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bstract

Fuel cells (FC) can produce electricity through electrochemical reaction of hydrogen with oxygen with the use of a membrane and electrode
ssembly (MEA). In other words, the hydrogen pressure difference between the anode and cathode can produce electricity via an electrochemical
rocess. Conversely, when we supply electricity to MEA from an external power source, we can pump up or separate hydrogen from the low
ressure anode to the high pressure cathode according to the principle of the “concentration cell”. The depleted hydrogen from the FC can be
ecovered by the hydrogen separation pump proposed herein, or low pressure hydrogen can be pumped to high pressure hydrogen by the hydrogen

ompression pump proposed herein. In this study we preliminarily tested the hydrogen separation pump and hydrogen compression pump, and
emonstrated their good performance. The tested performances were analyzed with the use of our simulation model of a hydrogen pump, which
as made by modifying our FC simulation model, and the test results agreed well with the calculated results.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In proton exchange membrane fuel cells (PEMFCs) hydro-
en and oxygen are made to flow on opposite sides of a proton
xchange membrane (PEM) to induce an electrochemical reac-
ion for getting electricity directly at the external load. Con-
ersely, if hydrogen is made to flow at the anode supplying
lectricity externally, a hydrogen pump can be formed that elec-
rochemically transports hydrogen selectively to the cathode
hrough PEM. Hydrogen become protons at the anode of the

embrane and electrode assembly (MEA), and the protons move
hrough PEM, and at the cathode of MEA, where no air or oxygen
s flowing, protons return to the higher pressure hydrogen than
t the anode by combining with electrons via the external load.

We propose two applications of the hydrogen pump. The first

s a hydrogen separation pump that functions mainly to selec-
ively separate and recover hydrogen only. This can decrease the
mount of hydrogen discharged from PEMFCs or other devices

∗ Corresponding author. Tel.: +81 532 44 6722; fax: +81 532 44 6728.
E-mail address: onda@eee.tut.ac.jp (K. Onda).
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n places where discharge is difficult, such as deep tunnels, deep
ea, or space. Moreover, the recovered hydrogen can be recy-
led to the intake of PEMFC and raise the fuel utilization ratio
f the fuel cell. The other application is a hydrogen compression
ump that functions mainly to pressurize low pressure hydrogen
t the anode to high pressure hydrogen at the cathode. Hydrogen
umps are classified electrochemically as concentration cells.

To the authors’ knowledge, following studies on hydrogen
umps have been reported. One is shortening the starting time of
EMFC by separation and compression of hydrogen exhausted
rom PEMFC by using PEM and hydrogen occlusion alloy [1];
ext is also shortening the starting time of PEMFC by com-
ressing hydrogen to 10 MPa with a PEM hydrogen compressor
nd storing the compressed hydrogen [2]; and the last is raising
he pressure of atmospheric hydrogen to 3.5 MPa or reducing
t to 0.015 MPa by using PEM [3]. However, these studies did
ot measure and discuss current efficiency and overpotential.
hen, in the present study we experimentally investigated the

asic characteristics of hydrogen pumps under various operating
onditions to understand the general characteristics of hydro-
en pumps. Specifically, for the hydrogen separation pump, we
xperimentally investigated the basic characteristics of hydro-

mailto:onda@eee.tut.ac.jp
dx.doi.org/10.1016/j.jpowsour.2006.10.018
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Nomenclature

Ci concentration of gas species i (mol cm−3)
D′

i effective diffusion coefficient of gas species i
(cm2 s−1)

ENernst Nernst potential (V)
F Faraday constant (C mol−1)
Hi enthalpy of gas species i (J mol−1)
i current density (A cm−2)
in current density at nth CV (A cm−2)
iave average current density (A cm−2)
In current at nth CV (A)
k thermal conductivity (W (cm K)−1)
kc condensation coefficient (s−1), kc = 1
Mi molar flow rate of gas species i (mol s−1)
nd electro-osmotic coefficient of MEA
Ni molar flux of gas species i (mol s−1 cm−2)
Pi pressure or partial pressure of element i (Pa)
r membrane resistance per unit area (� cm−2)
R gas constant (J (K mol)−1)
tj thickness of element j (cm)
T operating temperature (K)
Tj temperature at element j (K)
U heat transfer coefficient (W cm−2 K−1)
Vcell cell voltage (V)
wj width of element j (cm)
Wh adiabatic compression power (W)
Wt isothermal compression power (W)
x distance along gas flow (cm)
y distance perpendicular to membrane (cm)

