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Temperature and Performance Inhomogeneities in PEM
Electrolysis Stacks with Industrial Scale Cells

T. Krenz,"">~® O. Weiland,”=® P. Trinke,' ©® L. Helmers,”> C. Eckert,' ® B. Bensmann,"*
and R. Hanke-Rauschenbach’

!Electrical Energy Storage Systems, Leibniz Universitit Hannover, 30167 Hannover, Germany
2Siemens Energy Global GmbH & Co. KG, 91058 Erlangen, Germany

In this work temperature inhomogeneities and their influence on PEMWE performance of industrial-scale stacks are investigated.
Three temperature differences are examined: (i) between the inlet and outlet, (ii) in-between the cells of a stack, (iii) between the
cell’s solid materials and the fluids. A validated stack model for temperature and performance is presented which is used to
quantify the above-mentioned temperature fields and their influences on current density distribution and cell voltages. For a chosen
scenario, with current densities of 2.0 A cm™2, fluid inlet temperatures of 60 °C and flow-rates of 0.15kgs 'm™2, peak
temperature differences amount to 8.2 K along-the-channel. This relates to inhomogeneities of current density of up to 10% inside a
cell and deviations of cell voltage of 9 mV in-between cells in the center of the stack and outer cells. For higher current densities
these differences increase further. More homogeneous temperatures allow operation at elevated average temperatures without
exceeding temperature limitations and reduce the spread of degradation mechanisms. Hence, homogenous profiles lead to a more
hole-some utilization of electrolysis stacks. Therefore, the ability to homogenize via alternative operation such as higher flow-rate,
higher pressure and altered routing of fluid-flow is analyzed.
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Nomenclature (Continued).
Symbol Description Unit/Value
A Surface Area m? Qs Heat flow from solid to Tkg!
A8 Active cell area of segment m?2 fluid on y side
b Tafel slope on anode side V Qdiss Heat generated through  Jkg~!
¢! Concentration of mol m—3 voltage losses
substance i R universal gas constant 8, 314 JK~! mol™!
p Specific heat capacity T kg 'K! R! Area Specific Ohmic resis- Qm?
d Thickness/Distance m tance of component i
D Mass diffusivity for m2s-! S Solubility of substance i  mol m=3 Pa~!
substance i Sv Volume specific surface m2m3
E! Activation energy for com- — area of heat transfer
ponent i T Temperature K
F Faraday constant 96, 485 C mol~! AT Temperature difference K
AG Gibbs free energy Jkg™! Ut Voltage of component i \'%
hi Specific enthalpy of Tkg™! i Fluid velocuy on ms-!
species i electrode i
H Enthalpy 7 wi Mass fraction of species i kg kg~!
AH Reaction enthalpy Tkg™! wat Saturation mass fraction kg kg~!
i Current density Am2 z Charge number —
io Exchange current density A m~2 a Heat transfer coefficient W m=2K-!
1 Current A on y side .
ki Transport coefficient in ms™! a Charge tl.’ansfer coefficient —
catalyst layer on y side
Kmem Linear factor for membrane Q m~! o7 Thickness of y side m
conductivity e’ Integral porosity of y side —
l&g' Length of cell segment 180 = 1/ N, 7 Overpotential f’f v
; . component i
n}’ Mass of component i ke Ki Linear factor for calculating—
m Mass flow kg s~! the heat transfer coeffi-
M Molar mass of species i kg mol™! cient of phase i
Mdrag Electro-osmotic drag 22 moly,p molg} Jsat Factor for membrane hydra-—
coefficient tion
Pressure Pa yL Thermal conductivity in W m~IK!
q Specific heat flux Wm™2 direction k of component i
omem Membrane ionic Sm™!
conductivity
Pl Density of substance i kg m~3
@' Volume fraction of m3m3

~Equal contribution.

2 . . o . species i
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(Continued).

Superscripts

Symbol Description Unit/Value

* Supersaturation —

0 Standard state p = 101, 325 Pa

T =298.15K

a Anode or anodic fluid —

avg Average —

c Cathode or anodic fluid —

ch Along-the-channel —
coordinate

con Contact —

ct Charge transfer —

cs Cross-sectional —

ecd Exchange current density —

(& Gaseous state —

) Liquid state —

mem Membrane —

mt Mass transport —

ref Reference —

s Solid —

sat Saturation —

sc Stacking coordinate —

seg Segment (finite component) —

rev Reversible —

thn Thermoneutral —

p Index for species of fluid g € {H,0(1), H,O(g), Oy, Hy}

y Index for electrode y € {Anode, Cathode}

Subscripts

Symbol Description Unit/Value

down Position in along-the- j—1
channel coordinate

eff Effective —

in Entering or at inlet of —
component/segment

j Segment number J € {1, .\Neeg}

k Cell number ke {1,...,Neens}

lat Lateral —

left Position in stacking k—1
coordinate

out Exiting or at outlet of —
component/segment

sens Sensor —

sim Simulation —

reac Reaction —

ref Reference —

right Position in stacking k+1
coordinate

up Position in along-the- j+1

channel coordinate

Large-scale water electrolysis projects are currently being
planned and implemented." The generation of hydrogen through
electrolysis using renewable energy sources is becoming increas-
ingly important due to the current energy and climate crises.”™
Large-scale commercial stacks have become available in recent
years.”® However, next-gen products provide enormous Potential for
improvement, with degradation being a major concern.>®

During operation, accelerators for degradation in PEM electrolysis
are high temperatures and high current densities.”® This indicates that
deviations in temperature and current density within a cell/stack lead to
locally different rates of degradation which is why a homogenous
distribution of temperature and current density is desirable.’™!
Measuring temperatures or current densities within a cell or stack is
typically not possible in industrial-size plants. Therefore, the local
distribution of these values needs to be resolved with models.

The temperature differences inside a stack are caused by heat
release in the cells due to voltage losses and heat transfer to the
environment at the outer boundaries of the stack as well as
convective heat transfer in the fluids. Since the performance of a
PEM electrolyzer depends on temperature, the temperature differ-
ences inside a stack create local performance inhomogeneities.'®!"
Hence, this inhomogeneity evolves in both, the stacking coordinate
as well as the flow direction along-the-channel.

Up to now, model-based analysis of temperature effects is mostly
carried out for unstacked, small-scaled laboratory cells, where
temperature gradients along-the-channel have minor effects.'” Onda et
al."” present an along-the-channel model for a large cell, which is only
validated by experimental data for a small cell (10 cm? electrode
area). Immerz et al.'* carried out along-the-channel measurements of
current density and temperature in a long single-channel setup.

On a stack-level, typically lumped models are used. Olivier et
al.'® validate such a model with experimental data. Another lumped
model is used to design a cooling system for a stack.'® Also, the
influence of the operating pressure on anodic and cathodic activation
overpotentials is studied with help of a lumped model, which is
validated by experimental stack data.'’

Local diffusive and convective heat transport processes are not
addressed in lumped stack models, so local performance differences
cannot be observed. Resolving these local differences is important to
understand the overall behavior of industrial size stacks. Further
effects, such as local degradation, can also only be understood by
considering local temperature and performance effects.

