This reduces the unknowns to the roots of the charac-

teristic equation corresponding to Eq. 48 and coefficients

Cj. The roots rj, can be obtained by substituting Eq. 49 in

Eq. 48. Equation 48 thus transforms to

Ar4 � Br3 þ Cr2 � Hr þ I ¼ 0 ð66Þ

where

A ¼ Re
ARe

C; ð67Þ

B¼Re
A 2Re

CþRe
MCþ 1þgðaeCÞð Þ Re1þRSþRe2þ

bC

I

� �� �

þRe
C 2Re

AþRe
MAþ 1þgðaeAÞð Þ Re1þRSþRe2þ

bA

I

� �� �

� 1þgðaeCÞð Þ 1þgðaeAÞð Þ Re1þRSð Þ Re2�
bA

I

� �
;

ð68Þ

C¼ 2Re
ARe

C

þ 2Re
AþRe

MAþ 1þgðaeAÞð Þ Re1þRSþRe2þ
bA

I

� �� �

� 2Re
CþRe

MCþ 1þgðaeCÞð Þ Re1þRSþRe2þ
bC

I

� �� �

� 1þgðaeCÞð Þ 1þgðaeAÞð Þ
"

Re1þRSð Þ Re1þRSþ
bA

I

� �

� Re2�
bC

I

� �
Re2�

bA

I

� �#
;

ð69Þ

H¼Re
A 2Re

CþRe
MCþ 1þgðaeCÞð Þ Re1þRSþRe2þ

bC

I

� �� �

þRe
C 2Re

AþRe
MAþ 1þgðaeAÞð Þ Re1þRSþRe2þ

bA

I

� �� �

� 1þgðaeCÞð Þ 1þgðaeAÞð Þ
"

Re1þRSþ
bA

I

� �
Re2�

bC

I

� �

þbC

I
Re2�

bA

I

� �#
ð70Þ

and

I ¼ Re
ARe

C � 1þ gðaeCÞð Þ 1þ gðaeAÞð Þ bC

I
Re1 þ RS þ

bA

I

� �

ð71Þ

Equation 66 is a fourth order polynomial, which may be

solved for rj without much difficulty.

Finally, Cj (C1 to C5) are obtained using the following

five boundary conditions:

Ke
0 ¼ 0)

X4

j¼1

Cjrj

rj � 1
þ Re1 þ RS þ Re2

Re
MA

þ EC

Re
MA

¼ 0 ð72Þ

Ke
N ¼ 0)

X4

j¼1

Cjr
Nþ1
j

rj � 1
þ Re1 þ RS þ Re2

Re
MA

þ EC

Re
MA

¼ 0 ð73Þ

Le
0 ¼ 0)

X4

j¼1

CjDjrj

rj � 1
þ Re1 þ RS þ Re2

Re
MC

þ EC

Re
MC

¼ 0 ð74Þ

Le
N ¼ 0)

X4

j¼1

CjDjr
Nþ1
j

rj � 1
þ Re1 þ RS þ Re2

Re
MC

þ EC

Re
MC

¼ 0

ð75Þ

i1
1þki

1 þ ke
1 ¼ I )

�
X4

j¼1

Cj Dj þ Ej þ Fj þ 1
� � rj

rj � 1
þ C5 ¼ I ð76Þ

In Eqs. 72–76, all the resistance components and EC, rj,

Dj, Ej and Fj are known. Hence coefficients, Cj can be

easily obtained by inverting the 5 · 5 matrix represented

by Eqs. 72–76. Once the coefficients Cj are obtained,

Eqs. 49–58 form a closed set of final expressions for var-

ious current components of the bipolar electrolyzer stack.

3 Results and discussion

Leakage/shunt currents are a function of all the resistances

and the number of cells. This section presents a summary

of a systematic study on the effect of varying each of the

resistances as well as the number of cells on leakage cur-

rents. Numerical values of a baseline case considered in

this study are listed in Table 1.

Figure 4 shows the variation of leakage current and

manifold current in the cathode side outlet ports and outlet

manifold respectively and Fig. 5 shows the variation of cell

current on the cathode and anode sides of the membrane

pertaining to the resistances listed in Table 1. Leakage

current is maximum in magnitude in the outermost cells

and it changes sign in the central portion of the stack.

