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Research Highlights:

(1) A electrochemical hydrogen pump (EHP) model which based on partial stage cut
method are proposed.

(2) Four real factors are introduced in the model to describe EHP performance
accurately.

(3) The acuracy of EHP model is verified based on different aspects under four
different feedstock systems.

(4) The variation law of current density caused by GDL mass transfer and PEM
resistance are simulated and analyzed quantitatively.

(5) The back-diffusion behavior of hydrogen under cathode pressurization are
simulated and analyzed quantitatively.
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Abstract: In this work, a partial element stage cut electrochemical hydrogen pump
(EHP) model for multiple H>-contaning gases separation and hydrogen compression
which embed real factors (anode impurity diffusion, hydrogen back-diffusion and anode
catalyst deactivation) was established to study EHP performance accurately under full
hydrogen concentration. The accuracy and reliability of proposed model were verified
from four aspects (current density distribution, polarization curve, hydrogen recovery
and purity) under different feedstock systems and wide pressure range. The model has
good applicability and accuracy ( R? > 0.96, simulation and experiment results
comparison). Simulation results show that high hydrogen back-diffusion ratio can cause
low energy efficiency under high cathode pressure and low feedstock hydrogen content.
The variation law of hydrogen purity under multi-operating conditions was studied,
which shows dual-effect (PEM and GDL resistance) can affect hydrogen purity
prominently through current density under low feedstock hydrogen content and applied
potential.
Keywords: Electrochemical hydrogen pump; Partial stage cut; Mathematical model;

Hydrogen separation; Compression
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1. Introduction

Hydrogen (H2) is an important energy carrier. Due to its high heat value
(1.2 x 10° k] /kg), combustion products are non-pollution (only water) and can be
transported through existing pipelines.' It is considered to a clean energy with the most
development potential in 21st century. However, different with fossil energy (coal,
petroleum and natural gas), hydrogen is not a primary energy. It must be produced by
other energy, which can be stored in form of chemical energy and used in some way
(fuel cell or combustion). No matter how hydrogen is obtained, separation is an eternal
topic. On the one hand, over 90% hydrogen comes from fossil fuels and industrial by-
product (a minor amount of hydrogen from bio-processes)*, which contains impurities
or by-products (CO, COz and Nz etc.) brought from raw materials or reaction process.*>
In the process of chemical-electrical energy conversion under catalyst, hydrogen purity
will affect fuel cell performance® and service life directly.” Besides, due to the
difference between hydrogen consumption and production end, hydrogen produced
from renewable energy (solar and wind) needs to be transported through the existing
natural gas pipeline network.® Although this transportation method reduces cost, but the
efficient separation of hydrogen (H»/CHs) with pressure swing adsorption (PSA)*! is
difficult to achieve since low hydrogen content (10 - 30 mol%).!" On the other hands,
since the low specific volumetric energy density at atmospheric pressure, pressurized
storage for hydrogen is necessary. Different kinds of gases have different compression
work, due to the high initial specific volumes of hydrogen (11.11 Nm?/kg).!> Hydrogen
requires about 9 times energy compared with methane and 15 times energy compared
with air according to the adiabatic compression formula under the ideal condition of
ignoring additional loss, which requires high compression power undoubtedly.!® In
summary, efficient hydrogen separation and compression must be considered to realize
“hydrogen economy” in the future.

Electrochemical hydrogen pump (EHP) is also called electrochemical hydrogen
compressor (EHC), which integrates hydrogen purification and compression functions.
Providing a new way for hydrogen the efficient utilization. With its advantages, a host
of scholars have studied EHP operation performance in detail. Lee et al.'* recovered
hydrogen from H»/N>/CO; mixture by EHP, which showed that higher temperature
could improve EHP energy efficiency and product hydrogen purity. But higher inlet
pressure can lead to greater impurity diffusion flux and decrease product hydrogen

purity. Onda et al.!® separated hydrogen from Ha/N» mixture and used a modified fuel
2
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cell (FC) model'® to forecast EHP performance. Experiment results showed that EHP
could separate low content hydrogen from FC exhaust gas. Subsequently, Onda et al.'®
separated hydrogen from low hydrogen concentration mixture. Experiment results
showed that EHP effective processing concentration ranged from 1 mol% to 99.99
mol%, which confirmed the full hydrogen concentration applicability of EHP. Abdulla
et al.!” investigated the Ho/CO» separation performance of EHP, which showed that
energy efficiency was limited by hydrogen mass transport in gas diffusion layer (GDL)
and multistage EHP with programmed applied potential profile (from high to low) could
achieve more than 90% energy efficiency and 98% hydrogen recovery. Thomassen et
al.?% used high temperature (=100 °C) EHP to separate hydrogen from Ha/N, and
reformate gas (CO, CO2 and CHa) mixture, which showed the good dynamic response

and low energy consumption. Schorer et al.?!

demonstrated that the biggest advantage
of EHP was to realize the simultaneous separation and compression of hydrogen
through the research of MEMPHYS project, which will make the storage and
transportation of hydrogen more convenient.

Previous experiment studies on EHP hydrogen separation and compression
performance have been abundant. However, there are few reports on EHP mathematical
modeling method under multi-feedstock system and cathode high pressurization. Ibeh
et al.? separated hydrogen from H,/CH4 and Ha/Ar mixtures and developed a simple
differential equation model to forecast EHP performance. Nordio et al.?* investigated
the separation properties of EHP for H»/CH4, H2/N> and Ha/He mixtures. A 1D + 1D
model which solved by MATLAB® was developed to compare hydrogen separation and
compression performance with pressure swing adsorption (PSA), which showed EHP
was convenient under small scale and high outlet hydrogen pressure field. Danilov et
al.?® proposed a high temperature proton exchange membrane electrochemical
hydrogen pump (HT-EHP) tanks-in-series mathematical model* based on mass and
charge balance equations. Predicted polarization curve was consisted with the
experiment data of Thomassen et al.?° Toghyani et al.?* established a three-dimensional
numerical model based on finite volume method solved by ANSYS Fluent®, which
showed that hydrogen exergy loss decreased 53% when GDL thickness decreased from
0.5 mm to 0.2 mm at current density of 5000 A/m?.