In this contribution, we present a validated pseudo-2-D stack
model, which addresses the local inhomogeneity predominantly
caused by temperature differences within the stack. The model
covers two coordinates: the stacking and the along-the-channel
coordinate. With help of the model, we calculate local temperatures
and their impact on the current densities. Performance differences
between cells are discussed at different current densities.
Additionally, options to reduce inhomogeneities are studied by
varying the operating pressure, the inlet water flow rate, and the
water flow arrangement (counter-flow and co-flow).

Model

A schematic of the working principle of a PEM water electro-
lyzer with the half-cell reactions, the electrodes, the membrane, and
the porous transport layers (PTLs) is given in Fig. 1a. The reactions
take place within the catalyst layers of the electrolyzer half-cells. In
the model, the cells are composed of finite segments, as shown in
Fig. 1. In the finite segments of the model, the anodic fluid, the
cathodic fluid, and the solid compartment of the segment are
balanced separately. The cells are stacked such that they are
electrically connected in series and in parallel in regards of the fluid
transport (e.g., process water, as it can be seen in Fig. 1).

The model includes three dynamic enthalpy balances to consider
temperature dynamics, which are coupled with a quasi-steady state
description for the polarization behavior to describe the performance
of a rectangular stack. The performance is considered in a quasi-
steady state due to the fast dynamics of the charge balances. Even
though the dynamic temperature model is used for validation, in the
results part, only steady state results are discussed.

The fluid temperatures represent the temperature in each half-cell
whereas the solid temperature represents all the solid parts of the
corresponding segment (as shown in Fig. 11a) and thereby contains
anodic PTL, anodic electrode, membrane, cathodic electrode,
cathodic PTL and bipolar plate. Thermal conductivities and heat
capacities of the layers are lumped in integrated values covering the
layers of the solid compartment. An approach of how to calculate
representative parameters for the lumped solid considering the
different materials within the solid is given in A-1.

The model is formulated component-based, such that a stack
(Fig. 1c) is composed of multiple cells (Fig. 1b), which are formed
through multiple segments (Fig. 1a), which are stacked in between
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Figure 1. Schematics for working principle of PEMWE, cell model structure and stack. The subfigures are arranged from small to large: (a) the segment, the
core component of the model, and basic water electrolysis reaction, (b) the cell model, visualizing the interaction between the model segments and (c) the stack

model, showing the used coordinate axis.

two end-plates. The equations describing the stack, the cells, the
segments, and its interaction of the hierarchy levels are presented in
the following. For simplicity, the use of indexes is limited to a
minimum, and neighboring components are referenced by their
relative position to the segment (cf. Fig. 1 in along-the-channel
coordinate: up/down, in stacking coordinate: left/right).

Segment.—At the lowest level of hierarchy, the segment is the
core component of the pseudo-2-D stack model. The behavior of the
components is stated from conservation laws and basic polarization
behavior.

Enthalpy balances.—Enthalpy balances are formulated for anodic
fluid, cathodic fluid and solid. The fluid enthalpy balances are given by:

dHV _

Z( hi? — il + 07 [1]

with g € {H,O0(), H,O(g), O }for y = anode and g € {H,O(),
H,0(g), Hy} for y = cathode. Specific enthalpies 4" are calcu-
lated using the Modelica Fluid Library.'® In this formulation the
evaporation enthalpy changes are included implicitly.

The state equations of enthalpy for implicit temperature calcula-
tion of the anodic and cathodic fluids are given by:

HY = Z m? B (TT)
s

(2]

with g € {H,01), H,0(g), O} for
{H,O0(1), H,0O(g), H,} for y = cathode.

Liquid and gas phase are assumed to be in a thermal equilibrium.
The joint enthalpy balance of all solid components of each segment
is given by:

y =anode and

p e

dH*®
dr

= A% (qleft ght) + ACCSH (qdown + qlf[l: )

_Q's—>a _ Qs—»c + Q'dlSS [3]
where A% is the active cell area of the segment and A5, is the cross-
section area of the cell in the along-the-channel coordinate. The
indexes sc stand for stacking and ch for along-the-channel coordi-
nate, s for solid, a for anode and c for cathode.

The heat generation Q% is attributed to the solid. Heat
conduction is only accounted within the solid, i.e., fluid heat
conduction is neglected compared to convection. The outer surfaces
of the cell are thermally insulated, so no additionally heat transfer
from the cells’ boundaries is considered.

Looking at one specific segment, the heat conduction ¢, to its
left segment (into a neighboring cell or end-plate respectively) is
given by Fourier’s law:

cell,sc

e (Tier, —

T (4]

SC
Diere =

The heat conduction to its right segment qrl 1 (into a neighboring
cell or end-plate respectively) is calculated similarly:

Acell, sc
d T el ( right =

T (5]

sc
Dighe =

qdc(l)“wn and qlf; describe the conductive heat transfer to the segments in

along-the-channel coordinate. The heat transfer to the segment above
the current segment is given by:

h Acell ch
Gy = Ty = T (6]

seg

and heat transfer to the segment below the current segment is
calculated similarly:
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h Ach,cell !
Gin = i Town = T y
seg
The temperatures of the neighboring compartments for the along-
the-channel coordinate (T, and Tg,,,) are set in Ch. 2.2 and for the
stacking coordinate (Tjo and Tgp) in Ch. 2.4,
Heat transfer depends on the phase volume fraction of the fluid.

Therefore, the effective heat flux from solid to fluid Q°~7 is divided

into contribution of the gas 0°~7® and the liquid phase Q*~7®:
0% = 0@ 4 o0 [8]
0T = Al OS] STARE YT (TS — T7) [9]
0" 770 = qrOSY sTARR.(1 — 7)(TS — T7) [10]

The volumetric gas phase fraction ¢? determines the allocation of
the heat transfer on gas phase and liquid phase. The fluid
temperature is assumed to be equilibrated between liquid and gas
phase. The heat transfer coefficients a’® and a’® are functions of
the fluid velocity, with a volume specific heat transfer area S7.

arV® = gy 107108 [11]

Equation 11 is adapted from an approach of the
VDI-Wirmeatlas'® (VDI-heat-atlas). Due to the lack of adequate
literature on this kind of heat transfer in porous layers inside
structures of PTLs, the approach can only be considered as an
approximation and a proposal for a simple description of the heat
transfer problem. This approach is fitted, such that the results agree
with the found temperature differences between solid and fluid of
Onda et al.'®> The linear factor Kyg 1s set to a value one order of
magnitude larger in the liquid case compared to the gaseous case.

Heat is generated through cell voltages above the thermoneutral
voltage:

Qdiss — ASCgi~(UCCH _ Ulhn) [12]

where i is the segment’s current density, U!! is the cell voltage
which is invariant of the along-the-channel coordinate in each cell
and therefore calculated in the cell’s performance model (cf. Ch.
2.1.3), and U™ is the thermoneutral voltage.

The state equation for implicit temperature calculation is given
by:

H® = msc;e"TS [13]

msc[,CCH is the total heat capacity of the solids in the cell segment,

consisting of various materials and sizes.

Mass balances.—Two mass balances are formulated on each
half-cell: One mass balance for water and one for the product-gas.

Water balances.—The local water mass balance is set up for the
liquid and gaseous phase together.

dmr-H20
— 57 H0 _ oy HoO -y, HyO - H0
dr = mj, Moy Myl £ mdrag [14]
miy,;Hzo and /20 are the incoming and outgoing mass fluxes, 120

H,O

is the reaction sink term and gz,

the water drag which goes from
the anode to cathode side.