Greek symbols
γ specific heat ratio
η activation overpotential (V)
ηohm resistance overpotential (V)
ηcur current efficiency (%)
ηh adiabatic compression efficiency (%)
ρ membrane resistivity (� cm)

Subscripts
a anode
c cathode
l liquid
v vapor
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vation overpotential η is large such as about 0.3 V, but there are
almost no reports on the η at cathode of hydrogen pump where
H+ returns to H2. Since the anode of hydrogen pump is the same
as PEMFC, η seems to be small similarly to PEMFC. In addition,
sat saturation
channel flow channel

en separation by flowing the industrial grade hydrogen at the
node and cathode, of which total pressure is atmospheric. In
ddition, we developed a simulation code for hydrogen pumps
y improving the pseudo two-dimensional simulation code for
EMFC, and calculated the current distribution of separation

ump cells, and compared this with the measured current distri-
ution at a segmented electrode cell. For the compression pump,
e experimentally clarified the hydrogen pressurization charac-

eristics up to a cathode pressure of 1 MPa. At that time, we also
r Sources 164 (2007) 1–8

nvestigated the problem of hydrogen cross leak by changing
he pumping rate of hydrogen (current density of pump cell)
nd cathode pressure.

. Operating principle of hydrogen pump

Fig. 1 shows the operating principle of the hydrogen pump.
hen the electricity is supplied to the moderately moistened
EA, the hydrogen is pressurized from the low pressure anode

o the high pressure cathode. At the anode and cathode of the
EA, the electrochemical reactions shown in Eqs. (1) and (2)

roceed at the contact interface of catalyst electrode and PEM,
nd Eq. (3) holds for the total reaction [4].

node : H2(Pa) → 2H+ + 2e− (1)

athode : 2H+ + 2e− → H2(Pc) (2)

otal reaction : H2(Pa) → H2(Pc) (3)

Cell voltage Vcell in which hydrogen is pressurized from par-
ial pressure Pa to partial pressure Pc is described by Eq. (4)
ollowing a concentration cell with temperature T.

cell = ENernst + ir + η, ENernst = RT

2F
ln

Pc

Pa
(4)

he first term of the right-hand side of Eq. (4) is called the
ernst potential ENernst, and since in a real cell there is activation
verpotential and membrane resistance, Vcell is larger than the
deal ENernst. In the hydrogen separation pump, the total pressure
t anode is equal to that at cathode, but the hydrogen partial
ressure Pa at anode is smaller than the partial pressure Pc at
athode. In the hydrogen compression pump, the total pressure
t cathode is larger than that at anode, with Pa < Pc [5].

At the cathode of PEMFC, since H+ reacts with oxygen to
roduce water via a 4-electron electrochemical reaction, the acti-
Fig. 1. Operating principle of H2 pump.
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ig. 2. Comparison of powers for isothermal and adiabatic compression of
mol s−1 H2.

ince in a PEMFC hydrogen is expanded isothermally following
he action of a concentration cell, in a hydrogen pump it is sim-
larly compressed isothermally as described with ENernst of Eq.
4). Thus, whereas the power of hydrogen mechanical compres-
or is described by the adiabatic process of Eq. (5), the power
f hydrogen pump is described by the isothermal process of Eq.
6). Note that Eqs. (5) and (6) show the power for hydrogen flow
ate of 1 mol s−1.