In summary, mathematical model is the core of quantitative analysis of EHP
hydrogen production process. Although previous scholars have developed a few

mathematical models, which simulation data can consistent with the experiment data.
3
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However, there are still some problems in the current EHP model, which undoubtedly
restricts the further industrialized development of EHP. On the one hand, EHP also has
the problem of cathode hydrogen back-diffusion like hydrogen fuel cell anode hydrogen
crossover®>?°and anode impurities diffusion that detrimental for EHP energy efficiency
and product hydrogen purity, which strongly depending on the PEM properties and
electrochemical reaction. Although Truc et al.?’ and Baik et al.?® proposed hydrogen
crossover numerical model based on membrane water content and temperature. But
here lack of appropriate embedding methods for real factors. On the other hands, EHP
anode catalyst undergoes reverse water gas shift reaction (RWGS) to generate CO under
the CO»-containing feedstock condition,”” which occupies the anode catalyst active site,
results the decrease of anode catalyst activity and EHP performance.? However, there
is no EHP mathematical model for CO»-containing feedstock condition based on strict
RWGS kinetic equation. In summary, current EHP mathematical model lacks proper
description of hydrogen back diffusion, anode impurity transmembrane transportation
and anode catalyst deactivation. Existing algebraic and differential equation methods
lack appropriate real factor embedding method, which need to be improved.

In view of the above problems, a partial element stage cut EHP mathematical
model for hydrogen separation and compression which embed three real factors (anode
impurity diffusion, hydrogen back-diffusion and anode catalyst deactivation) was
established to predict EHP performance accurately. The accuracy and reliability of
proposed model were verified from four aspects (current density distribution,
polarization curve, cathode hydrogen yield and purity) under four different feedstock
systems (H2/N», H2/CH4, Ho/He and H»/CO») and wide cathode pressure (0.1 - 1 MPa)
to ensure accuracy. The EHP model will provide an important basis for its process
simulation and optimization, and the study of hydrogen separation performance

provides guidance for EHP industrialization application.

2. Mathematical model of electrochemical hydrogen pump

The working principle of EHP is shown in Figure 1, which is formed of anode and
cathode gas diffusion layers (GDL), gas flow channel, catalyst layer (CL) and proton
exchange membrane (PEM).!* The core part of EHP is called membrane electrode
assembly (MEA).!” EHP working process can be described as a series of nine transport

and reaction steps:'’
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(1) Anode hydrogen molecules (H>) are transported across the anode GDL from
anode gas flow channel to the anode CL.
(2) Hydrogen molecules are adsorbed on the anode CL.
(3)  Adsorbed hydrogen molecules are oxidized to protons (H") and electrons(e").
(4)  Electrons move from anode GDL to cathode GDL through external circuit.
(5)  Protons move from the anode CL into and across the PEM.
(6)  Protons adsorb onto the cathode CL.
(7)  Protons and electrons combine adsorbed protons at the cathode CL.
(8)  Protons recombine and desorb as hydrogen molecules from the cathode CL.
(9)  Hydrogen gas molecules are transported across the cathode GDL to the cathode
gas flow channel.
The whole process can be summarized by two electrochemical half-reactions and
one total reaction as shown in Egs. (1) - (3):
Anode hydrogen oxidation reaction (HOR):
H,(P,) » 2H* + 2e~ Q)
Cathode hydrogen evolution reaction (HER):
2H* +2e~ - H,(P.) 2
EHP overall reaction equation:
H,(F,) = Ha(F) 3)

Like the multistage equilibrium calculation of distillation column, partial element
stage cut numerical technique can make simulation process efficient and convenient.
Besides, this approach can also embed a variety of real factors to make simulation
results accurate.> Some scholars have used this method to simulate gas membrane
separation process. Coker et al.*>! proposed a membrane module model based on partial
element stage cut method, which treat membrane module as several cells. Each cell’s
residue is fed to the next cell, and the permeate flow of the cell is a combination of local
membrane permeation and the permeate flow from the next and previous cell. Katoh et
al.*® proposed a membrane module mathematical model considering nonideal mixing
based on partial element stage cut method, which provided a reliable unsteady-state
behaviors examination method for hollow fiber membrane gas separation modules.
Chen et al.*? proposed a dual-membrane module model based on partial element stage
cut method, which has good applicability for H2/CO- separation and can be established

in natural gas*® and oilfield associated gas*’ treatment simulation environment. Gilassi
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used partial element stage cut method to realized hollow fiber membrane module
modeling, which was suitable for natural gas and air separation simulation in Aspen
Plus®. Therefore, the effectiveness of modeling method based on element stage cut
method is proved, which provided sufficient theoretical basis.

Similar with membrane modules and fuel cell, EHP also has long gas flow channel,
and its main purpose is to realize the separation of hydrogen and other components.
However, although PEM has high selectivity, but it cannot prevent transmembrane
behavior of other impurities. The specific modeling method of transmembrane behavior
has not been mentioned in previous studies. In addition, the Nernst potential in the
electrode along the gas flow channel is different since the hydrogen content decreases
with the direction of the flow channel.!>!¢ Simple algebraic equations!® based on
modification of Faraday's law cannot achieve the internal operating parameters (current
density distribution, Nernst potential and overpotential distribution and H> mass
transport limited current density, etc.) of the EHP. Although computational fluid
dynamics (CFD) model can realize the visualization of EHP internal process,** but its
computational resources cost is high, which scalability is limited. Therefore, it is
necessary to use more effective partial element stage cut method to realize EHP

modeling.