The incoming and outgoing water mass flux consist of liquid and
gaseous water:

L7 H0 _ oy 7.H20(2) 7.HO()
my, = min'(win ? + Win : ) [15]

- v, HO __ - ,H,O LHO(
)2 = e (whi g Wi ()) [16]

The mass fraction of a species is calculated with Eq. 17:

mrP
P
2ym’

For water, the reaction takes place only on the anode side, which
gives Eq. 18:

VB —
Wour =

(7]

O iAsee H,O
Ha,H0

reac oF [18]

where M™0 is the molar mass of water. Electro-osmotic drag is
calculated with the approach of Springer et al.® whereas a liquid-
water saturated membrane (A = 22) is assumed:>!

) iAsee
mgzag = MHzOndragT [19]

Here, ngp,, is the drag coefficient.

Product gas balances.—The product-gas is balanced similarly to
water:

dmr-H2/02

— i 7-H2/O2
dr = mj

Mg + il 2 [20]
The outlet mass flow of the product-gas is calculated with help of

the mass fraction wZ;%/0? in each segment:

o7 Ho/Oy oy 7 Ha/On
moul - mOUIWOUl [21]

Where ), is the total mass flow leaving the segment in half-cell y.

The product-gas production is calculated with Faraday’s law:

. iAsee 0,/H;
it = ——M [22]
zF
The mass of the gaseous water is given by:
m}’,HzO(g) - Wy,satmy,Oz/Hz [23]

Here, ws®7 is the saturated mass fraction of gaseous water in
hydrogen and oxygen respectively:

MH2O py,sat (Ty)
MOZ/HZ .p _ py,sal(Ty)

y.sat —

w [24]

The saturation pressure p”s*(T7) is taken from the Modelica
Fluid Library.'® Water-saturated gases are assumed within Egs. 23
and 24, so water evaporates immediately with product gas formation.
The evaporation enthalpy is considered within Eq. 1.

Liquid water fills the volume, which is not blocked by gas:

m?-H200 — pr.HzO(D (T7)e?s7A%2.(1 — @) [25]
The gaseous volume fraction ¢? is calculated treating the gas as ideal:

,_ _R17 (my,HzO(g) m%ﬁ)

perorA™e . MHZop * Mﬂp [26]

Polarization behavior.—The contributions to the cell voltage are
calculated in each segment where again the use of indexes is avoided
when possible. All contributions to the cell voltage are segment specific,
whereas the cell voltage of segments of a cell are equal (cf. Ch. 2.2).
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Ucell — Urev + r]act,a _ nacl,c + i.(Rmem + Rcon) + "mt [27]

U™ is the reversible cell voltage, i is the current density, #°%* and
nt< are the anodic and cathodic activation overpotentials, R™™ is
the ionic membrane resistance and R" the contact resistance
contributing to the ionic and ohmic losses respectively, and ™ is
the mass transfer overpotential.

Reversible cell potential.—is
Nernst-equation.”?

calculated  with  the

1
RTS ¢,Hp,sat a,0p,sat \2
< (c ) 28]

rev — rev,0 .
U =U""+ oF In o0 | 2020

U™0 is the reversible cell potential under standard conditions,
crO/Hasat are the saturation concentrations at operating conditions
and ¢7°92H20 at standard conditions.

The reversible potential under standard conditions is calculated

with the Gibbs free energy AG® under standard conditions, which is
calculated as follows:

=-=-" [29]
AGO — GHZ,O + lG 07,0 _ GHZOsO
2

=HH2,0 + lHOZ»O _ HHZO,O _ TO'(SH2’0 + lsoz,() _ SHZO,O)
2 2
[30]

The saturation concentrations in Eq. 28 are calculated using
Henry’s law:

Cy,Og/Hz,O — pOS;/,OZ/HZ,O [31]
cy,Og/Hz,sat — pS}/,Olez,sat [32]

The Henry constant §7-02/H2%at depends on temperature, as
published by Ito et al.?

Thermoneutral voltage.—is calculated with the free enthalpy
AH:

U = _L; ;T ) [33]

AH(T®) is calculated with the enthalpies of the educts and
products:'®

AH(T*) = HM(T%) + %Hoz(TX) — H™O(T) [34]

Kinetic losses.—The activation overpotential of the anode is
calculated using Tafel kinetics:

,,Iact,a = pa ln(il_a) [35]
0

where b? is the Tafel slope, i the segment’s current density and i§ the
anodic exchange current density. The Tafel slope is given by:
a_ R-T*
2aF

(36]

where a is the temperature dependent charge transfer coefficient,
which is calculated with an Arrhenius approach to consider

temperature effects:>*

a a,ref c 1 1
ai = o™ eXp(E 1'(333 5 K T_)) 7l

al™ is the reference charge transfer coefficient at 333.15 K and E¢'
is the activation energy.
The temperature dependent anodic exchange current density is

also calculated with an Arrhenius approach:25

Eacd 1 1
i = el ox (4 - _) 38
0=t P e 35305k T [38]

is the reference exchange current density at 353.15 K and

- a,ref
Here, i

E*d is the activation energy. The cathodic activation overpotential
n*t¢ is neglected, as its contribution of the overall activation
overpotentials is small:

nact,c =0 [39]

Ohmic losses.—have two components: An ionic membrane
resistance and a contact resistance:

’,Iohm = i'(Rmem + RCOn) [40]
R™™ s the ionic membrane resistance and R" is the contact

resistance. R™™ is given by:

O.rnem

6mcm

Rmem =

(41]

with membrane thickness 6™°™. The membrane conductivity 6™™ is
calculated with the approach of Springer et al.:*°

1 1
g™mem = (KM — 0,326)-exp (Emem-(—303 - T—)) [42]

K™™ is a linear factor determining the membrane conductivity,
A%t = 22 is the water content of the membrane,21 and E™™ js the
activation energy.

Constant contact
RO"=43.10"° Qm2>°

Mass transfer losses.—These overpotentials evolve because of
mass transfer resistances out of the catalyst layer and result in
supersaturated gas concentrations inside these catalyst layers. They
are calculated with the Nernst equation:*’

1
RT7Y Ca,Oz,* 2 RT¢ CC,H'_),*
,mt _
,17m - 2F ln(ca,Og,sat) + 2F ]n(cc,Hz,sat) [43]

resistance is assumed with

Where ¢®02* and ¢“">* are the supersaturation concentrations,
which arises because of the mass transfer resistances.

i 0O, /Hjy,sat
— v,/ H2,
°F + k] c

c]/,Olez,* — [44]

DO2/Hy
ki + e
k; is the mass transfer coefficient,®® DO™ is the diffusivity of
oxygen and hydrogen respectively inside the PEM, which are
calculated with the approach of Wu et al.”

Cell.—Cells are composed of segments that are connected in the
along-the-channel coordinate. The segments of a cell interact via
charge balances, mass balances and energy balances.

The mass balances are rather simple. The outlet mass flow rate
and state of one segment equal the inlet mass flow rate and state of
the upper segment in along-the-channel direction. Additionally, the



Table 1. Parameters used to define the pseudo-2D stack model.

Symbol Description Unit/Value Source/Material
Acell Active cell area 1.0 m?

