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Miniature temperature/humidity sensors are incorporated into the graphite flowplates of a single cell
polymer electrolyte membrane fuel cell (PEMFC) in order to measure the humidity profile along the ser-
pentine channels of both anode and cathode in real time. The sensors show robust performance and
importantly are able to recover after saturation. The key observation is a significant increase in relative
humidity along the anode gas channel due to back diffusion of water from cathode to anode. Such mea-
surements may be used to determine the water balance in the cell under a range of operating conditions
to facilitate model validation and system optimisation.
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. Introduction

The polymer electrolyte membrane fuel cell (PEMFC) is a
otential replacement or hybrid partner for gas turbine, internal
ombustion engine and battery technologies. The advantages of
EMFCs are high efficiency, low emissions, silent operation and
elatively fast start-up times but commercialisation of the technol-
gy is currently hampered by high material and processing costs,
imited durability and the lack of a refuelling infrastructure. It is
nticipated that improvements in efficiency and durability will be
acilitated by system optimisation based on improved models of
EMFC performance. In situ measurement of critical parameters is
equired both for model validation and to develop further under-
tanding of the physical processes taking place in the fuel cell.

The distribution of water in a PEMFC is critical to its operation.
he sulphonic acid side chains of the Nafion membrane must be
ydrated in order to facilitate conduction of protons from anode to
athode. The active layers at both anode and cathode usually con-
ain ionomer, which must also be hydrated. For this purpose the
nlet gases are usually humidified, although there is a balance to be
aintained as too much water will flood the pores and retard trans-
ort of reactant gas to the active sites. This problem is exacerbated
t the cathode, where water is produced in the electrochemical
eaction. Water may also be transported across the membrane by
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lectro-osmotic drag (anode to cathode) or back-diffusion (cathode
o anode). An understanding of the distribution of water throughout
he fuel cell is clearly very important for design and performance
ptimisation.

A range of experimental techniques has been applied to the
tudy of water distribution in the gas channels of PEMFCs. Mench et
l. [1] used gas chromatography (GC) to measure the water vapour
ontent in the anode and cathode gas channels. They showed very
ittle difference in relative humidity between anode and cathode
or a relatively thin membrane (∼50 �m), demonstrating that the
ate of back-diffusion is comparable to that of electro-osmotic drag.
owever, the drawback of the GC technique is that the measure-
ents can only be made about every 2 min. Partridge et al. [2]

emonstrated that mass spectrometry could be used to measure
elative humidity by sampling gas from a PEMFC stack through
ne glass capillaries. Chen et al. [3] used neutron radiography to
etect liquid water in the gas channels of a single cell PEMFC
f active area 100 cm2. Unfortunately, in order to differentiate
etween water content in the cathode and the anode, the cath-
de and anode channels were shifted by one channel width, which
eant that they did not overlap over the majority of the active

rea. Basu et al. [4] explored the use of absorption spectroscopy
ith a fibre optic coupled diode laser sensor in a single cell PEMFC.

ishikawa et al. [5] measured the relative humidity in the cath-
de flow channel of a single cell PEMFC of active area 289 cm2

y extracting the gas through a stainless steel tube to a humid-
ty sensor of diameter 4 mm located outside the cell. An increase
n relative humidity from inlet (30%) to outlet (70%) was observed
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Fig. 1. (a) Recess in graphite flowplate showing location of the sensors relative to
the gas channel on the left. (b) Schematic showing the relative positions of the sen-
sors on the cathode and anode flowplates. The sensors are numbered in sequence
and characterised by their distance from the inlet as measured along the gas flow
channels. The schematic has been simplified for clarity; the actual cell comprises six
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ith a humidifier temperature of 40 ◦C and a cell temperature of
0 ◦C.