2.1. Model description

A partial element stage cut method which embed three kind of real factors is
introduced here for EHP modeling to forecast hydrogen recovery rate, purity and other
internal operating parameters. The Hz-containing gas enters from the anode, and the
hydrogen reaches CL through GDL, which is dissociated into protons and electrons
under external electric field. Single straight flow channel assumption is adopted here to
not only deal with EHP gas flow channel with straight, Z pattern and serpentine but also
can be used to large-scale EHP stack while occupying fewer time and resources. The
cathode conditions (except cathode pressure P.) are neglected here since it does not
limit EHP performance. Because EHP has large aspect ratio (small hydraulics diameter
Dy and large length Lcpanner). Therefore, the whole EHP anode part can be simplified as
a series of continuous small block, which is similar with plug flow reactor.*> Hydrogen
transportation behavior in x-direction and y-direction can be purely considered as 1 - D

and axial diffusion in the gas flow channel is ignored. Whole model can be simplified
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as a half EHP model as shown in Figure 2.

(1) Hydrogen transport in GDL only considers diffusion.®

(2) Since the anode gas pressure is low (< 600 kPa) and temperature is low (20 -
120 °C), all gases processed by EHP are considered as ideal mixture.

(3) EHP operation process can be regarded as isothermal®* and steady state.

(4) Perfectly humidified PEM with no water clogging, constant membrane
resistance.®

(5) Gas viscosity can be considered constant even anode hydrogen is entirely
consumed.

(6) A plane catalyst layer (CL) is considered at the anode meaning that the
electrochemical reaction takes place homogenously throughout the CL thickness.

(7) The aspect ratio and flow channel cross-sectional area have little effect on cell

performance.>*3* Similarly, the gas flow channel can be simplified as single straight

flow channel, which no bending.

2.2. Model general equations

Like the oxygen transportation process in the cathode gas flow channel of
hydrogen fuel cell,*® based on the previous assumptions, steady state hydrogen transport

equation in the anode gas flow channel is as follows:
0C.(x,y) _ D 09Cs(x,y)
ox  ughy dy

|y=0 (4)

where C, is the hydrogen mole concentration in anode gas flow channel; C; is the mole
concentration of hydrogen in the GDL; u, is the anode gas velocity; hq is the gas
diffusion layer thickness; D¢ is the hydrogen effective diffusion coefficient in anode

GDL, which can be calculated by Bruggeman correction, which can be expressed as

follow:3637
De — e(1-5)"1-x3)
B xP (5)
3 Xa_
b,b+a Da,b

where ¢ and 7 are the porosity and tortuosity, which detail data is from Chen et al.’’; s
is the liquid saturation; x, is the mole fraction of hydrogen in gas flow channel, which
are described in detail below; D, is the binary diffusivity of hydrogen and other
component (@ means H», b means other component), which can be calculated by Fuller

- Schettler - Gidding equation:
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10~ 3T175( M+ Mb)OS
Dy = (6)

PRI v>§ + V)i]z

where 7 'is the operating temperature; M, and M} are the molecular weight of component

a and b (a means hydrogen, b means other components); P, is the anode pressure; ), V
is the molecular diffusion volume, which are shown in Table 1.

The pressure drop in the anode gas flow channel is calculated by Hagen-Poiseuille
equation *° with channel size correction, which is shown in Eq. (7):

Wchannel

-34
di = (55 + 41. 5€<hchannel>) X Hmixtha (")

2Dy

where Wehanner and hchanner are the gas flow channel width and height; u, is the flow
channel gas velocity, which is assumed to be constant and calculated by Eq. (8) based
on feedstock volume flow Vr; Ui, 1S gas mixture viscosity, which also assumed to be
constant and calculated by Unisim Design® based on Peng-Robinson fluid package for

convenience; Dy, is the hydraulic diameter,®® which is calculated as Eq. (9):

Ve 8
Uy = ———
* 0.785D2 ®
DH — hZWchannelhchannel (9)
channel + Wchannel
The steady state hydrogen diffusion equation in GDL is given as:
0%C.(x,
c(x,y) _ (10)
dy?

As the hydrogen content decreases along the gas flow channel, Nernst potential

and overpotential are also changed. Anode and cathode charge balance equations are

defined as:
dng(x) . .
ChL # = Jeup(X) — ja (%) (11)
dnc(x) . .
ChL ccit = —Jeup(x) — jo(x) (12)

where 1, (x), n.(x) are non-ohmic overpotential of anode and cathode, respectively;
C3,,C5, are double layer capacitances, respectively; jgyp(x) is the EHP current
density along x, respectively; j,(x), j.(x) are current density along x of anode and
cathode, respectively.

Under steady-state conditions, EHP operating parameters are independent of time.

Therefore, Eq. (11) and Eq. (12) can be simplified as:
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dng(x) dnc(x) _
dat dt =0 (13)

Jerp (%) = ja(x) = [jc(x)] (14)
According to Butler - Volmer equation, the current density equations of anode and

cathode are as follows:?>4°

ja(x) = 63jge wlor) [Ceasapos [e%am) - e%na(X))] (15)
Cref
00 e (-] [Ca(l:t,c(x)]o_5 [e%nc(x)) ~ e(g—indx))] 16
ref

where 6y is the effective surface coverage for HOR (surface coverage values are
derived from the RWGS kinetic equation solving results) from 0 - 1; Ef, Ef are the
activation energy of HOR and HER (while a and ¢ means anode and cathode); 7 is the
operating temperature; R is the ideal gas constant; j§,j§ are the exchange current
density of HOR and HER; a2, a, a5 and af are the charge transfer coefficients of
anode and cathode electrochemical reactions; C.4¢ q(x), Coqr c(x) are the hydrogen
concentration of the CL surface; C,. is the reference hydrogen concentration which
equals to feedstock hydrogen concentration; T,.r is the electrochemical reactions
reference temperature. Electrochemical kinetic parameters are shown in Table 2.
According to Eq. (15) and Eq. (16), the current densities of anode and cathode are
equal under steady-state. The influence of cathode conditions except pressure on EHP
can be ignored. Only anode current density needs to be calculated. The overpotential
value reflects the electrochemical reaction rate, which is related to the value of Nernst

potential, anode current density and PEM resistance:
Na(x) = [E — En(x) = ja(x) -] X 0op (17)

_RT  Pox(x)
EN (X) = ﬁ ln[m] (18)

where E is applied potential provided by power source; r is the PEM resistance; Ey (x)
is the Nernst potential, which is related to the partial pressure of anode hydrogen; Z is
the number of transferred charges; F is the Faraday constant (96485 C/mol); Hao et al.*
used hydrogen reference electrode to investigate EHP reaction mechanism, which
shown that anode overpotential accounts for about 0.25 of the overall overpotential in
the cell average current density range of 7 - 80 mA/cm?. When the current density is

greater than 700 mA/cm?, the value of op is about 1 according the extrapolation results.



