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A B S T R A C T

Membrane humidifiers are key components in PEM fuel cell systems (PEMFC), yet their behavior under realistic 
operating conditions is insufficiently documented, especially for full-scale devices. This work experimentally 
investigates the influence of major operating parameters on two complete gas-to-gas membrane humidifiers and 
generates a comprehensive dataset covering relevant fuel-cell (FC) system conditions. Based on these mea
surements, a Gaussian Process Regression (GPR) correlation model is developed that accurately predicts water 
transfer and outlet temperatures (R² > 0.99). The results reveal the dominant role of feed-side mass flow, inlet 
humidity and permeate temperature on humidifier performance, and show that differential pressure has no 
measurable effect. From these findings, practical guidelines for humidifier integration and operation in fuel cell 
systems are derived, such as locating bypasses on the feed side for robust humidity control and efficient drying. 
These contributions provide a validated basis for improved system simulations and support more reliable and 
efficient PEM fuel cell system design.

1. Introduction

Proton conductivity in polymer electrolyte membrane fuel cells 
(PEMFCs) strongly depends on membrane humidity [1]. To ensure high 
fuel cell (FC) performance, the cathode supply air is therefore humidi
fied in most commercial systems. While some manufacturers, such as 
Toyota, rely on internal humidification concepts and operation with dry 
cathode air [2], the majority of passenger-car systems use external hu
midification upstream of the stack [3,4]. Several concepts have been 
discussed in the literature, including liquid water injection or cathode 
exhaust gas recirculation, but membrane humidifiers remain the most 
widely applied solution.

For system development, a detailed understanding of the humidifier 
behaviour under realistic operating conditions is essential. The funda
mental mechanisms of water transport through polymer electrolyte 
membranes and hollow-fibre structures are well established, and 
numerous 0D to 3D modelling approaches have been proposed to 
describe heat and mass transfer in membrane humidifiers [5–7,12,13,
17,23,24,28]. These approaches provide valuable insight into the un
derlying transport phenomena and the influence of geometric and ma
terial parameters. Experimental studies have further contributed to 

understanding specific aspects of humidifier behaviour, yet they are 
predominantly performed on single membranes or small-scale test 
configurations, often under simplified or idealised boundary conditions 
[7,11,20–22,31]. Typical assumptions include constant membrane 
temperature, uniform gas properties, or negligible heat losses, which do 
not reflect the complex thermal–fluid environment of an integrated fuel 
cell system [5,6,9,16–18,33].

As a result, two central research gaps remain. First, the behaviour of 
full-scale gas-to-gas membrane humidifiers under realistic fuel-cell- 
system conditions is still insufficiently understood [7,9,13,15,16,18,
20]. Existing experimental datasets cover only limited operating ranges 
and do not capture the coupled effects of temperature, humidity, pres
sure, and unequal mass flows that occur in practical operation. Second, 
current empirical or semi-analytical models are typically validated only 
against small-scale experiments and therefore fail to reproduce the 
trends and nonlinear interactions observed in real components, partic
ularly with respect to outlet temperatures, humidity distributions, and 
the interplay of feed and permeate conditions [5,9,10,13,17,29,30,32].

The present study addresses these gaps through three key 
contributions. 
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i. A comprehensive parametric investigation of two commercially 
relevant gas-to-gas membrane humidifiers is performed, covering 
realistic fuel-cell-system operating conditions with independent 
control of mass flow rates, pressures, temperatures, and humidity 
levels.

ii. Scale effects are systematically analysed by normalising the 
water-transfer performance to the number of fibres, enabling a 
direct comparison of humidifier sizes that has not been reported 
previously.

iii. A data-driven Gaussian Process Regression (GPR) model is 
developed that accurately predicts water transfer and outlet 
temperatures across the full operating range, significantly 
improving upon existing empirical correlations and providing a 
robust basis for system-level simulations.

These contributions advance the understanding of membrane hu
midifier behaviour beyond the scope of existing modelling and small- 
scale studies [18,33,35,36]. For the full-scale hollow-fiber humidifiers 
examined here, no directly comparable 0D–3D simulation data are 
available in the literature, particularly not for the specific commercial 
components tested. This limits the possibility of a one-to-one model 
comparison and is therefore stated explicitly. They provide experimen
tally grounded insights relevant for the design, integration, and control 
of humidifiers in PEMFC systems and support the development of more 
accurate and predictive system simulation tools.