While these techniques provide useful information about the
ariation in water content in the gas channels, they lack a simulta-
eous measurement of temperature at the point of interest in order
o enable accurate calculation of the dew-point temperature. Lee
t al. [6] recently used a dual temperature/humidity probe to mea-
ure the relative humidity in a micro-fuel cell but no information
n the spatial variation of relative humidity was obtained. The aim
f the present work was to obtain in situ measurements of temper-
ture and relative humidity in real time using a series of miniature
ensors embedded in both cathode and anode flowplates. While it
ould be preferable to obtain measurements of temperature and
umidity within the active area, there are severe constraints with
egard to sensor location and perturbation of fuel cell operation.
evertheless, the measurements obtained from the gas channels
ay be used to establish boundary conditions when modelling the

ctive layer.

. Experimental

.1. Fuel cell

A single cell PEMFC of active area 7 cm × 7 cm was used for
ll measurements. The membrane electrode assembly (MEA)
onsisted of two identical Johnson Matthey Pt/C electrodes
Pt loading 0.44 g cm−2) on a Nafion 115 membrane (thickness
27 �m). Both anode and cathode flowplates were machined from
mpregnated graphite with a flow field consisting of six parallel
erpentine channels in partial counter-flow mode. A Hydrogenics
est Systems FCATS-G50 test stand (Vancouver, Canada) was used
o control the experiments. The cell temperature was maintained
y cartridge heaters embedded in the stainless steel fixing plates.
he environmental conditions held constant during the tests are
isted in Table 1.

The temperature of both anode and cathode humidifiers and the
urrent drawn from the cell were varied during the tests. The gas
ow rates used correspond to a stoichiometry of 2 for the high-
st current density applied (0.5 A cm−2). The fuel cell was oriented
orizontally to avoid build up of condensed water in the recesses
ontaining the temperature/humidity sensors and the MEA was
ositioned with the cathode facing downwards to facilitate drain-

ng of any liquid water. Current interrupt measurements were made
o correlate the relative humidity measurements with membrane
esistance. The steady state cell potential was also measured under
ach set of conditions.

.2. Temperature/humidity sensors

The sensors used in the tests were Sensirion SHT75 single chip

emperature/humidity sensors. These miniature sensors comprise
bandgap temperature sensor and a capacitative polymer sensing
lement for relative humidity. The manufacturers’ specifications
or these sensors are ±1.2 ◦C at 80 ◦C and ±1.8%rh in the range
0–90%rh. Both sensors are coupled to a 14-bit analogue to digital

able 1
nvironmental conditions held constant during the tests.

ell temperature (◦C) 80
athode inlet gas temperature (◦C) 90
node inlet gas temperature (◦C) 90
ir flow rate (L min−1) 0.813
2 flow rate (L min−1) 0.340
athode pressure (barg) 2
node pressure (barg) 2
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arallel channels with five passes. Note that the partial counter-flow arrangement
laces sensors 1 and 2 in the anode flowplate above sensors 5 and 6 in the cathode
owplate.

onverter and a serial interface circuit, giving high signal quality,
ast response time and insensitivity to external disturbances. The
ensors were embedded in recesses in the graphite flowplates along
he edge of the serpentine channels, as shown in Fig. 1a, allowing
irect measurement of the temperature and humidity of the gas
ithout significantly impeding the flow. Two sensors were inserted

nto each recess in case of failure of one of the sensors. After the sen-
ors had been fixed in place, the recesses were filled with silicone
ubber to minimise dead volume. A schematic showing the rela-
ive positions of the sensors on the cathode and anode flowplates
s shown in Fig. 1b. Here the detailed arrangement of the serpen-
ine channels has been simplified for clarity. Due to the layout of
he six parallel channels, the sensors close to the inlet are sampling
hannel 1, while those close to the outlet are sampling Channel
. However, both channels are sampled approximately halfway
hrough the cell, providing a check on any effect of the presence
f the sensors on the downstream behaviour in the channel.