269 2.3. RWGS Kinetic equation

270 Carbon dioxide at the anode can undergo reverse water gas shift reaction (RWGS)
271  under electric field, which total reaction is shown in Eq. (19) with the adsorbed
272 hydrogen on the CL, which generate adsorbed CO that can poison catalyst. Gu et al.*!
273  used strip cyclic voltammetry (CV) to investigate the RWGS in Pt and Pt/Ru alloy
274  catalysts of PEMFC. The CO equilibrium concentration were consistent with kinetic
275  equation calculation results.**** Nordio et al.>* proved that RWGS is the main reason
276  of EHP performance degradation, the inactivation of the catalyst is faster at 22.5 °C
277  compared with 19 °C since RWGS is an endothermic reaction. Danilov et al.?* used
278  empirical correlation for carbon monoxide surface coverage given by Rodrigues et al.*
279  to predict the high temperature EHP catalyst performance. In this work, the novel
280  strategy based on RWGS kinetic equation Egs. (19) - (25)"* is used to realize the

281  accurate forecast for EHP operation performance in CO>-containing feedstock.

CO,+ H, & CO + H,0 (19)
282 Although total RWGS can be simply written as shown in Eq. (19). But the actual
283  reaction route is complicated, which can be divided into six steps:
€0 — Cat &5 co + cat (20)
H,0 + Cat pin H,0 — Cat (21)
H,0 — Cat €55 HO — Cat + H* + (22)
CO, + H* + e~ + 2Cat €255 €O — Cat + HO — Cat (23)
H, + 2Cat ES2cat — H (24)
Cat — H &S H* + e~ + Cat (25)
284 The change of surface coverage 6 of different species can be expressed as follows:
pddi: =215 — 21r_c —Tg +7_g (26)
e (27)
p dz(;H =TTt Ty (28)
p dzgo =1, —21_4,—1+7_4 (29)
285 The surface coverage of each species (H, H2O, OH and CO) does not change with

286  time under steady state. The normalization equation of surface coverage is shown in Eq.
287  (30).
90 + HH + 9H20 + 901‘1 + HCO =1 (30)

10
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The detailed kinetic expression data are shown in Table A1 and Table A2. By
solving the above Egs. (26) - (30) and Egs. (Al) - (A3), the catalyst surface coverage
data can be obtained to realize the correction of current density calculation Eq. (15).

The accuracy of the calculation method is verified below.

2.4. Partial cut stage strategy for model solution

Egs. (4) - (10) descripted the hydrogen transportation and diffusion action in gas
flow channel and GDL. The boundary conditions of them are shown in Egs. (31) - (32).
Feedstock pressure and flow rate also belong to boundary conditions, which will be
given in the model verification and analysis part.

Ce(x,y = 0) = Co(x) (31)

c0CCoy) _ja®) (32)

—pé — | . =
gy Y=ha T ZF

According to above boundary conditions, the hydrogen concentration relationship

of adjacent stage in anode gas flow channel can be expressed as Eq. (33):

ja,iAx

Cet' =Ca— (33)

ZFuahchannel
The hydrogen concentration at the interface between CL and GDL has the
following relationship in Eq. (34):

Ce(x,y =hg) = Ceat,a (%) (34)
Therefore, the relationship between C, and C,,¢ 4 in i stage can be established:
i hdj a,l
i )

cat,a = CCll - ZFDle (35)

where i is the stage number; Cl, Cl,; o are the hydrogen concentrations in CL and GDL
of stage i, respectively; j, ; is the anode stage current density; Ax is the step size equal
to Lenannet/N, where Lenanner 1s the channel length, N is the total stage number.

All key variables varying with the flow channel direction are discretized, and the
detailed parameters of each stage can be solved. Once current density is solved, other
parameters (recovery rate, energy efficiency, stage compositions, purity etc.) can be

achieved naturally.

—-3.4
Wchannel) uAx(i — 1 36
Pyi=Pyin—(55+ 41.5e<hchannez ) X Hmix azu b)) (30)
H
RT Pxl_;
Ey; = o n[—Crcit 37
NETZF n[Pa,i—lxclz,i—l] 0

11
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Nai = [E —Enj—1— Jai-1"T] X 0p (38)
T(l—s)f(l—xal 1

e
e e 9
Zk 1k¢1D
k=1,k+1
Eq T i al al
Jai = 0F e (- ”@f)] [—%“t'“]"'s l‘f(m‘i) _ lime) (40)
' ref

Based on Egs. (31)-(40), the current density j, ; of stage i can be obtained. EHP

average current density can be expressed as Eq (41):

Igup = Z Jai (41)
channel

2.5. Gas molecule transmembrane diffusion

Due to the partial pressure difference on both sides of the PEM, anode impurities
and cathode hydrogen can transport across the PEM. In order to predict the
transmembrane behavior of gas molecules accurately, a gas transmembrane calculation
strategy based partial element stage cut method is used in this model. Whole model
principle and solution strategy are shown in Figure 3.

The component permeability and mass balance equations of stage i are as follows:

A
([ Jeie ) (Paixl -y — Pexliy)

l Jk#1
Qf = A . (42)
| kk (N) (chc,i—l - Pa,ixa,i—l)
— k=1
lm
n
=) o (43)
k=1
Faji1Xei 1+ FeioaXxtiq = Fauxli; + Fcixfi (44)
k k=1 _ k ]al
Fa,i—lxa,i—l + Qi - Fa,ixal + Ql (45)
]al
Cl 1xc1 1+ZQ1 Cl Cl _+Q (46)

where k) is the component permeability; A is the MEA area; P, ;is the anode stage
pressure; P. is the cathode pressure which is constant; x{;,i and xgi are anode and
cathode stage component mole fraction; Q¥ is the stage permeation mole flowrate of
component k; Q; is the stage net permeation mole flowrate;F, ; and F,; are stage total

mole flowrate; k& is the component number (k=1 means hydrogen, k>1 means other

12
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components, 7 is the number of components, k € [1, n]); L,,, is the PEM thickness.