& Cross sectional area of cell in along-the-channel coordinate geell.geell
A Cross sectional area of end-plate in along-the-channel coordinate aP-dr
AR Outer lateral surface area of end-plate segment 2.0 m?
Ay Outer surface area at top of end-plate segment 0.025 m?
geell Width cell 0.50m
a® Width end-plate 0.54m
leell Specific heat capacity (cell segment) 523) kg~ 'K! /Titanium
or Specific heat capacity end-plate 470) kg~ 'K! 19/Stainless steel
deell-ep Distance between cell segment and end-plate segment for describing conductive heat transport in 0.05m

stacking direction

deell Thickness of cell 6% + 6°
e Thickness of end-plate 0.05m
E¢t Activation energy for charge transfer coefficient 510 Fitting
Eacd Activation energy for exchange current density 4, 300 25
Emem Activation energy for membrane conductivity 1, 268 20
heell Height of cell 2.0m
it Anodic reference exchange current density at 7' = 353.15K 8.0-107° Am? 25
Kmem Factor for membrane conductivity 0.5139Qm™! 20
k; Transport coefficient in catalyst layer 0.01ms™! 28
e Length of cell segment 180 = 19/ Nygg
e Height of end-plate 2.20m
meell Mass of cell 50kg
meP Mass of end-plate 460kg
m’ Mass of solid compartment of cell segment mce"/NSeg
Neelts Number of cells 40
Nyeg Number of segments 10
Reon Contact resistance 43.107% Qm? 26
Sy Volume specific surface (Anode) 180m2m-3
Sy Volume specific surface (Cathode) 180m2m-3
al‘:'}l’) Heat transfer coefficient for horizontal surface at top of end-plate 185W m—2K-! 19
a Heat transfer coefficient for lateral surface of end-plates 45W m—2K-! 19
alrt Anodic reference charge transfer coefficient at 7 = 333.15K 0.50 25
6 Thickness of anode half of cell (anodic PTL + half of MEA and half of bipolar plate) 6-103 m —
6¢ Thickness of cathode half of cell (cathodic PTL + half of MEA and half of bipolar plate) 6-103 m —
smem Thickness of membrane 100pm
e Integral porosity of anodic PTL 0.60 —
€ Integral porosity of cathodic PTL 0.60 —
K] Heat transfer factor solid to liquid fluid 15, 000W m—2K! Fitted with '>!°
Kq Heat transfer factor solid to gaseous fluid 1, 500W m—2K"! Fitted with '>"°
Jcell.ch Thermal conductivity (along-the-channel) 8.3Wm~K! Calculation: appendix

Eq. A1

80SH0 OLL €£20T ‘4121208 (021220419215 Y] fo [putnof



Table 1. (Continued).

Symbol Description Unit/Value Source/Material

Jcellsc Thermal conductivity (stacking coordinate) 7.56Wm~'K~! Calculation: appendix
Eq. A2)

AP Thermal conductivity (end-plate) 15Wm~'K-! 19/Stainless steel

Jepscell Thermal conductivity (end-plate to cell) 13.57 Wm~'K! Calculation: appendix
Eq. A3

A5 Saturated liquid water content in membrane 22 21

80SH0 OLL €£20T ‘4121208 (021220419215 Y] fo [putnof
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increase since cold start at inlet and outlet of cathode side (T}, (o5 Tour.sens)
and corresponding simulated fluid temperature (T, ;,)-

operation pressure p is assumed to be invariant of the along-the-
channel coordinate.

Energy balances.—The conductive heat transport within a cell is
formulated within every segment (cf. Eqs. 4-7) and is defined by the
temperatures of the neighboring segments. For the neighboring
temperatures along-the-channel this is done in the cell model.

Since at the top segment of a cell no upper solid temperature
exists and the heat transfer in this direction out of the segment needs
to be zero, the upper temperature Ty, is set to 7°:

- b1 forj € {1to Ny — 1}

Jjoup = Ts [45]
J

forj = Ny,

For the bottom segment, the reference temperature is set
similarly:

. i1 forj € {210 Ny}

T; = [46]
j,down .
T; forj=1

Charge balances.—Quasi-stationary conditions are assumed, as
the dynamics within the double layer are neglected in this work. The
cell current splits up in the segment current which gives:

Nseg
Jeell = Z ij Aseg [47]
j=1

where i; is the current density of segment j in the cell and A%# is
the active cell area of the segment.

A high electric conductivity of the bipolar plate is assumed. This
leads to negligible voltage losses inside a bipolar plate and to
uniform cell voltage in all segments of one cell:
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Figure 3. Temperature curves with inlet fluid temperatures of 60 °C and
average current density of 2.0 A cm ™2 (a) solid temperature T* inside the
stack, (b) anodic fluid temperature 7¢ inside the stack, (c) absolute
temperatures at specific locations mapped over different current densities
and d) temperature differences between anodic fluid and solid temperature

over different current densities.
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Uel = Ufeg Vi€ {1,.. ,Nyg} [48]

Since the loss mechanisms within a cell depend on temperature
(cf. Ch. 2.1.3), for every segment of a cell to reach its cell voltage,
the current density within every segment must adopt accordingly.

End-plate.—The end-plates of the stack cover the left and right
boundaries of the stack. These end-plates are discretized in the
along-the-channel coordinate.

The end-plate consists of N, finite segments. In the following,
the equations describing one segment of the end-plate and its
interaction with the neighboring end-plate segments (up and down)
and the neighboring cell segment (left and right) are given (cf.
Fig. 1).

Energy balances.—On one side, the outer surfaces of the end-
plates interact with the surrounding air. On the other side, the end-
plate is thermally coupled with the boundary cells (cf. Fig. 1).

Because of the lack of mass transfer inside the end-plate, a
temperature-based energy balance is used instead of an enthalpy
balance:

meP e drep - cell—e¢ - ep,ch - ep—amb
P——=0""T+0"" -9 [49]
Nseg P dr eff

Nieg is the number of segments, as the end-plate is discretized in
along-the-channel coordinate, ¢ P is specific heat capacity of the end-
plate, T°P is the segment specific temperature of the end-plate,
Q0" s the heat transport between end-plate and boundary cell,
O™ is the heat transport in along-the-channel direction and
O~ ig the heat transfer between end-plate and surrounding air.
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Figure 5. Polarization behavior: (a) cell voltages over stack coordinate for
different current densities in A cm ™2 and (b) polarization curves of different cells
(solid lines, in V) and deviations from avg. stack voltage (dotted lines, in mV).

Between end-plate segment and the solid of the neighboring cell
the heat transport follows Fourier’s law:

j’ep,cell

Q'cell—>ep _
- dcell—ep

A*E(TS — TP) [50]
where 1Pl is the average thermal conductivity between end-plate and
cell, =P is distance between the center of the end-plate and the cell
segment, A%®® is the contact area between cell segment and end-plate
segment, and 7°° is the solid temperature of the neighboring cell segment.