Each flow-plate contained 16 SHT75 sensors located in pairs
t measurement positions around the edge of the plate. For
alibration, the plates were placed in a Montford temperature
nd humidity-controlled chamber at approximately 80 ◦C. The
emperature was measured using calibrated platinum resistance
hermometers placed close to the plates, and the humidity was

easured in the dew point range from 50 ◦C to 80 ◦C (saturation)
y sampling gas from near the plates using a calibrated MBW
P3-D optical dew-point hygrometer. A table of corrections was
ompiled for each of the 32 sensors and applied to the data after
ollection. After calibration we estimate the uncertainty of mea-

urement to be almost as good as the reproducibility of the sensors,
.e. ±0.2 ◦C at 80 ◦C and ±1%rh in the range 50–90%rh. The sen-
ors were calibrated in air at atmospheric pressure, while in the
ells the measurements are made at 2 barg operating pressure
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nd the anode sensors operate in a hydrogen rich atmosphere.
alculations and initial measurements indicate the corrections to
he results will be small, but these corrections have not yet been

ade.
The conversion from relative humidity (RH) to dew point, Td, was

alculated from the measured relative humidity and temperature
alues using an expression based on the Sonntag approximation [7]
or saturation vapour pressure

d = 13.715y + 0.84262y2 + 0.019048y3 + 0.00078158y4 (1)

here y = ln
(

˛

6.1213

)
(2)

nd ˛ =

(RH/100) exp(−6097/T) + 21.24 − 0.02711T
+ ((1.674 × 10−5)/T2) + 2.434 ln T

611.2
(3)

here RH is in %rh and T in kelvin.
.3. Test procedure

Adequate control of temperature throughout the test system is
ssential when making relative humidity measurements. Heated
as lines were used to maintain the temperature of the inlet gas

ig. 2. Temperature versus position along both gas flow channels at (a) open circuit,
nd (b) a current density of 0.5 A cm−2 for a humidifier temperature of 50 ◦C. For
hese graphs the order of data has been changed so that sensors which lie above
ach other (see Fig. 1b) are plotted as being the same distance along the gas flow
ath.
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bove the dew point as it passed from the humidifier to the fuel
ell. The temperature of the gas just before the inlet was monitored
sing a thermocouple and controlled at 90 ◦C, i.e. 10 ◦C above the
ell temperature. This is common practice in sample handling for
umid gases and ensures that condensation of water vapour does
ot occur before the gas reaches the flowplate. In each test, gas flow
as only initiated after the fuel cell plates and heated gas lines had

eached their set temperatures. Next the system was pressurised
sing a back-pressure regulator at the cell exhaust and finally the
umidifiers were brought to temperature. This sequence of events
as necessary to avoid condensation in the cell before commencing

he test.
In these tests, measurements of relative humidity along both

node and cathode channels were made as a function of current
ensity for a range of humidifier temperatures (50–80 ◦C). The sys-
em was allowed to reach steady-state before each measurement
typically ∼15 min).

. Results and discussion

A plot of temperature as a function of distance along the cath-

de and anode gas channels for a humidifier temperature of 50 ◦C
s shown in Fig. 2. At open circuit (Fig. 2a) there is a temperature
radient of approximately 2 ◦C along each gas channel, with the
pper plate (the anode) being systematically approximately 0.5 ◦C

ig. 3. Dew-point temperature as a function of position along the (a) cathode and
b) anode gas channels with a humidifier temperature of 50 ◦C.
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ig. 4. Dew-point temperature as a function of position along the (a) cathode and
b) anode gas channels with a humidifier temperature of 60 ◦C.

armer. Fig. 2b shows the equivalent data for a current density of
.5 A cm−2. The temperature gradient in each channel has increased
o more than 3 ◦C and the difference in temperature between the
lates has risen to approximately 1 ◦C. This is most likely due to
dditional heat generated in the cell reaction and by ohmic losses
eing dissipated through the gas channels. The fact that the tem-
erature of the anode flowplate is higher than that of the cathode

s slightly surprising, but it may be related to more efficient heat
ransfer in the cathode gas channel due to the higher flow rate and
lso the different thermal properties of air and hydrogen.