Adiabatic compression power:

h = γ

γ − 1
RT

[
P

(γ−1)/γ
c

Pa
− 1

]
(5)

Isothermal compression power:

t = RT ln
Pc

Pa
(6)

Fig. 2 compares the compressor powers of Eqs. (5) and (6)
ersus the compression ratio Pc/Pa. In comparing the ideal pow-
rs with no loss, the isothermal compression power is about half
f the adiabatic compression power. It means that this hydrogen
ump can become an energy saving compressor. In Fig. 2, the
atio of specific heat γ is 1.4, Pc/Pa is the compression ratio, and
in is room temperature of 25 ◦C. A gas turbine cycle where the
ompression and expansion processes are isothermal is called
he Ericsson cycle, and in the alkali metal thermoelectric energy
onversion (AMTEC) [6] Na metal flows in this isothermal com-
ression/expansion process.

. Analysis of hydrogen pump

.1. Analytical model

The power generation characteristics of PEMFC have been
nalyzed with many calculation programs. The hydrogen pump
oes not have so complex processes as PEMFC, so the PEMFC

imulation code [7] was simplified to provide a simulation code
or hydrogen pump. To confirm the reliability of this simu-
ation, the current distribution was measured in a segmented
lectrode cell similarly to PEMFC [7], and was compared with
Fig. 3. Equivalent circuit of H2 pump.

he calculated current distribution. The analysis is pseudo two-
imensional along the gas flow direction (x) of channel and
erpendicular to the MEA (y), and the mass/charge and energy
onservation equations were simultaneously solved with an
quivalent circuit of hydrogen pump shown in Fig. 3. The basic
quations were discretized with the control volume (CV) method
8]. The number of CV along x direction was optional, and the
V number along y direction was 5, i.e., the respective channels
nd GDLs of the anode and cathode, and the MEA. The separator
as assumed to be equipotential. Non-isotropic resistance of the
as diffusion layer (GDL) along the x and y direction was used
ccording to the measured values. Various quantities along the z
irection perpendicular to the xy plane were assumed to be uni-
orm, and in a serpentine flow on x–z plane the z direction length
as substituted for the x direction. The flow in the channel was

ssumed to be a plug flow, and since the constant temperature
ater was supplied through the separator, the separator tem-
erature was assumed to be constant. The membrane properties
uch as diffusion coefficient and electro-osmotic coefficient of
ater through MEA were measured [9] for our membrane to be

dopted in the following calculation.

.2. Mass/charge balance

Fluid in the channel and GDL was assumed to flow in a
as–liquid two-phase state, and the supplied and transported
ydrogen and water was assumed to flow in the x direction in the
hannel and in the y direction in the GDL. The portion of water
apor that exceeded the saturated vapor pressure was assumed to
ondense and move with the same velocity as the fluid. Hydro-
en diffusion along the x direction is also considered. The flow
ivided in each CV was assumed to be a plug flow with constant
elocity, concentration of chemical each species, and temper-
ture. The cross-leak of hydrogen was not considered in our
nalysis. The mass and charge conservation equations are as
ollows. The condensation coefficient kc is assumed to be 1.
Anode:

dMH2

dx
= −wchannel · NH2 = −wchannel · in

2F
− D′

H2

d2CH2

dx2 (7)
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dMl
H2O,a

dx
=
(

kc · wchannel · tchannel

RTa

)

×
(

Mv
H2O,a

Mv
H2O,a + MH2 + MN2

P − P sat
H2O,a

)
(8)

dMv
H2O,a

dx
= −dMl

H2O,a

dx
− wchannel ·

(
in

F
· nd − D′

H2O
dCH2O

dy

)
(9)

Cathode:

dMH2

dx
= wchannel · NH2 = wchannel · in

2F
(10)

dMl
H2O,c

dx
=
(

kc · wchannel · tchannel

RTc

)

×
(

Mv
H2O,c

Mv
H2O,c + MH2 + MN2

P − P sat
H2O,c

)
(11)

dMv
H2O,c

dx
= −dMl

H2O,c

dx
+ wchannel ·

(
in

F
· nd − D′

H2O
dCH2O

dy

)

ducted through GDL to the separator of which temperature was
kept constant by the circulating water of constant temperature,
so in most cases both the MEA and GDL had almost equal tem-
perature to the separator within 2 ◦C.