Conductive heat flux is considered in the along-the-channel
coordinate:

- ep,ch - €] - €]
0" = Oygun + Oup (511

The heat flux to the top and bottom segment of the end-plate
respectively is calculated according to Fourier’s law:

a®

O = g AT =T (521
seg
. AP
Q;(Fwn = lTpAeP’CS'(T;é)Wn = T%) [53]
seg

AP is the thermal conductivity of the end-plate in along-the-channel

. . . . . cp
coordinate, I, is the length of a segment, which is given by I, = 13 ,
seg
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AP ig the cross-sectional area of the end-plate orthogonal to the

along-the-channel coordinate and 7,040y, is the temperature of the

neighboring segments along-the-channel. When setting these tempera-
tures, the rules defined by Eqgs. 45 and 46 are followed.

The end-plates are assumed to be thermally isolated against the
surface on the bottom, whereas heat flux to the ambient is considered
on the top:

5 ep—~amb - ep—~amb
Q-ewamb _ Ol + Qmp for segment at the top (541
eff - . ep—amb
QIZS o for all other segments

The convective heat transfer at the lateral surface is calculated
with Eq. 55:

sep—amb

= G AR (T — ) (551

lat “Mat

where )} is the heat transfer coefficient between the vertically
erected surface of the end-plate and the ambient air and Ay} is the
lateral surface of the end-plate’s segment, and 72 is the tempera-
ture of the ambient air.

The convective heat flux from the horizontal surface at the top of
the end-plates is considered:

s ep—amb

Qtop = ati%AE,%'(Tep - Tamb) [56]

where ag is the heat transfer coefficient for top surface and Agy is
the horizontal surface area at the top of the end-plate.

Stack.—The stack consists of cells and end-plates. The end-
plates are thermally connected with the boundary cells. Charge and
mass balances are formulated to connect the cells with each other.
Unlike in most of the above section, indexing is needed at this point
since the stack’s cells and their segments are referenced for
formulating the following balances.

Energy balances.—The stack model contemplates the energy
balances formulated within the segment, cell, and end-plate model
by assigning the neighboring segments’ temperatures in stacking
coordinate. This requires case distinction for the boundary cells
since they are in direct contact with the two end-plates. Assigning
the temperatures in stacking coordinate for Eqgs. 4-5 for every cell
segment gives:

Tje}} Vjie{l,...,Neg} Ak=1

s . [57]
Jok—1 V] € {17-~-’Nseg} Ak € {2a~-~’Ncells}

s _
Tg et =

Tier1 YJj€{L....Neg} Ak€ {1, .Nens — 1}

TS .. = ) [58]
S Vj € (LNeg) Ak = Neas

For the end-plate the reference temperatures in Eq. 50 are tied to
their neighboring cell temperatures. The left end-plate’s neighbor is
cell 1, the right end-plate’s neighbor is cell N

Charge balances.—Since the cells are connected in series, each
cell receives the same current:

19696 = [ k€ {1, Neas) 9]

The voltage of the stack is the sum of cell voltages:

Ncells
Ustack — Z Ukcell Vke {1, ceey Ncells} [60]
k

Mass balances.—The mass flow m/;*** into the y-side of the
stack is distributed equally to the first segment of each cell:

pie = L ke (1N [61]

m’;.. =
Lkin Ncells
At the stacks anodic and cathodic inlets only liquid water exists.
In Eq. 61 a co-flow setup, where anode and cathode are cooled by an
incoming water flow at the bottom of the stack, is described. For a
counter-flow setup, this relation needs to be adopted.
The stack’s anodic and cathodic outlet mass flow mZ* is the

out
sum of the cells’ individual outgoing mass flows:
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N,

cells

Wi = D7 Mg v k€ (1. Noans) [62]
k

k,out

Validation and calibration.—The model is validated with
experimental data from an industrial stack. The measured water
mass-flow-rates into the stack (anode and cathode), the inlet
temperatures and the stack current are used as model input variables.
The cell voltages are used to calibrate the model and the outlet
temperatures of the anode and cathode are used for validation.

A fitting algorithm (Python package Imfit*®) is used to minimize
the deviation between simulated and measured voltages by fitting the
following parameters within physically reasonable boundaries:
l'él,t‘ef, (lélfref, Kmem’ EaCd, Emem

The fitted values are not published for confidentiality reasons of the
industrial product. For the result section of this work, literature
parameters are used (cf. Table I). Similarly, geometric and the remaining
physical parameters are assigned generic values as shown in Table L.

However, the calibrated parameters lead to a good match
between measured and simulated cell voltages for all cells under
different operating conditions (cf. Fig. 2). Furthermore, the simu-
lated outlet temperatures agree with the measured temperatures (cf.
Fig. 2b), even though the temperatures were not used for model
calibration, which indicates a good agreement of the implemented
temperature model of the stack. Figure A-3 in the Appendix shows
the simulation results and the deviations between simulated and
measured data for the parameters given in Table I.

The stack is discretized in 40 cells and 10 segments per cell,
whereas further discretization does not lead to significant quantita-
tive changes of the results.

Results

First, temperature profiles and their influence on performance
inhomogeneities are shown. This is followed by a study on how to
influence and reduce those inhomogeneities. Focus is on varying
water inlet flow rates, operating pressures, and counter-flow opera-
tion. For the following results, the inlet temperature is set to 60 °C
for both, the anode, and the cathode side. In the base scenario both
sides are provided with 0.15 kg s~ 'm ™2 of process water flow in co-
flow at a pressure of 1.0 atm.

Temperature profiles.—The contour plots in Figs. 3a and 3b
display the temperatures of the solid and anodic fluid at a current
density of 2.0 A cm™? across both geometric dimensions considered
in the model: The stacking coordinate on the x-axis and the along-
the-channel coordinate on the y-axis. In Fig. 3a, the solid tempera-
ture profile is symmetric in stacking coordinate with colder
temperatures at the boundary cells on the left and right side, than
in the middle cells. This is due to cooling of the end-plates by free
convection. The solid heats up along-the-channel from the bottom to
the top because of the flow direction of the fluid. Heat is generated
through voltage losses (cf. Eq. 12) within the solid, which then heats
the fluids. Additionally, heat conduction between different cells in
the stacking coordinate and segments in the along-the-channel
coordinate occurs through the solid.

The temperature field of the anodic fluid in Fig. 3b has a similar
shape as the temperature field of the solid in Fig. 3a. The fluid
temperature is slightly below the solid temperature. The fluid is
heated along-the-channel, which is more pronounced in middle than
in boundary cells. Two opposing effects occur in the fluid phase.
Firstly, it is heated through the solid via heat transfer. Secondly, the
fluid is cooled because of water evaporation in the evolving gas-
phase.

As the temperature fields change with the average current
density, temperatures at different points inside the stack are plotted
vs the average current density in Fig. 3c. As seen previously in

Figs. 3a and 3b middle cell temperatures are higher than boundary
cell temperatures at the inlet and outlet, respectively. Furthermore,
temperatures increase with current density for both, fluid and solid.
The solid temperature at the inlet increases slightly with increasing
average current densities, because of heat conduction from the
warmer middle parts of the cell.

At low average current densities up to 1.25 A cm™ 2, boundary
cells are generally cooler at the outlet than at the inlet, because of
direct thermal coupling with end-plates, which are thermally
connected to the environment. There, the cooling effect through
the end-plate is larger than the heat generation inside the cell and
heat conduction from inner cells. This cooling effect decreases and
finally distinguishes going from the boundary cells to the middle
cells.