A plot of dew point as a function of distance along the cath-
de gas channel for a humidifier temperature of 50 ◦C is shown in
ig. 3a. At open circuit the dew point remains relatively constant
t 50 ◦C throughout the channel. When current is drawn from the
ell, the relative humidity in the cathode channel increases from
nlet to outlet due to generation of water in the electrochemical
eaction. Saturation (where the dew point reaches the cell temper-
ture) occurs about 100 mm before the outlet at a current density
f 0.5 A cm−2. The corresponding plot for the anode gas channel is
hown in Fig. 3b. The key observation is the appearance of water due
o back diffusion from the cathode after about 200 mm. Fig. 3 indi-

ates the complexity of moisture generation and transport within
he cell. The cathode shows a nearly linear increase in humidity – as

easured by dew point – as the gas moves through the cell, consis-
ent with more or less uniform generation of electricity throughout
he cell. However, the anode shows complex behaviour. There is

t
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p
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ig. 5. Dew-point temperature as a function of position along the (a) cathode and
b) anode gas channels with a humidifier temperature of 70 ◦C.

n initial change in humidity which is correlated with the cathode
umidity, indicating that water can diffuse across the membrane in
oth directions. In the anode channel, the gas stays relatively dry for
bout half of its transit through the cell, before wetting rapidly and
pproaching saturation at the exit. The reason for this non-linear
ehaviour is not clear, but it may be connected with the very dry
peration of the cell.

The unexpected pattern of moisture readings at the start of flow
hannels is being investigated further, but is probably related to
light differences in pre-saturation temperature and the partial
ounter-flow arrangement of the flow-plates (Fig. 1b). For example,
he cathode data in Fig. 3a show an unexpected ‘dry’ reading from
ensors 5 and 6 located in the same measurement area 55 mm along
he gas channels. This is directly below the gas inlet to the anode
hich contains dryer gas. Fig. 3b shows that indeed the anode sen-

ors 1 and 2 do show initial rises in dew point, probably due to
iffusion through the membrane from the cathode. The extent of
his diffusion is likely to depend on membrane temperature and
umidity.

Robust performance of the sensors was observed up to sat-
ration. Following saturation, sensor output was often lost due

o condensed water building up on the sensing element. How-
ver, evaporation of this water by lowering the dew point of the
as was shown to reactivate the sensors with no deterioration of
erformance or loss of functionality. Notice that the use of two
ensors at each measurement position allows us to check our
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The steady-state cell potential and current interrupt data under
each set of conditions are summarised in Fig. 8. As expected for the
region where no mass transport limitation applies, the performance
of the cell at a fixed current density increases with increasing rela-
ig. 6. Dew-point temperature as a function of position along the (a) cathode and
b) anode gas channels with a humidifier temperature of 80 ◦C.

stimate of the uncertainty of measurement, and indicates that
he sensors have a reproducibility of approximately ±0.5 ◦C dew
oint and 0.1 ◦C in temperature. Additionally, the sensors located
pproximately 210 mm along gas flow channel 1 give data which
re consistent with the sensors located 260 mm along gas flow
hannel 6. Since the gas in channel 1 has passed three previ-
us measurement locations and that in channel 6 has passed no
easurement locations, we conclude that the sensor position-

ng, and the use of recesses to accommodate the sensors, has not
aterially affected the temperature or moisture balance in the

ell.
The effect of varying humidifier temperature is demonstrated

n Figs. 4–6. At the higher humidifier temperatures a more uni-
orm distribution of relative humidity is observed. Note that as
he humidifier temperature is increased, the efficiency of both
umidifiers decreases, demonstrating the importance of dew point
alibration of fuel cell humidifiers.