Flow channel:

tchannel · wchannel
d

dx

(
κgas,k

dT

dx

)
= − d

dx

∑
i

Mi · Hi−gas,k

+ wchannel

∑
i

Ni · Hi−gas,k − wchannel ·

Ugas,k−GDL,k(TGDL,k − Tgas,k) − (wchannel + 2tchannel) ·
Ugas,k−separator(Tchannel − Tgas,k) (13)

GDL:

tGDL · wseparator
d

dx

(
κGDL,k

dT

dx

)
= wchannel

∑
i

Ni(Hi−gas,k

− Hi−GDL,k) −
∑

i

wi · kGDL,k−i

(
TGDL − Ti

dy

)
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−wchannel · tGDL · ρGDL · i2n − wchannel ·
Ugas,k(Tgas,k − TGDL,k) (14)

EA:

MEA · wseparator
d

dx

(
κMEA

dT

dx

)
= wchannel

∑
i

Ni · Hi−GDL,k

−
∑

k

wchannel · kGDL,k−MEA

(
TMEA − TGDL,k

dy

)

− wchannel · in(η + ηohm) (15)

. Experimental apparatus and constitution of single
ell

Fig. 4 shows the schematic diagram of our experimental appa-
atus. H2 (in some instances mixed with N2) was supplied to the
node inlet, but the cathode inlet was closed so that nothing was
upplied. After the flow rate of H2 was adjusted, H2 was humidi-
ed in a humidifier and supplied to the anode of hydrogen pump
ell. Voltage was applied to the cell, and the voltage–current
ensity (V–i) characteristics were measured. The flow rate of
2 transported to the cathode was measured by a soap film flow
eter, after the moisture of cathode gas was eliminated in a

as–liquid separator. The MEA resistance was measured with
n LCR meter of which frequency was set to 1 kHz, including its
ontact resistance. Industrial grade of H2 with a purity of over
9.99% was supplied.

The structure of the hydrogen pump cell is nearly the same as
fuel cell [7], and the gas channel is of a single serpentine type.
he cell was tested with the MEA standing vertically, and gas
owed vertically from the top to the bottom so that condensed
ater might not accumulate. The effective electrode area of the

ell was 10 cm2, and carbon paper with thickness of 200 �m was
laced on either side of MEA as a GDL, and the periphery of
(12)

3.3. Energy balance

Heat conduction and heat transfer in the x and y directions,
enthalpy flux, heat generation by overpotentials, and latent heat
of evaporation were considered in each region of the anode chan-
nel, anode GDL, MEA, cathode GDL, and cathode channel.
The quasi-two-dimensional energy conservation equations are
shown as follows. Most of the heat generated at MEA was con-
DL was sealed with a silicone sheet so that H2 did not leak.
he MEA and GDL were sandwiched between two separators
rooved by channels, and constant temperature water was sup-
lied to the separator to keep the cell temperature constant [7].

Fig. 4. Schematic diagram of experimental apparatus.
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i
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t
sor. This differed from the basic test in that Pcathode was raised
up to 1 MPa, which was higher than the Panode of atmospheric
pressure, but other conditions were the same. The V–i charac-
teristics obtained in this hydrogen compression test are shown
Fig. 5. Schematic diagram of segmented electrode cell.

In a hydrogen separation test in which the hydrogen concen-
ration was changed, the cell clamp pressure was taken to be
MPa, and N2 was mixed with a constant flow rate of H2 to
hange the hydrogen concentration at anode. The hydrogen sep-
ration test was conducted under atmospheric pressure for both
he anode and cathode. In a hydrogen pressurization test, the cell
lamp pressure was raised to 3 MPa to prevent gas leaks from the
ell. By setting a backpressure valve at cathode outlet, the cath-
de pressure was regulated from atmospheric pressure to 1 MPa,
hich is not subjected to the high pressure gas production regu-

ations. The anode at this time was set at atmospheric pressure.
ince the large pressure was exerted on the MEA and GDL,
are was taken to avoid the damage of MEA and GDL by the
arge pressing force into the flow channel or gas supply hole. To
xperimentally confirm the calculated results for the hydrogen
ump, the current distribution of the cell was measured with the
egmented electrode cell shown in Fig. 5. The shunt resistor of
2 m�, which was 1 digit smaller than the membrane resistance
about 100 m�), was connected to each of the segmented eight
lectrodes to measure the current distribution from the voltage
rops through the shunt resistors.