The temperature differences between fluid and solid vary with
current density, as it can be seen in Fig. 3d. The cool down of the
end-plates can be seen in Fig. 3d as well, where the temperature
differences 7% — T are plotted for the same locations as in Fig. 3c.
For boundary cells, the solid temperature is lower than the fluid
temperature up to average current densities of 1.25 A cm™ 2. For
larger average current densities, the solid temperature is higher than
the anodic fluid temperature. The heat flux from fluid to solid
reverses and from there on, the fluid is cooler and heated by the solid
materials of the cells. In the middle cells, the solid temperature is
always higher, because of the negligible cooling effect of the end-
plates.

Current density distribution.—Inside a cell, locally higher
temperatures lead to locally reduced losses, which lead to higher
current densities. This also induces the elevated generation of heat.
The temperature field in Fig. 3a and the current density field in
Fig. 4a interact: The current density field adapts to the temperature
profile. At an average current density of 2.0 Acm™>, it is more
uniform in the boundary than in the middle cells. In the middle cells,
the current density is 0.20 A cm ™2 or 10% higher at the outlet than at
the inlet of the cells. As the cell voltage is uniform through a cell,
while the activation overpotentials and membrane resistance de-
crease with temperature, higher current densities appear in regions
with higher temperatures throughout a cell. This leads to a more
uniform current density in boundary cells due to a more homogenies
temperature and vice versa for the middle cells.

The above-mentioned effects are coupled, such that locally
higher temperatures lead to locally higher current densities, which
again lead to locally larger heat generation. However, the main effect
is the locally higher temperature as visualized in Fig. A-4) and
Fig. A-5) which show that the nonlinear contributions of the heat
generation have a low impact on the current density and temperature
field.

The current density inhomogeneity shown in Fig. 4a exemplary
for an average of 2.0 A cm ™2 varies with the average current density.
In Fig. 4b, the percentage difference between the inlet and outlet
current density for the boundary and a representative middle cell is
shown for varying current densities.

Unless the average current density is close to zero, for the middle
cell the current density at the outlet is higher than the current density
at the inlet with an almost linear increase of the difference up to
13.5% at an average current density of 2.5 A cm™2. The reason is the
heating of the cell from bottom to top. In the boundary cells, the
outlet current density can be lower than the inlet current density for
low to moderate average current densities up to 1.11 A cm™>, e.g. at
a very low average current density, the difference can increase up to
—10.2%. However, the absolute difference of the current density
from the average current density is much more pronounced for larger
current densities. This is especially relevant since the typical
operating range of industrial scale PEM electrolyzers lies in between
1.0 Acm ™2 and 2.0 A cm ™2 . Current densities much lower are only
present in start-up and shut-down scenarios. A longer operation at
low current-densities is typically not feasible due to hydrogen cross-
over from the cathode to the anode. The data presented in this
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Figure 7. Influence of water flow rate on: (a) temperature difference between solid and fluid (b) temperature difference between outlet and inlet.

contribution is showing steady state results and are not fully
validated at low current densities.

At an average current density of 1.11 A cm™2, the current density
at the outlet is as high as at the inlet. Compared to Fig. 3c, this is the
same current density at which the outlet temperature equals the inlet
temperature of the boundary cell, providing a uniform temperature
and thus almost homogenous current density distribution along the
cannel. With average current densities above 1.11 A cmfz, the local
current density at the outlet is also higher than at the inlet for all
cells.

In summary, the inhomogeneities are greatest in the boundary
cells at low current densities and in the middle cells at high current
densities. Since in typical industrial stacks the number of cells within
a stack is large, the effects of the middle cells must be considered to
a special degree.

Polarization behavior.—Temperature and current density pro-
files lead to differences in cell voltages. Fig. 5 shows the different
polarization behavior depending on the stacking coordinate.

In Fig. 5a only the stacking coordinate is shown, in which the
average current density is constant for all cells. Due to lower
temperatures at outer cells, the polarization behavior of outer cells is
inferior, which is shown by tub shaped voltages for larger current
densities. These lower temperatures lead to higher voltage losses
mostly because of activation overpotentials and ionic membrane
losses. Since the heat generation is modeled to be in the combined
solid, the U-shaped voltages shown are symmetric as the tempera-
tures. As described in the model section, in the along-the-channel
coordinate the cell voltage does not vary because of the high
electrical conductivity of the bipolar plates. The local contributions
of the temperature dependent loss mechanisms to the cell voltage
however vary and are shown for an average current density of
2.0 A cm™? in Fig. A-6).

In Fig. 5b polarization curves for different cells (solid lines) and
their deviations from the average stack polarization (dashed lines)
are shown. The deviations in polarization behavior increase with
increasing current densities. This is due to increased temperature
gradients over the stack- and the flow-coordinate. For an average
current density of 2.0 A cm™? cell voltage differences between an
inner and an outer cell of around 9 mV are calculated, which is a
difference in voltage efficiency of 0.35%, as it is shown in A-5.

Heat transfer.—Performance, polarization, and some degrada-
tion mechanisms are mainly driven by the temperature of membrane
and electrodes which is reflected in the solid temperature in this

model. The temperature fields depend among other on heat transfer
between solid and fluid.

To understand the heat transfer and its dependencies on the gas
phase content, the heat transfer from solid to anodic fluid is plotted
in Fig. 6. In Fig. 6a the total heat transfer is shown. Figures 6b and
6¢ show the effective contribution to the heat transfer from solid to
the liquid and gas phase, respectively, so that Figs. 6b and 6¢ sum up
to Fig. 6a, as it is stated in Eq. 8.

The total heat transfer to the fluid in Fig. 6a is higher in the
middle cells, as compared to the end-plate-cooled boundary cells,
because higher temperature differences between solid and fluid
phase arise. A slightly decreased heat transfer from the inlet to the
middle in direction of fluid flow is caused by a decreased liquid
phase with a higher heat transfer coefficient. Closer to the outlet,
heat transfer increases because of the velocity effect of the heat
transfer coefficient (cf. Ep. (11)). At this point, it must be stated
again, that the assumed heat transfer model is based on limited
literature and needs further understanding.

The higher heat transfer at the inlets in Fig. 6b is caused by the
high liquid volume fraction (1.0 at inlet, 0.07 at outlet). The heat
transfer to the gas phase in Fig. 6¢ is lower than to the liquid
phase, because of the lower transfer coefficient between solid and
gas phase. It is counteracted towards the outlet by increasing fluid
velocity (0.17 m s™" at inlet and 1.21 m s~ ' at outlet), such that
the total heat transfer has limited variation along the channel in
Fig. 6a.

Reduction of inhomogeneities.—Reducing the inhomogeneities
is beneficial in two regards:

1. Performance can be increased by increasing the average cell
temperature without exceeding temperature limitations, or the
necessary mass flow for cooling can be reduced.

2. Degradation processes are distributed more homogeneously
over the cell/stack since the rate of degradation among other
factors, depends on temperature and load.”!

Additionally, for aged stacks even higher inhomogeneities in
temperature and polarization are implied, because of increased local
voltages losses and resulting higher local heat generation.

To reduce the temperature differences the following three
approaches are possible:

—Varying inlet water mass flow
—Varying operating mode (counter flow, pressure)
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Figure 8. Temperature profiles and current densities in counter-flow
operation. Anodic flow from top to bottom; cathodic flow direction remains
from bottom to top: (a) anodic fluid temperature (b) cathodic fluid
temperature (c) solid temperature and d) resulting current density distribution
in stack.