Manifold current increases in the direction of cell current

up to the central part of the stack and decreases thereafter.

Hence the cell current, as shown in Fig. 5, is maximum in

the outermost cells and minimum in the central portion of

the stack. Further, due to the presence of the membrane,
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variation of cell current is not same on the cathode and

anode sides of the membrane. On the cathode sides, cell

current is symmetric about the central cell whereas it is

asymmetric on the anode sides of the membrane. The

asymmetry can be expected to increase with increase in the

membrane resistance. These intuitively appealing results

are in qualitative accordance with published literature [7,

8]. However, a quantitative agreement with relevant

experimental data establishes full validation of the model.

In the absence of experimental data, the present model is

verified by simulating the results reported by [7]. The

model of [7] is less complicated as it does not account for

the presence of gases and is for a stack design without dual

inlets. Further, only a single aggregate resistance represents

each cell in the model of [7]. However, results of [7] are

significant in verifying the current model, as the authors of

[7] establish the validity of their results using four different

numerical methods. Table 2 lists the numerical details of

test cases of [7] considered in the present study for the sake

of comparison. Figure 6 shows the manifold currents

computed using the current model with resistance and load

current inputs from [7]. Computed results are found to be

within 2% error with the results of [7]. This lends confi-

dence in the validity of the current model.

Currents leak into the inlet/outlet ports from both cath-

ode and anode compartments. Hence, a parameter of sig-

nificance is the total percentage of current lost (IS )in the

form of parasitic currents. It is computed as

Table 1 Parameters corresponding to baseline case

Symbol Value Units

Re1 = Re2 0.0002 W
RS 0.00005 W
Ri

C = Ri
A 2 W

Ri
MC = Ri

MA 0.025 W
aC 0.1

aA 0.15

aeC 0.2

aeA 0.2

io
C 0.1 A

io
A 0.1 A

I 1000 A

N 20

Eo 1.18 V

Fig. 4 Leakage and manifold currents across the cell stack

Fig. 5 Cell current on cathode and anode sides of the cell stack

Table 2 Parameters of case from [7] considered for validation

Symbol Value Units

Re1 = Re2 4.9 W
800 W

Ri
MC = Ri

MA 4.9 W
io
C/Ae 84 A/m2

io
A/Ae 84 A/m2

I 0.1 A

Eo 2.4 V

Fig. 6 Comparison of predicted manifold currents with the results of

[7]
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IS% ¼
NI �

PN
j¼1 i1

j

NI
þ

NI �
PN

j¼1 i2
j

NI

" #
� 100 ð77Þ

In all the following sections, leakage currents are as-

sessed by the changes in this parameter.

3.1 Effect of internal resistances of the cell

The baseline values for the internal resistances Re1 , RS

and Re2 are 0.2, 0.2 and 0.05 mW respectively. In order

to study the effect of varying these resistances, each of

them is varied in steps of 0.1 mW (50% of baseline

value) while holding the other two constant. Increasing

one resistance component while holding the other two

constant increases the total internal resistance by

0.1 mW. The number of cells is held constant at 20.

Figure 7 shows results obtained by such an exercise. The

total percentage loss in the form of parasitic currents

increases with increase in the total internal resistance of

the cell. This increase in IS, is however almost inde-

pendent of whether the increase in R is because of in-

crease in Re1 or RS or Re2. The obvious reason for this

independence of IS on the internal resistance components

of the cell is the three orders of magnitude difference

between the inlet/outlet port resistances and the internal

resistances.

3.2 Effect of resistances in the inlet/outlet ports

Figures 8 and 9 show the effect of increasing the resistance

of the inlet/outlet ports on the percentage of current lost in

the form of parasitic currents. With increase in the inlet/

outlet port resistance, IS decreases in general and at high

values of inlet/outlet port resistance, IS reduces to zero

asymptotically.

Figure 8 shows that at a particular RA, IS increases with

increase in N. The obvious reason for this increase in IS

with increase in N is the increase in the number of paths for

the flow of shunt currents. However, Fig. 9 shows that at a

particular RA, IS decreases with increase in I. This result is

a consequence of the Ohm’s law. Since the internal resis-

tance of the cell is much less than the shunt resistances, the

percentage of current passing through the bypass paths

decreases with increase in I.