. Test of hydrogen pump and comparison with analysis

.1. Basic test of hydrogen pump

First, keeping the anode and cathode of the hydrogen pump
t atmospheric pressure, 38.0 cc min−1 (at 25 ◦C and 101.3 kPa)
f industrial grade hydrogen was supplied at the same humidifi-
ation temperature as the cell temperature. The Vcell–iave curve
nd ir loss of the cell were measured as the basic characteristics
f hydrogen pump as shown in Fig. 6. Here the supplied H2 flow
ate of 38.0 cc min−1 was corresponding to the hydrogen trans-
ort rate of 100% at iave = 0.5 A cm−2, which was defined as the
atio of the H2 flow rate determined by the supplied current to
he supplied H2 flow rate. In Fig. 6 both the cell temperature and
node humidification temperature were 60 ◦C. In this figure the

elation between iave and Vcell are linear, and Vcell is small, about
0 mV, at iave = 0.49 A cm−2. Under this experimental condition
he Nernst potential was calculated to be small, about 0.2 mV,
rom the H2 partial pressures at anode and cathode taking into

F
s

Fig. 6. Basic Vcell–iave characteristics of atmospheric H2 pump cell.

ccount their water vapor pressures. Therefore, the activation
verpotential η was seen to be the value obtained by subtracting
r loss from Vcell in Eq. (4).

Next, under these conditions the H2 flow rate measured at
he cathode outlet is shown in Fig. 7 as the flow rate of H2
ransferred from the anode to the cathode. The relation between
he transferred flow rate and iave are linear, and moreover the

easured flow rate matches the H2 flow rate by Faraday’s law.
hus, it is seen that the H2 equivalent to the supplied current is

ransferred to cathode. The ratio of the measured flow rate to the
2 flow rate given by the supplied current in use of Faraday’s

aw is shown in Fig. 7 as the current efficiency ηcur. At each
urrent density ηcur is nearly 100%.

.2. Hydrogen compression test

Following the basic test of hydrogen pump in the preced-
ng section, a test was conducted in which H2 was compressed
lectrochemically up to higher pressure Pcathode at cathode than
he anode pressure Panode, similarly to a mechanical compres-
ig. 7. Flow rate of H2 transferred to cathode and current efficiency of atmo-
pheric H2 pump cell.
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of PEMFC, its H2 concentration will probably change consid-
ig. 8. Change of Vcell–iave characteristics by cathode pressure of H2 compres-
ion pump.

n Fig. 8. Similarly to Fig. 6, iave and Vcell are in a linear rela-
ionship, and when Pcathode is raised the open circuit voltage
lso increases. Since this increase in open circuit voltage agrees
ell with ENernst from Eq. (4) as shown in Fig. 8, it is seen that

his increase is due to ENernst. When Pcathode is 1 MPa, ENernst
ecomes 36 mV. The ir loss measured at this time and η obtained
rom Eq. (4) are shown in Fig. 9 as functions of iave. There is
lmost no dependence of these losses on Pcathode, and it is seen
hat η is small and ir loss is dominant. This η also agrees well
ith the η in the basic test.
The flow rate of H2 transferred to cathode in the experiment

hown in Fig. 8 is shown in Fig. 10 with the ηcur calculated from
he flow rate. The flow rate of H2 transferred to cathode almost
beys Faraday’s law, but ηcur tends to decrease when Pcathode
ncreases. When iave is low, ηcur also trends to decrease. Con-
idering that the H2 transferred rate increases with iave, and that
he cross-leak rate through MEA is supposed to be proportional
o the pressure difference Pcathode–Panode, the real H2 transfer
ate increases with iave. Since the cross-leak rate was still being

easured in change of operating conditions, we would like to

eport the cross leak at another time.
As mentioned above, the major losses of the hydrogen com-

ression pump could be measured, so the theoretical compres-

ig. 9. Change of ir and η losses vs. iave by cathode pressure of H2 compression
ump.

e
c
p

F
p

ig. 10. Flow rate of H2 transferred to cathode and current efficiency of H2

ompression pump.