3. Model solution and validation
3.1. Model solution

Since PEM has high selectivity, which only passes protons nearly. Therefore, the
initial impurities content of the first stage (i=1) on the cathode side is set as 0. The PEM
permeability data of different gas molecules are used for model solving process, and
the barrier effect of GDL and CL are ignored. Solution procedures are shown in Figure
4.

3.2.Model validation

In order to verify the model effectiveness under different feedstock and cathode
pressure, four feedstock systems with typical industrial application background (H2/N>,
H»/CHa4, Ho/He and Ho/CO») are used to verify the accuracy of the model. The model is
verified from four aspects: current density distribution, polarization curve under
different cathode pressure, hydrogen recovery rate and purity to ensure the accuracy.
The basic parameters required for model validation are shown in Table 3. The
comparison of simulation and experiment results are shown in Table B1, B2, B3 and

B4.

3.2.1. H2/N:z system

According to the experiment results of Onda et al.!>!®!® and Nordio et al, ?* the
effectiveness of EHP is verified from the views of polarization curve and current density
distribution. As shown in Figure 5(a-b), the polarization curve is consistence with
experiment data in wide hydrogen feedstock content under two different experiment
and operating conditions (average relative error: 7.69%; feedstock hydrogen content: 1
- 99 mol%). As shown in Figure 6, the EHP current density distribution have a good
agreement with experiment data under different applied potential (average relative error
is 1.39% to 9.93% when the average current density increases from 20 mA/cm? to 40
mA/cm?). Above experiment and simulation comparation results show that proposed
model can be used to the prediction of EHP performance in Ha/N»> feedstock system,

and has full concentration applicability for Ho-containing gases.
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3.2.2. H2/CH4 and Hz/He systems

As shown in Figure 7(a-b), the simulation polarization curves have a good
agreement (relative error: 2.27%, 2.32%) with the experiment data under different
feedstock hydrogen content and large average current density range, which shows the
effectiveness of proposed model under Ho»/CH4 and H»/He feedstock systems. The
obvious turning point between PEM membrane resistance control to hydrogen mass
transport control can be seen in Figure 7(a-b) under low feedstock hydrogen content
(20 mol%), which means the hydrogen mass transport and current density calculation
strategy are correct. Proposed model can be used in the EHP performance prediction
under H/CH4 and Hy/He feedstock systems. As shown in Figure 8, the simulation
values of hydrogen recovery rate are also consistent with the experiment data. Proposed

EHP model can be used in the hydrogen recovery rate prediction.

3.2.3. H2/COz system

Due to the negative effect of RWGS on EHP anode CL, the EHP performance
under COz-containing environment will be inhibited, which means EHP in CO»-
containing feedstock system has lower current density under the same applied potential
compared with other systems.

According to the experiment results of Abdulla et al.'?, the effectiveness of EHP
in Hy/CO; feedstock condition is verified from the views of polarization curve. As
shown in Figure 9, the simulation polarization curves have a good agreement with the
experiment data in different feedstock hydrogen content, which means the model has a
good capability under COz-containing environment. Besides, the anode CL coverage
prediction method based on the detailed RWGS kinetic method is accurate.

As shown in Figure 10, the simulation average current density curves based on
different feedstock hydrogen content have a good agreement with the experiment data.
Although hydrogen mass transport rate is fast, which means small mass transfer
resistance and hydrogen at CL can be consumed rapidly, which means the current
density initially increases linearly with hydrogen content at constant applied potential.
As the feedstock hydrogen content increases, the hydrogen content at CL cannot be
consumed completely, which results the current density reaches limiting value like a
horizontal level. Increasing applied potential (100 - 300 mV) can make the limiting

current density jump to a high level (175 - 525 mA/cm?). Such simulation results are
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consistent with the experiment results completely. In summary, the effectiveness of
mass transfer solving strategy and RWGS kinetics under CO»-containing feedstock
system are verified. Proposed model is applicable to the prediction of EHP performance

under H2/CO> feedstock system.

3.2.4. Hydrogen purity and cathode compression

The simulation results under different feedstock conditions and operating
parameters are consistent with the experiment data, which proves the effectiveness of
the developed EHP model. However, there is no experiment-simulation comparative
study on EHP hydrogen purification and compression performance. In order to explore
EHP hydrogen purification and compression performance furtherly, the effectiveness
of proposed model is verified from the view of purity curve and cathode pressured
polarization curve according to the experiment results of Nordio et al.?**°, Onda et al.'®
and Strobel et al.*’ according to Table 4 and Table 5.

As shown in Figure 11(a-b), the simulation purity curves are consistence with
experiment data, which means the stage permeation flow calculation strategy is
corrected. As shown in Figure 11(a), the hydrogen purity increases with the feedstock
hydrogen content under the same applied potential, which means low feedstock
hydrogen content results high transmembrane pressure difference. According to the Eq.
(42), more impurities can reach to cathode, which results low hydrogen purity.

Besides, the hydrogen purity also increases with the applied potential as shown in
Figure 11(a-b), which means high applied potential results high stage current density.
According to Faraday's law, higher current density will result higher hydrogen
production, which dilute impurities to improve hydrogen purity.

As shown in Figure 12(a), the polarizations curves under cathode pressurization
are consistence with experiment data under the cathode pressure range of 0.1 - 1.0 MPa,
which means the current density solving strategy have a wide cathode pressure
applicability. Although a large deviation between simulation and experiment values can
be seen in Figure 12(b), which may be caused by the large deviation between simulation
and experiment parameters. Based on this result, we can use this model to study the
integrated performance of hydrogen separation and compression in the performance

study part.