2. Membrane humidifiers

Membrane humidifiers contain two fluid chambers separated by a 
membrane. The gas to be humidified flows through one chamber, while 
the water to be transported across the membrane is provided in the other 
chamber. The water can be either liquid, as in the originally used water- 
to-gas humidifiers [5–7], or gaseous in gas-to-gas humidifiers [8], which 
for practical reasons directly use the moist cathode exhaust gas and are 
the preferred application for mobile use cases and are considered in the 
following.

The integration of the membrane humidifier is depicted in Fig. 1. The 
fluid flow providing the water is referred to as feed, the one receiving the 
water as permeate flow.

The membranes used in humidifiers consist of the same materials as 
those in fuel cells, e.g. Nafion 212, which was considered the industry 
standard for a long time but is more and more being replaced by cheaper 
products [9,10]. One alternative is a composite structure, <5 µm thick, 
which provides good water transport while reliably separating the gases. 
In this compound, the mechanical stability is ensured by double-sided 
microporous layers [11].

One configuration is a hollow-fiber membrane humidifier, in which 
one fluid stream flows though the interior of a round membrane tube, 
whereas the other fluid flows along the outside of the tubes [12]. An 
alternative are plate-and-frame membrane humidifiers, in which the 
membranes separating the gas chambers are arranged as stacked planes 
[13]. Analogous to the fuel cell itself, various flow field designs from 

straight or serpentine channels [14] to sinus- or zig-zag-shaped geom
etries [15] to porous media in form of metal foams are considered [16]. 
In both configurations the fluids can be in cocurrent or countercurrent, 
but also in crosscurrent flow [11,17]. The countercurrent flow leads to a 
significantly better performance than the cocurrent [18,19] and also 
than the crosscurrent flow [11,20].

Since the same or similar membrane materials are used, the same 
laws regarding the water content apply to contact humidifiers as in fuel 
cells themselves. As there is no proton exchange due to the lack of 
electric potential, electro-osmosis has no basis, and diffusion is the only 
relevant water transport mechanism through the membrane.

Various characteristic values are used to evaluate membrane hu
midifier performance and are introduced in the following.

The absolute water transfer ṁH2O,transfer as a measure is well suited to 
compare different humidifiers under the same operating conditions. 
However, an evaluation of the humidifier performance as such is not 
possible because the water supply and therefore the maximum possible 
water transfer are not taken into account [21,22]The relative humidity φ 
or the dew point temperature Tτ,permeate,out at the permeate outlet also do 
not take into account the maximum possible water transfer [21]. If 
precise information on pressure and – in the case of relative humidity – 
temperature is available, they are excellent measurement variables for 
specifying and evaluating a condition, e.g. at the fuel cell inlet.

The dew point approach temperature (DPAT) as another perfor
mance value is defined as the difference in dew point temperatures 
between the inlet on the feed (Tτ,feed,in) and the outlet on the permeate 
side (Tτ,permeate,out). For an ideal humidifier with perfect heat and mass 
transfer the DPAT equals zero [22] 

DPAT = Tτ,feed,in − Tτ,permeate,out (1) 

Under otherwise constant operating conditions, a smaller DPAT 
value means better water transfer. Comparisons of the performance in 
different operating points can be slightly misleading due to the 
nonlinear correlation of temperature and saturation pressure [22]. In
ferences on the absolute water mass transfer, however, cannot be drawn 
solely based on the DPAT, because the transferred water mass at a 
certain DPAT strongly depends on the absolute value of the dew point 
temperature. To determine the state at the permeate outlet, knowledge 
about the pressure level at this location as well as the dew point at the 
feed inlet are necessary.

The water recovery ratio (WRR) takes into account the total water 
mass flow ṁH2O,feed,in, provided in the feed inlet flow and puts the 
transferred water mass into relation to it [21]. 

WRR =
ṁH2O,permeate,out − ṁH2O,permeate,in

ṁH2O,feed,in
(2) 

The WRR is a suitable value to characterize membrane humidifiers 
only with dry fluids at the permeate inlet because otherwise the 
maximum transferable water mass flow rate is less than ṁH2O,Feed,in [21]. 
In common fuel cell applications, the membrane humidifier is supplied 
with compressed ambient air at temperatures above 50 ◦C which can be 
considered dry in good approximation. Compressing and heating humid 
air from ambient pressure with a temperature T = 25 ◦C and a relative 
humidity φ = 70 % (as it can be observed in tropical climate), up to a 
pressure p = 2 bar and temperature T = 70 ◦C, results in a relative hu
midity φ = 14 %. From more moderate ambient conditions of T = 15 ◦C 
and φ=40 %, the relative humidity at p = 2 bar and T = 70 ◦ is less than 
φ=5 %. 