A typical transient response of a sensor following a step change
n current density is shown in Fig. 7. Note the rapid response of
he sensor to the increased humidity level at time t = 0. The time
o reach steady state is comparable to that for the cell poten-

ial, reflecting the time required for the water distribution in the
ell to re-stabilise (of the order of 100 s). This demonstrates that
he sensors are providing valuable information on the dynam-
cs of the water transport and could be employed for feedback
ontrol.

F
a

ig. 7. Typical transient response of an individual sensor following a step change in
urrent density from 0 to 0.1 A cm−2 at time t = 0. The sensor was located near the
utlet on the anode gas channel. The evolution of cell potential with time is shown
or comparison.
ig. 8. (a) Cell potential and (b) membrane resistivity as a function of current density
nd humidifier temperature.
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ig. 9. Total additional moisture measured in both anode and cathode shown as a
unction of position through the cell. The current density was 0.4 A cm−2 and the data
re compared with a straight line showing the expected behaviour if the moisture
s generated uniformly throughout the cell. The humidifier temperature is 50 ◦C.

ive humidity (Fig. 8a). It would be expected that at higher current
ensities flooding of gas pores in the cathode active layer would

ead to a reduction in performance at higher humidifier tempera-
ures. The current interrupt measurements correlate well with the
umidity measurements, showing a decrease in membrane resis-
ivity with increasing humidifier temperature. The effect is more

arked at low current densities, reflecting the lower amount of
ater generated in the cell reaction. The membrane resistivity in

he most humid condition is consistent with measured Nafion 115
esistivity values at high water content [8].

By converting the humidity measurements from dew-point
emperature to an absolute measurement of moisture content in
ilograms of water per cubic metre of air, we can compare the
esults in Figs. 3–6 with the total amount of moisture that we would
xpect to be generated from the electrochemical reaction. Partial
ounter-flow patterns in the two flowplates make a straightfor-
ard comparison difficult. However, we can check our results by

dding together the total amount of additional moisture detected
n both anode and cathode flow channels. Fig. 9 shows the total
dditional moisture detected as a function of position along the
ow path for a total cell current density of 0.4 A cm−2 and a humid-

fier temperature of 50 ◦C. These data represent the integral of the
lectrochemically generated moisture through the cell. The data are
n good agreement with the theoretical final value of 0.414 kg m−3.
f we assume that the current is generated uniformly through the
ell, then we might have expected the additional moisture to vary

inearly through the cell, but this is clearly not the case. The agree-

ent between measured and calculated moisture levels is less good
t higher humidifier temperatures; here the measured values are
lightly less than the calculated values since the sensors do not
etect condensed water.
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The advantage of this experimental set-up is that the tempera-
ure and relative humidity are measured at the same location. In
revious work [5], the gas was extracted from the cell to make
he relative humidity measurement, leading to uncertainty in the
emperature at the point of interest within the cell. This is signif-
cant since small changes in temperature, of the order of those
bserved in the flow channels (1–3 ◦C), lead to significant varia-
ions in dew point. The use of sensors in both anode and cathode
as channels allows spatial resolution of back diffusion of water
hrough the membrane for the first time. The use of a relatively
hick membrane is ideal for this purpose. It is envisaged that this
echnique will be used to validate models of water distribution and
ransport in PEMFC membranes and to support fuel cell design and
ptimisation.

. Conclusions

In situ measurement of temperature and relative humidity in
eal time along both anode and cathode gas channels has been
emonstrated for the first time in a PEMFC.

The striking feature of the measurements is the significant
ncrease in relative humidity along the anode gas channel due to
ack diffusion from the cathode.

Measurements of total additional moisture generated in the
ell reaction agree well with the theoretical value at a humidifier
emperature of 50 ◦C. Agreement is less good at higher humidifier
emperatures since condensed water is not detected by the sensors.

In situ measurement of relative humidity is critical in provid-
ng input data for model validation to support fuel cell design and
ptimisation.
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