15



422

423
424
425
426
427
428
429
430
431

432

433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454

4. Performance study based on simulation

In order to explore the hydrogen separation and compression performance of EHP
under different feedstock and operation conditions furtherly. In this section, we will
study the EHP performance from two aspects: operating conditions (operating
temperature, anode feedstock pressure, feedstock hydrogen content and cathode
pressure) and PEM properties (gas permeability and membrane resistance). Ho/CHa
(Hydrogen mixed natural gas separation) and H»/CO; (reforming and biomass
gasification Ho-containing gases) which have typical industrial application background

are selected as the target analyze systems.

4.1 Electrochemical reaction properties

In order to study the electrochemical reaction and mass transfer characteristics of
EHP furtherly, the EHP polarization curves under different temperatures based on the
model calculation are given as shown in Figure 13 (a-b). At a lower voltage, the
polarizations show linear. PEM resistance is the main limiting factor. Increasing applied
potential can improve average current density then increase hydrogen production.
When the voltage continues to increase, the average current density reaches to hydrogen
transport limiting current density and GDL mass transport resistance become the main
limiting factor, which is similar with the behavior of high temperature catalyst in gas-
solid heterogeneous catalytic reaction and consistence with the experiment results of
Abdulla et al.!” Besides, higher polarization curve slope can be seen in Figure 13(b),
which causes by RWGS under CO-containing feedstock. On the whole, higher
operating temperature can increase current density when applied potential in relatively
low (<500 mV). However, relative high temperature can result in low current density
under high applied potential (=700 mV), which means the blocking effect lead by GDL
mass transport resistance play a significant role. In summary, the applied potential at
turning point is optimal for max hydrogen production and low energy consumption.
Appropriate applied potential need to be considered comprehensively during EHP
design and working.

As shown in Figure 14 (a-b), hydrogen mass transport limiting current density
deceases with the increase of operating temperature, which caused by the rapid
consumption of reactant along with the anode gas flow channel under higher operating

temperature. HOR on catalyst surface has low activation energy*’ (34.6 k] /mol), which
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means the electrochemical reaction equilibrium concentration of hydrogen on the
catalyst surface is equal to the real concentration of hydrogen. Hydrogen concentration
difference between GDL and CL is the main limiting factor under this condition.
Although GDL effective diffusion coefficient D¢ increases with the increase of
temperature, but the bigger hydrogen concentration difference between gas flow
channel and CL caused by rapid consumption of hydrogen results greater blocking
effect, which leads to a decrease in hydrogen transport limiting current density with
temperature.

Besides, hydrogen mass transfer limiting current density at the same temperature
increases with the feedstock hydrogen content (50 - 80 mol%) according to Figure 14
(a-b), which shows that higher feedstock hydrogen content can relieve the blocking
effect caused by rapid consumption of hydrogen to meet the demand of catalyst under
the same operating temperature. Although RWGS can curb anode catalyst performance
under CO;-containing feedstock condition, but the limiting current density between
CO; and no-CO> feedstock condition hardly changes as shown in Figure 14 (a-b), which
shows that hydrogen transport limited current density is an intrinsic property, which
only related to feedstock hydrogen content and operating temperature. The inhibition
effect of catalyst caused by RWGS only affects the energy consumption reaching to

hydrogen transport limiting current density.

4.2.Hydrogen recovery rate and energy efficiency

Hydrogen recovery rate reflects the hydrogen separation capacity, and the energy
efficiency reflects the relationship between the separation capacity and energy

consumption, which mathematical relationships are shown in Egs. (47) - (48).

_ Fc,ng,N
H, Recovery rate (RE, %) = 7— X 100% (47)
inXin
RE - Fy,x} AH on — lgnpAE
Energy efficiency (EE, %) = - T combustion FHPT % 100%  (48)
FinxinAHcombustion

where superscript 1 means Hy is the target component; AH o mpustion 1S the combustion
heat of hydrogen (286 kJ/mol); E is the applied potential; F;, and F, y are anode
feedstock mole flow and cathode outlet mole flow, respectively; x;, and x}, y are
hydrogen mole contents of the anode feedstock and cathode outlet, respectively. Ixyp
is the average current density; A is the MEA area; RE is the hydrogen recovery rate.

As shown in Figure 15(a) and (c), the hydrogen recovery rate increases with
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applied potential and then reaches to constant level, which means current density
reaches to hydrogen mass transport limiting value and hardly changes. Max hydrogen
recovery rate under hydrogen mass transport control decreases with the increase of
feedstock hydrogen content (H> content: 20 - 80 mol%), which from 64% to 43% and
63% to 39%, respectively. Although RWGS under CO;-containing feedstock can curb
CL performance that higher applied potential need to be adopted to achieve same
hydrogen recovery rate, but the max recovery rate hardly changes, which means the
hydrogen transport limiting current density related with max hydrogen recovery rate is
an intrinsic property and independent of catalyst. But energy efficiency under CO>-
containing feedstock is 48%, 34% and 21%, respectively, lower than no-CO, feedstock
(53%, 43% and 25%), which means higher electric energy need to be consumed to
overcome the detrimental effect caused by CO poisoning. Energy efficiency peak value
decreases from 53% to 25% and 48% to 21% respectively as shown in Figure 15(b) and
(d), which means more hydrogen lost in anode residue with the increases of feedstock
hydrogen content. In summary, the turning point between PEM resistance and GDL
mass transport control is the best operating point that best energy utilization and
hydrogen recovery can be achieved.

The relationship between hydrogen recovery rate, applied potential and energy
efficiency under cathode high pressure (20 MPa) are similar with the cathode low
pressure (0.13 MPa) as shown in Figure 16(a-d). As shown in Figure 16 (a) and (c),
hydrogen recovery rate under different feedstock nearly same with the cathode low
pressure, but the energy efficiency peak value decreases a lot, which from 53%, 43%
and 25% to 45%, 36% and 22%. The absolute difference of energy efficiency peak value
(H2/CH4) under different cathode pressure is 8%, 7% and 3%, respectively, which can
be seen that energy efficiency peak value difference (3%) under 80 mol% feedstock
hydrogen content is much lower than 20 mol% feedstock hydrogen content (8%).
Besides, obvious energy efficiency curve crossing can be seen in Figure 16(b) and (d).
Higher feedstock hydrogen content (80 mol%) shows higher energy efficiency
compared with low feedstock hydrogen content (20 mol%) under relatively lower
hydrogen recovery rate(<50%). Improving that high cathode pressure (20 MPa) may
causes a reverse effect compared with low cathode pressure, hydrogen back-diffusion
need to be analysis under hydrogen cathode pressure.