—Structural changes (e.g., thermal insulation of end-plates, structure
of PTL)

In the following the effects of changing the water mass flow,
changing operation from equally oriented flow on anode and cathode

to counter-flow, and different operating pressures are analyzed in
detail.

Water mass flow.—The inlet water flow rate directly affects the
outlet temperature of a stack as well as the temperature difference
between solid and fluid. Due to higher mass flow through the stack
the heat transfer is increased, and fluid and solid temperatures are
lowered as shown in Fig. 7).

The higher flow rate leads to higher liquid fraction and to a
higher mean velocity of the fluid, which is elevating the heat transfer
coefficients between fluid and solid. Therefore, temperature differ-
ences between solid and fluid decrease with increasing flow rate, for
water flow rates ranging from 0.025kgs 'm 2 to 0.5kgs 'm 2 at
1.0atm and T}, = 60 °C. As a rule of thumb for the considered flow
rates, it can be stated that doubling the water flow rate cuts the
temperature difference between inlet and outlet in half, as convective
heat transport dominates the overall stack cooling. The effect on the
temperature difference between solid and fluid is also causing a
reduction but by a much magnitude. In general, this reduced
temperature differences lead to a more homogenous operation.
Quantitative details are discussed in Ch. 3.5.4.

Counter-flow.—In this section, the effect of a counter-flow
operation, different flow directions of cathode and anode, is
investigated. In this example the cathodic flow direction remains
as in the examples above, from top to bottom but the water flow
direction on the anode is reversed such that the process water enters
the stack from top to bottom. Quantitative comparisons between co-
flow and counter-flow operation are discussed in Ch. 3.4.5.

In Fig. 8a the anodic fluid temperature is shown, where the effect
of the end-plate cooling again leads to cooler outer cells. In contrast
to the temperature profiles of the fluids shown in Fig. 3b the
temperature increases only up until around 3% of the flow path and
after that slightly decreases. This is because of the cooling effect of
the water entering the cathode side with lower temperatures. The
maximum temperature of the anodic fluid however is 1.0 K higher
compared to the co-flow operation shown before. The same
mechanism applies to the cathode, just flipped upside-down because
of the fluid flow direction, Fig. 8b. The maximum fluid temperature
is found 0.8 K higher than in the co-flow arrangement.

In Fig. 8c the solid temperature is shown. Here, the highest
temperatures in along-the-channel direction are seen in the middle of
the stack with lower temperatures at the bottom and top of cells. This
is due to the cooling of the anodic fluid at the bottom and the
cathodic fluid cooling at the top. Compared to the co-flow the
observed solid temperature differences are lower inside the cells (cf.
Fig. 3a). This is due to the additional solid heat transfer imposed by
the cold fluid being supplied at different locations.

Figure 8d shows the resulting current density inhomogeneity. The
deviations from the average current density in inner cells are still larger
than in boundary cells. In comparison to the co-flow operation, the
inhomogeneity has been reduced such that the current density ranges
from 1.95 t0 2.03 A cm ™2 (compared to 1.90 to 2.10 A cm ™2 in co-flow).

Operating pressure.—Another way to influence inhomogeneities
is to vary the operating pressure. Among other effects, increasing the
pressure leads to smaller volume fractions of product gas, which
increases the heat transfer from solid to fluid and to higher reversible
cell voltages. This affects the heat generation. Also, less water is
evaporated, which reduces the evaporation enthalpy. Decreased fluid
velocity leads to prolonged residence time of the fluid inside the cell
but also reduces heat transfer. To examine those interconnected
effects, the operating pressure is varied between 1.0 and 75 atm (cf.
Fig. 9) with constant inlet mass flow rates of 0.15kgs™' m™2 and
60 °C at an average current density of 2.0 A cm ™2,

In Fig. 9a the heat generation QU is shown. It increases
moderately with higher pressures because the difference of U<e!
and U™ is increasing (cf. Ch. 2.1.3).
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On the one hand, increased pressures lead to a higher
volumetric liquid phase, which leads to a higher heat transfer
coefficient. On the other hand, lower fluid velocities (lower
volumetric gas phase with constant mass flow) lead to a decrease
of the calculated heat transfer coefficients. These effects overlap
in Fig. 9b, as the velocity effect dominates up until 2.0 atm on the
anodic and 3.0 atm on the cathodic side and the high liquid phase
dominates at high pressures.

In Fig. 9c the temperature difference between solid and fluid
(ATs0lid—~fluidy determined by the heat transfer coefficients is shown.
This difference initially increases until it reaches a maximum at
4.0 atm (anode) and 6.0 atm (cathode). Even beyond the maximum,
the temperature difference on both, anode and cathode side remain
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Figure 10. Impact of the different approaches (operating conditions) to reduce
the inhomogeneities on: (a) solid temperature, (b) anodic fluid temperature, (c)
cathodic fluid temperature and d) current density range inside the stack.

above the initial values for operation at 1.0 atm. The main reason for

the net increase in AT*°4~uid for higher operating pressures is the
increased generation of heat (Fig. 9a).
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The temperature difference between outlet and inlet (AT°"~") is
shown in Fig. 9d. For the cathodic fluid the difference initially
decreases slightly to a minimum at a pressure of 2.0 atm, which
again corresponds to the pronounced drop of the heat transfer shown
in Fig. 9b. However, for higher pressures, the increased heat
generation, reduced evaporation rate, improved heat transfer and
prolonged residence time lead to increased temperature differences.

Comparison of the different approaches—In Fig. 10, the
previously discussed approaches aiming to reduce the temperature
and current densities inhomogeneities are compared. The base
scenario is co-flow with inlet water mass flow of 0.15kgs™' m™>
on anode and cathode, operating pressure of 1.0 atm, and inlet
temperatures of 60 °C.

For the solid temperature in Fig. 10a, the largest temperature
ranges can be observed with pressure operation. While the base case
with co-flow operation is having almost the same temperature
difference as pressure operation, counter-flow and especially higher
water mass flow significantly reduce the temperature span. For the
counter-flow case, the average solid temperature is relatively close to
its maximum, because of the large region of temperatures in the
middle of the stack (cf. Fig. 8). This needs to be considered in the
temperature control strategy of the stack.

The impact on the fluid temperatures on the anodic side in
Fig. 10b and cathodic side in Fig. 10c is similar for both half-cells.
The highest effects for decreasing the inhomogeneity of the solid
temperature in Fig. 10a can be seen for the elevated water mass flow
case. In the counter-flow case, the difference increases slightly. In
regards of reducing the inhomogeneity high pressure operation does
not have any positive effects.

The current density range in Fig. 10d depends on the solid
temperature range in Fig. 10a. Therefore, higher solid temperature
homogeneity indicates higher current density homogeneity. High
reduction of current density inhomogeneity is achieved through
both, the counter-flow operation and elevated water mass flow. The
effect of pressure operation is negligible small, but still in a negative
manner with increased inhomogeneity.

Both, counter-flow operation, and high mass flows gain higher
homogeneity in the current density. For counter-flow and high-pressure
operation, different stack designs are necessary. For elevated mass
flows, higher pumping power is needed, which reduces the efficiency
on a system level. In cases where the temperature fields show decreased
maximums, this reduced efficiency can be mitigated by increasing the
temperature of the water entering the stack.