3.3 Effect of manifold resistances

Figures 10 and 11 show the effect of increasing the man-

ifold resistances (RMA, RCA) on the percentage of current

lost in the form of parasitic currents. Figure 10 shows that

IS decreases with increase in RMA. An important point to

note is that IS tends to become independent of N as RMA

approaches RA. Therefore in order to facilitate the incor-

poration of more cells in a stack, the manifold should be

designed such that RMA�RA. No such independence of IS

on N can be observed in Fig. 11 even at RMA = RA. IS

decreases monotonically with RMA at all N, following

Ohm’s law.Fig. 7 Effect of various components of cell internal resistance on IS

Fig. 8 Effect of inlet/outlet port resistance on IS at several N

Fig. 9 Effect of inlet/outlet port resistance at several I
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3.4 Effect of volume fraction of the gases

The presence of gases increases the resistance in the outlet

ports and outlet manifold. In the present work, this increase

in resistance due to the presence of gases is accounted for

via the Maxwell equation [11]. Figures 12 and 13 show the

effect of the volume fraction of gases on IS. IS decreases

linearly with the average volume fraction of the gases at all

N and I. This is as expected as the Maxwell equation

indicates a nearly linear increase (shown in Fig. 14) in the

outlet port resistance with increase in the average volume

fraction of the gases. However, a point to note is that the

magnitude of the slope of the linear plots in Fig. 12 and 13

is greater at higher N and lower I.

3.5 Effect of number of cells

The effect of varying various resistance components indi-

vidually at different N is presented in the previous sections.

In this section, the effect of the number of cells is studied

by varying all the shunt resistances by a fraction, while

holding the internal resistances of the cells constant. For

the sake of clarity, the shunt resistances corresponding to

the base line case are represented by Rb. In Fig. 15, Rb

indicates RA
i = RC

i = 2 W and RMA
i = RMC

i = 25 m W and

Rkb indicates RA
i = RC

i = 2kW and RMA
i = RMC

i = 25km W.

Figure 15 shows that IS increases with N irrespective of the

magnitude of the shunt resistances. However, an important

point to note is that as the shunt resistances increase, the

Fig. 10 Effect of manifold resistance on IS at several N

Fig. 11 Effect of manifold resistance on IS at several I

Fig. 12 Effect of gas volume fraction on IS at several N

Fig. 13 Effect of gas volume fraction on IS at several I

Fig. 14 Effect of gas volume fraction on outlet port resistance
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effect of the number of cells decreases. In the cases of R1.5b

and R2b, beyond N = 60, IS increases only by about 1% for

every 10 additional cells. Therefore, a point of practical

importance is that a large number of cells can be incor-

porated without significant increase in IS, by ensuring that

the shunt resistances are sufficiently high.

4 Conclusions

1. The method of difference calculus is found to be very

efficient for computing the shunt currents in an alka-

line electrolyzer stack. This involves computing the

inverse of a 5 · 5 matrix only for a stack of any

number of cells. On the other hand, the matrix inverse

method involves computing the inverse of a N · N

matrix.

2. The model is found to replicate published data quali-

tatively as well as quantitatively.

3. Percentage of current lost in the form of shunt current

increases with increase in the total internal resistance

of the cell.

4. Overall loss due to shunt currents decreases non-line-

arly with increase in inlet port resistance up to a certain

limit. Beyond this limit, overall loss due to shunt

currents reduces to zero asymptotically. Knowing this

limit would be quite useful in the design of inlet/outlet

ports.

5. When all the resistances are kept constant, percentage

loss due shunt currents increases with increase in the

number of cells. Percentage loss however decreases

with increase in load current.

6. Loss due to shunt currents decreases with increase in

the manifold resistance. It becomes independent of the

number of cells as the manifold resistance approaches

the inlet port resistance.

7. Presence of gases in the outlet port and outlet manifold

is found to affect the loss due to shunt currents. Loss

due to shunt currents is found to vary linearly with the

average volume fraction of the gases in the neck and

manifold.

8. The effect of the number of cells on overall loss due to

shunt currents becomes insignificant at high shunt

resistances. However, at low shunt resistances, loss

due to shunt currents increases almost linearly with the

number of cells.
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