ion powers compared in Fig. 2 were discussed considering
diabatic efficiencies as shown in Fig. 11. Fig. 11 shows a
omparison between the adiabatic compression powers with
diabatic efficiencies ηh of 0.7 and 1, the ideal isothermal com-
ression power, and the real power of hydrogen compression
ump including the ir andη losses measured at iave = 0.1 A cm−2,
here the abscissa is compression ratio Pc/Pa. Since the loss
roportion becomes small when Pc is high and iave is small
see Eq. (4)), the compression power with high Pc and low iave
pproaches the ideal isothermal compression power. The hydro-
en pump in this report has about 1.6 times the ideal isother-
al compression power when Pc/Pa = 10 and iave = 0.1 A cm−2,
hich is nearly equal to the ideal adiabatic compression power.
hus, while development issues remain, this hydrogen pump is
ble to become an energy saving compressor.

.3. Hydrogen separation test

When attempting to recover H2 from the depleted anode gas
rably. We therefore conducted the hydrogen separation test by
hanging the H2 concentration. Here the anode and cathode total
ressure was atmospheric, and the H2 flow rate at anode was con-

ig. 11. Comparison of compression powers for isothermal and adiabatic com-
ression of 1 mol s−1 H2.
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MEA is nearly constant, as will be described below, but since
ig. 12. Change of Vcell–iave characteristics by H2 concentration of H2 separa-
ion pump.

tant at 3.8 cc min−1, 1/10 of that in the preceding section, and
as diluted by N2. iave was also 1/10, so at 0.05 A cm−2 the
ydrogen transport rate was 100%. Other test conditions were
he same as in the preceding section. The Vcell–iave character-
stics are shown in Fig. 12 when the anode H2 concentration
as changed to 99.99, 10, and 1%. When H2 concentration is
igh and iave is low, the relation between iave and Vcell is linear,
ut when H2 concentration becomes lower and iave becomes
igher, Vcell becomes larger than the linear line. Including the
pen circuit voltage the overall Vcell increases with decrease of
2 concentration. This increase is due to the Nernst potential
Nernst. The open circuit potential ENernst is calculated to be
3.4 mV for a 10% H2 concentration, and 66.4 mV for a 1%
2 concentration, in good agreement with the measured values.
he reason for why Vcell rises rapidly as iave becomes larger is

hought to be that ENernst increases at downstream of anode due
o the decreasing H2 concentration. The ir loss measured at the
oncentration change test of Fig. 12 showed very little change,
nd was proportional to iave.

The measured flow rate of H2 transferred to cathode is shown

n Fig. 13 together with the current efficiency ηcur. Regardless
f the H2 concentration, H2 is transported to cathode according
araday’s law, and ηcur obtained from the transferred flow rate

s about 100%. In this way, 98% of H2 was recovered at about

ig. 13. Flow rate of H2 transferred to cathode and current efficiency of atmo-
pheric H2 separation pump.

t
i
1

F
H

r Sources 164 (2007) 1–8 7

30 mV from the anode exhaust gas of 1% H2 concentration.
f the recovered H2 of high concentration can generate electric-
ty at 700 mV in PEMFC, it is very beneficial to separate and
ecover the dilute anode H2 exhausted from PEMFC by use of
he hydrogen separation pump. However, when high concentra-
ion CO remains in the exhaust gas, there is a problem of catalyst
oisoning.

.4. Calculation of current distribution at hydrogen
eparation pump cell and its comparison with measurements

As mentioned in the preceding section, the hydrogen separa-
ion pump shows complex behavior since the H2 concentration
eclines at the downstream of anode with increasing ENernst.
urrent distribution was then calculated using η of Fig. 9 with

he method described in Section 4, and compared with the cur-
ent distribution measured by the segmented electrode cell of
ig. 5. Fig. 14 shows a comparison of the calculated and mea-
ured results under the parameter of iave when H2 concentration
s 1%. The measured value is slightly larger than the calculated
t inlet region where iave is large, but the analytical results agree
ell with the measurements. In the basic test of hydrogen pump
escribed in Section 5.1, the current distribution was also mea-
ured and analyzed. Since ENernst, membrane resistance, and η

ecame constant along the flow, both the measured and analyti-
al current distributions were constant with iave along the flow,
hey are not shown and discussed here.