Conclusions

A pseudo-2-D stack model consisting of coupled temperature and
performance models was implemented and validated with industrial
data. For confidentiality, however, this industrial data was not used
for detailed quantification. Literature based parameters are in good
quantitative agreement and used instead.

The heat transfer from solid to fluid is very important, but for a
two-phase fluid mixture in porous layers of electrolyzers very little
experimental data or theoretical relations is available for quantifica-
tion. We presented a simple approach resolving heat transfer with
respect to contributions from solid to liquid, from solid to gaseous
media, and covering the effect of fluid velocity.

Temperature inhomogeneities appear between the solid and the
fluid (AT*°Nd—~id for anode and cathode), the outlet and the inlet
(ATovutlet~inlety and between inner and outer cells of the stack

(AT inner cell~outercelly “Temperatures increase in flow direction with
the outer cells being colder than inner cells. For average current
densities above 1.0 Acm™> the solid temperatures exceed fluid
temperatures, especially in the middle (in stacking direction, up to
1.5K at 2.0 A cm™?).

The inhomogeneity in solid temperature induces deviations in
local current densities. For low current densities, the boundary cells

have the highest relative inhomogeneity (—4% at an average current
density of 0.50 A cm™>). For moderate and high average current
densities, the inner cells have the highest inhomogeneity of 10.0% at
an average current density of 2.0 A cm ™2, resulting in local current
densities from 1.9 A cm ™2 at the inlet to 2.1 A cm™ > at the outlet.

Current density and temperature deviations should be kept small,
because of uneven performances and their negative effects on
degradation. Therefore, different approaches to reduce the inhomo-
geneity (AToulet=inlet apd ATsolid=fluidy are shown. The effects of
varying inlet mass flows, operating pressures and changing from co-
to counter-flow operation are analyzed for an average current density
of 20 Acm™2 Higher inlet mass flows can directly reduce
ATeudet—inlet apd ATsolid=fluid 1yt hisher cost and effort for pumping
needs to be considered. High pressure operation does not have a
positive effect on inhomogeneities, in fact it tends to lead to larger
inhomogeneities. Counter-flow operation reduces temperature dif-
ferences of the solid and therefore the resulting deviations in current
densities, whereas the maximum temperatures for fluids and solid
increase slightly. For such alternative operation modes however,
changes in stack design might be necessary.

The influence of inhomogeneities on degradation needs to be
researched in future. Especially for degraded stacks, the inhomo-
geneities might increase further due to elevated cell voltages and
elevated heat generation within the stack.
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Appendix

A-l1. Lumped parameters.—The thermal equivalent conductiv-
ities are calculated with the thermal conductivities of the single
layers of a cell. The used values for the different layers are given in
Table A-I and a schematic of the cell is shown in Fig. A-1.

Z layer glayer

Parallel: A¢elbeh) =
50611

= 8.3Wm~'K! [A-1]

5cell

y) layer

Series: Acelbse = =7.56 Wm~'K~! [A-2]

slayer

Aepeell i then calculated combining the properties of an end-plate
and half a neighboring cell (see Fig. A-2).

5cell

ep,cell _ jcell,sc _
j’ - ﬂ - Aluyer

=7.56 Wm~'K"! [A-3]

slayer

For the specific heat capacity of the cell, we took the value for
titanium, since the cell is predominantly made of titanium. We are
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Figure A-1. Solid material as a combination of all layers of a cell: half of
both bipolar plates, the PTLs and the MEA.
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>

Along-the-channel

>
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Figure A-2. Structure of end-plate and boundary cell.

showing steady state simulation results which are not affected by the
chosen heat capacities. However, by using the values provided in

Table A-II an averaged cell heat capacity ¢

» can be calculated as
follows:
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Figure A-3. Model validation at cold start of stack to partial load of
1.0 A cm™? with literature parameters as provided in Table I: (a) current
density  (red) and  relative  error in  simulated  voltage
AU = (Ugim — Usens)/Usens 10 % (green) and (b) measured fluid temperature
increase since cold start at inlet and outlet of cathode side (T p,sens> Tour.sens)
and corresponding simulated fluid temperature (Tgy gim)-

Z Clayer.mlayer
ceell — r

P mcell

[A-4]

A-2. Results of simulation with literature parameters.—
Figure A-3 shows the simulation results based on literature para-
meters. The error is by one order of magnitude larger than with fitted
parameters. However, the agreement with the measured average cell
voltage of the stack is still given. The deviation in cell voltage leads
to an error in the simulated outlet temperature. Since the simulated
voltage is larger than the measured voltage the simulated outlet
temperature exceeds the measured outlet temperature.

A-3. Temperature inhomogeneity drive current density inho-
mogeneity.—As stated in the result part of this work the current
density distribution follows the temperature field. However, both

Table A-I. Thermal conductivities of layers in a cell.

Layer name Thickness Thermal conductivity Material Source
BPP (half) 1 mm 15 Wm—'K! Stainless steel 19
Anodic PTL 4.95 mm 7 Wm'K™! Titanium 32
MEA 0.1 mm 2.5 Wm 'K~ Nafion 32
Cathodic PTL 4.95 mm 7 Wm™'K™! Titanium 32
BPP (half) 1 mm 15 Wm'K™! Stainless steel 19
Table A-II. Thermal conductivities of cell and end-plate.

Layer name Thickness Thermal conductivity Material Source
Cell (half) 6 mm 7.56 Wm ™ 'K~! Mixed Calculation: A-1
End-plate 50 mm 15 Wm™ 'K Stainless steel 19
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Figure A-5. Anodic fluid temperature in case of: (a) current density
differences induced by temperature differences and (b) no deviations of
segment current densities from average stack current density.

influence each other: a higher current density also leads to a higher
heat generation and even though the thermos-neutral voltage is
reduced for higher temperatures. Thus, one could also state that the
current density distribution leads to the amplification of the
temperature profile. However, the nonlinear heat generation effect
is small.

The resulting effect is shown in Fig. A-4. To show the minor
impact of the current density distribution itself on the temperature
fields, in Fig. A-5 the heat generation is calculated using
e =] StaCkleeg in every segment. The effects on the temperature
field are very small which is why the chain of causality is as
described above (Fig. A-4).

A-4. Voltage loss mechanisms.— The voltage loss mechanisms
depend a.o. on temperature and current density, so they contribute
differently to the cell voltage in different positions within the stack

depending on the local temperature and current density, as it is
shown in Fig. A-6. Higher activation overpotentials are seen in the
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Figure A-6. Local voltage loss contributions at 2.0 A cm™2: (a) activation

overpotential, (b) ohmic overpotential and (c) mass transport overpotential.
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cooler areas because of temperature effects, whereas the ohmic
losses are higher in warmer areas because of higher current densities.

A-S. Voltage efficiency.—The voltage efficiency according to the
higher heating value is calculated with the cell voltages and the
thermo-neutral voltage:’

th
G HHV _ um
\ Ucell

[A-5]

With  UM™(T =60°C) =1481V, Ul =1.97685V  and
USl = 1.98610 V, this leads to:

thn thn
AedHY — (HIV my U U™ 0349% [A-6]

= €V,inner - €V,ouler - -

cell cell
Uirmer outer
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