In order to achieve quantitative analysis of cathode hydrogen back-diffusion

behavior precisely, the hydrogen back-diffusion ratio expression is given as shown in
18



519

520
521
522
523
524
525
526
527
528
529
530

531

532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

Eq. (49):

N A1
i=1 ¢;
. 1

mmtin

H, Back — diffusion ratio (%) =

X 100% (49)

where Q} is the hydrogen back-diffusion mole flow in stage i; x}, is the feedstock
hydrogen mole fraction; F;;, is the feedstock mole flow.

As shown in Figure 17(a-b), the quantitative relationship between hydrogen back-
diffusion rate and applied potential can be seen directly. Back-diffusion rate under low
hydrogen feedstock content (20 mol%) is 4 times than high hydrogen feedstock content
(80 mol%), which is corresponding to the Eq. (42) that high transmembrane pressure
difference results more hydrogen diffusion flow. Besides, from the view of membrane
material, the new membrane materials with anti-diffusion function to decrease
membrane permeability can curb this phenomenon, which requires more scholars to

conduct membrane research furtherly.

4.3.Hydrogen purity

Due to the existence of differential pressure on both sides of PEM, anode
impurities diffuse to cathode, resulting in impure hydrogen. Besides, the hydrogen
production process is affected by the current density directly, which means the hydrogen
yield follows Faraday's law. Hydrogen production and impurity permeate process can
affect hydrogen purity like a double-edged sword. Therefore, some operating
parameters (operating temperature, anode feedstock and cathode pressure) that can
affect current density need to be analysis here. In order to make the change of hydrogen
purity obviously, the impurity content (ppm, 1 ppm = 1 X 107°) is used in the figures.

As shown in Figure 18(a-d), the effects of feedstock pressure and operating
temperature on hydrogen purity is different with the feedstock hydrogen content.
Obvious boundary between PEM resistance and GDL hydrogen transport resistance
control can be seen in Figure 18(a). When operating temperature on the left of the
boundary, impurity content decreases with the operating temperature, which means that
PEM resistance is the main limiting factor. Once operating temperature over than
boundary, impurity content increases with the increase of the operating temperature,
which means that EHP operating point reaches to hydrogen mass transport control area.
Current density is limited by GDL mass resistance and decreases with the increase of
temperature, which decreases hydrogen production and results in low hydrogen purity.

With the increase of feedstock hydrogen content (40 - 60 mol%), the boundary between
19



551 PEM resistance and hydrogen transport resistance control disappear and PEM
552 resistance become an only limiting factor as shown in Figure 18(b-d), higher operating
553  temperature is good for increasing hydrogen purity.

554 Besides, hydrogen purity also increases with the increase of the feedstock
555  hydrogen content, which lowest impurity content decreases from 1977 ppm to 924 ppm
556  as shown in Figure 18(a-d). However, impurity content decreases with the increase of
557  the feedstock pressure in Figure 18(c-d), which is abnormal according to Eq. (42). It is
558  probably because the high feedstock pressure decreases Nernst potential according to
559  Eq. (17) and Eq. (18), which increases current density and hydrogen purity under high
560  hydrogen feedstock content (60 - 80 mol%).

561 With the increase of the cathode pressure (0.5 - 1 MPa), the lowest impurity
562  content increases from 1977 ppm to 3930 ppm under feedstock hydrogen content is 20%
563  as shown in Figure 18(a) and Figure 19(a). Impurity change trend under high hydrogen
564  content (80 mol%) feedstock also shows the same behavior, which means that high
565  cathode pressure can increase Nernst potential that causes lower current density and
566  hydrogen production according to Eq. (17) and Eq. (18). Besides, the partial pressure
567  difference hardly changes, which means the permeate flow of impurities hardly changes.
568  Based on the joint action of two reasons, resulting the high impurity content under
569  cathode high pressure.

570 As the core of EHP, PEM provides proton transport channel for electrochemical
571  hydrogen separation process. In addition, gas molecules can also pass through PEM,
572  which is related to PEM permeability. According to Eq. (42), the gas permeate flow
573  increases with the differential pressure. As shown in Figure 20(a-b), the hydrogen purity
574  increases with the permeability under the constant PEM resistance. However, PEM
575  resistance also has a huge influence on hydrogen purity under constant permeability.
576  Because low PEM resistance under constant operating applied potential means high
577  current density, which results higher hydrogen production. Raising the applied potential
578 (150 mV to 400 mV) can improve hydrogen purity under other operating conditions do
579  not change, that the impurity content is decrease significantly. In summary, PEM with
580 low gas permeability and resistance can improve hydrogen purity effectively.

581

582

583

584
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5. Conclusions

In this work, a partial element stage cut electrochemical hydrogen pump (EHP)
mathematical model which embed real factors (anode impurity diffusion, hydrogen
back-diffusion and anode catalyst deactivation) was established to study EHP
performance accurately. Then, four gas systems (H2/N», Ho/CH4, Ho/He and Ho/CO»)
were used to verify the effectiveness of the model. The simulation results of current
density distribution, polarization curve, hydrogen purity and recovery rate are
consistent with experiment data (polarization curve relative error: Ho/Na: 7.69%;
H2/CHa: 2.27%; Hao/He: 3.32%; H2/CO»: 5.00%), which verifies the effectiveness of the
model.