The potential distribution of the cell inside along the gas
ow direction (x) was calculated for a case of iave = 0.04 A cm−2

n Fig. 14, and the distribution is shown in Fig. 15 together
ith current distribution. Because the anode H2 concentration

s decreasing toward the cell outlet, ENernst is increasing and
lmost all of Vcell is represented by ENernst, resulting that ENernst
s nearly equal to Vcell at the vicinity of outlet. The next governing
actor is ir loss, and the effect by activation overpotential η is
mall. Here it should be noted that the membrane resistance of
he short-circuit current in the x direction of GDL cannot be
gnored, the current which flows through the shunt resistance of
2 m� in Fig. 15 (broken line and this current was compared

ig. 14. Comparison between calculated and measured current distributions of

2 separation pump.
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ig. 15. Calculated potential distributions along channel flow of H2 separation
ump (iave = 0.04 A cm−2, H2 concentration = 1%).

ith the measurement) becomes slightly larger than the current
hrough MEA (this current gives ir loss) at the cell downstream.
ig. 12 compares the calculated lines of Vcell by this analysis with

he measured Vcell. The H2 diffusion and short circuit by GDL
long the flow direction (x) become serious in the vicinity of
ell outlet when the H2 concentration is low, and currently there
s not a good agreement between the calculated and measured
esults in Fig. 12. Further investigation will be needed in the
uture.

Water vapor in the anode hydrogen is transferred to the cath-
de side by electro-osmosis, and it returns to the anode side
y the back diffusion determined by the pressure difference of
ater vapor between the two electrodes. To investigate the water
ehavior in hydrogen pump, the wetness fraction of cathode flow
nd the relative humidity of anode flow along the x direction were
alculated and discussed under the experimental conditions of
ig. 15. Here, the wetness fraction is defined as (total molar flow
ate of vapor and condensed water)/(molar flow rate of vapor) of
he flow in channel. Since the water vapor transport from anode
o cathode by electro-osmosis exceeded the back diffusion of
ater vapor from cathode to anode, the cathode wetness frac-

ion was about 7 at inlet and decreasing to about 5 at the outlet,
hile the relative humidity at anode decreased from 100% at

nlet, which was determined by the humidification conditions of
upplied gas, to 97% at outlet. The membrane resistance of MEA
howed almost no change under this calculated water behavior,
nd the ir loss shown in Fig. 15 was determined by the current
istribution.

With regard to the temperature distribution calculated from
he energy balance equation, in many cases the heat generated
y overpotentials at MEA was mainly conducted through GDL

o the separator which temperature was kept constant by circu-
ating constant temperature water, so the temperatures of MEA
nd GDL were equal to the separator temperature within a few
C. This level of temperature change does not affect the cur-

[

[

r Sources 164 (2007) 1–8

ent or water distributions, and is not sufficient to change cell
erformance.

. Conclusion

The basic separation and compression characteristics were
easured for an electrochemical hydrogen pump that can selec-

ively separate and compress hydrogen. The current distribution
long the flow direction calculated by our simulation code of
ydrogen pump agreed well to the measured current distribution
y a segmented electrode cell, except when H2 concentration is
ow and H2 transport rate is high. We could thus confirm the basic
peration of hydrogen pump. In the separation pump operated
nder atmospheric pressure down to H2 concentration of 1% and
he compression pump up to cathode pressure of 1 MPa, the open
ircuit voltage agreed well with the Nernst potential. More than
8% of supplied H2 could be separated and compressed with a
ell voltage of 0.06–0.15 V and current efficiency near 100%. In
he H2 compression test with the pressure ratio of 10 and the cur-
ent density of 0.1 A cm−2, the compressor power considering
verpotential loss was equal to an adiabatic compression power
ith 100% adiabatic efficiency. In the future we would like to

larify further the characteristics of electrochemical hydrogen
umps for low H2 concentration and high H2 transport rate. Also
he economical evaluation and the durability issue of hydrogen
ump are required to be cleared.
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