Furtherly, H2/CH4 (hydrogen mixed natural gas) and H2/CO; (biomass gasification
and reforming gas) with typical industrial application background were selected as the
target analysis system to study EHP performance (polarization, hydrogen recovery rate,
energy efficiency and hydrogen purity). PEM resistance and GDL hydrogen transport
resistance control area under different operating temperatures (25 - 90 mol°C) and
feedstock hydrogen content (20 - 80 mol%) were determined. Increasing operating
temperature can increase current density when EHP operating point in PEM resistance
control area, but this behavior is contrary when operating point in GDL mass transfer
resistance control area. RWGS can curb anode catalyst performance, but the limiting
current density hardly changes, which demonstrated that the hydrogen transport limited
current density is an intrinsic property Hydrogen recovery rate and energy efficiency
analysis results show that high cathode pressure (20 MPa) can causes high hydrogen
back-diffusion ratio (5.14%) than cathode low pressure (0.13 MPa), which results low
energy efficiency under low hydrogen feedstock content (20 mol%). The variation law
of hydrogen purity under multi-operating conditions (temperature, feedstock pressure
and cathode pressure) was studied. Obvious boundary between PEM resistance and
hydrogen transport resistance control can be seen under low hydrogen feedstock content
(20 mol%) and applied potential (300 mV), which will disappear under high feedstock
hydrogen content (80 mol%). Due to the existence of higher Nernst potential, hydrogen
impurity content is higher under cathode high pressure (1 MPa, 2275 - 3930 ppm)
compared with cathode low pressure (0.5 MPa, 924 - 1977 ppm). Besides, PEM with
low gas permeability and resistance can improve hydrogen purity effectively.

In summary, this work provides a feasible prediction method for EHP performance

from the perspective of mathematical model. In future works, the technical and
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economic evaluation method based on proposed model for EHP hydrogen production

process will be established to form a systematic EHP optimization design method.

Notation

*The variable unit in all tables used in calculation process are converted to international system of

units (SI) according to the following table.

CL= Catalyst layer

EE= Energy efficiency

EHP= Electrochemical hydrogen pump
EHC= Electrochemical hydrogen compressor
GDL= Gas diffusion layers

HOR= Hydrogen oxidation reaction

HER= Hydrogen evolution reaction

MEA= Membrane electrode assembly

PEM= Proton exchange membrane

RWGS= Reverse water gas shift

A= MEA area, cm?

C,= Mole concentration of hydrogen in anode gas flow channel, mol/cm?
C¢= Mole concentration of hydrogen in GDL, mol/cm?

Ccqt= Mole concentration of hydrogen in CL, mol/cm?

Crer= Reference hydrogen mole concentration, mol/cm?

C§;= Anode double layer capacitance, C/cm?

C§,= Cathode double layer capacitance, C/cm?

Dy= Gas flow channel hydraulic diameter, cm

D¢= Effective diffusion coefficient in the GDL, cm?/s

D, = Gas binary diffusivity of hydrogen (@) and others component (b), cm?/s
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E= Applied potential, mV

En= Nernst potential, mV

F= Faraday’s constant, 96485 C/mol

F,= Anode mole flowrate, mol/s

F.= Cathode mole flowrate, mol/s

R channei= Gas flow channel height, cm

hy= GDL thickness, cm

Igyp= EHP average current density, mA/cm?

j=Current density (including exchange current density j§, stage current density j, ;), mA/cm?
k= PEM permeability, mol/(m - s - Pa)

L channer= Gas flow channel length, cm

l,,= PEM thickness, cm

M= Molecular weight, g/mol

N= Total stage cut numberop= Anode electrode overpotential/Total overpotential
Q= Gas diffusion flow rate, mol/s

P,= Anode pressure, Pa

P.= Cathode pressure, Pa

R=Ideal gas constant, ] /(mol - K)

r=PEM resistance, ( - cm?

s= Liquid saturation

T= Operating temperature, K

Tyes= Electrochemical kinetic reference temperature, K
u,= Gas flow channel velocity, cm/s

Vr= Feedstock gas volume flowrate, cm3/s

Y. V= Molecule diffusion volume, cm?/mol

Wehanner= Gas flow channel width, cm

Xq= Mole flow channel of anode gas flow channel

x.= Mole flow channel of cathode gas flow channel
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675 Z= Charge transfer number

676

677 Greek letters

678 n= Anode and cathode overpotential, mV

679 &= GDL porosity

680 7= GDL tortuosity

681 u= Gas mixture viscosity, Pa - s

682 a= Charge transfer coefficient

683 6= CL surface coverage

684 8= Relative deviation

685 2= Sum

686

687 Subscripts

688 a= Anode gas flow channel

689 channel= Anode gas flow channel

690 cat= Catalyst layer

691 c= Cathode gas flow channel

692 d= Gas diffusion layer

693 F= Feedstock

694 G= Gas diffusion layer

695 i= Stage number subscript (i = 1,2,3...N — 1,N)
696 ii= Number of electrode reaction rate (i = 3,4,6)
697 mix= Gas mixture

698 m= Proton exchange membrane

699 n= Number of components

700 N= Nernst potential

701 ref= reference value

702 k= Component number subscript (k=1 means H)
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Appendix A: RWGS kinetic expressions and parameters

ks, k_3,ky, k_4, ke and k_g are electrode reaction rate constants and affected by

anode Nernst potential Ey ,(x), which are shown as follows:
(1 — ag)FEyq(x)

ki = kiexp[ RT ] (A1)
0 o= %af Ena () A2
k—ll - k—lleXp[ RT ] ( )
By () = BT 1101825 A3
Na\X) = 7F n[Pa,Hz(x) ( )

where ii = 3,4 and 6; aJ is the anode charge transfer coefficient; F is the Faraday
constant; R is the ideal gas constant; 7 is the EHP operating temperature; P, p, (x) is

the anode gas flow channel pressure; Ey ,(x) is the anode electrode Nernst potential.

Appendix B: Data comparison and error analysis

The simulation and experiment results of polarization curves and hydrogen
impurity content under different systems are compared. The results are shown in Figure
B1, B2, B3 and B4. The relative error of polarization curve under different feedstock
systems is 7.69%, 2.27%, 3.32% and 5.00% respectively. All decisive indicators (R?)

of model verification in this work are greater than 0.96.
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