εlatent =
ṁdr,permeate⋅

(
Xpermeate,out − Xpermeate,in

)

min
(
ṁdr,permeate; ṁdr,feed

)
⋅
(
Xfeed,in − Xpermeate,in

) (3) 

This inaccuracy is compensated for by the latent effectiveness εlatent 

[21], by taking into account the water content at the permeate inlet [21] 
as well as different mass flow rates on the feed and permeate side. εlatent 

describes the ratio between the transferred and the maximum Fig. 1. Air path of a fuel cells system including a membrane humidifier.
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transferable water mass flow rate which is reached if either the permeate 
outlet flow reaches the humidity ratio of the feed inlet flow or the feed 
outlet flow reaches the humidity ratio of the permeate inlet flow. 
ṁdr,permeate and ṁdr,feed denote the mass flow rate of the dry gas on the 
permeate or feed side, respectively.

Which of the introduced characteristic values is the most suitable, 
depends on the target of investigation as illustrated in the following 
example. While reducing the permeate mass flow rate leads to a higher 
relative humidity and dew point temperature at the permeate outlet and 
lower dew point approach temperature at constant parameters, the 
water recovery ratio and latent effectiveness decrease with the lower 
transferred water mass flow rate [21].

According to the literature, membrane humidifiers exhibit a not 
inconsiderable inertia. While no differences in speed are noticeable for 
small changes of the humidity, desorption is an order of magnitude 
faster than adsorption for larger changes. Especially with thin mem
branes, it is not diffusion that limits the speed, but the transition be
tween gas phase and membrane. In case of adsorption, the latter is 
subject to slow membrane swelling [23,24]. The time until the mem
brane reaches a stable humidity level can be up to 100–1000 s [25].

Furthermore, the membrane humidifier is a passive component 
whose humidification performance depends on external operating con
ditions, which can only be influenced to a limited extent independently 
of those of the fuel cell. One possibility, however, is the use of a bypass 
[26]. As humidity measurements involve relatively high cost, a pure 
feed-forward control is preferable over a closed-loop feedback control 
[27]. Other sources, – despite a liquid-to-gas humidifier without bypass 
–, however, favor a closed control loop for higher accuracy, while 
conceding the low dynamics of the humidity sensors at the same time 
[10].

There exist a variety of zero- and one-dimensional modeling ap
proaches to predict the water transfer of gas-to-gas membrane humidi
fiers that are most often based on the empirical correlations described in 
[6,8,12,28–32]. Even investigations with three-dimensional computa
tional fluid dynamics (3D-CFD), which are used to analyze the influence 
of channel width, height and length [33] or to estimate the potentials of 
a metal foam layer instead of the channels [34], are usually based on the 
common correlations from [28]. Experiments described in the literature 
to investigate the influence of channel dimensions [35], operating 
conditions [20,36] or model validation [22], which sometimes use 
sensors integrated into the channels [21], are usually smaller in scale.

Our own experimental investigations prior to this work have shown 
that the observed behavior of certain commercially available membrane 
hollow-fiber membrane humidifiers in gas-to-gas configuration cannot 
be approximated by the 0D and 1D models from the literature. This is 
not only about the magnitude of the water transfer, but also about the 
general trend of the influence of the operating parameters. This may be 
due to the fact that mass humidifiers are subject to different thermal 
conditions than the single tube or single plate membranes often used for 
model validation. Another reason is certainly the membrane material 
differing from Nafion with often unknown specifications.

For fuel cell system modeling, a detailed description of auxiliary 
components is inevitable. These include the membrane humidifier as a 
core component whose behavior depends on various complex, non- 
linear heat and mass transfer mechanisms. Against this background, 
an experimental approach can provide sufficient accuracy. The mea
surement results are incorporated in a Gaussian Process Regression 
(GPR) model that calculates the outlet temperatures as well as the water 
transfer for the operating parameters as input variables. Further infor
mation on GPR can be found in the literature [37,38].

3. Experimental setup

The experiments were conducted on a flexible fuel cell stack and 
component test bench. It can be used for testing stacks, fuel cell system 
components, FC sub systems and FC systems. The modular concept is 

introduced in [157]. This article first presents the possibilities for fuel 
cell stack tests and then the concrete implementation of the humidifier 
tests.

The test bench, depicted in Fig. 2, is designed for a corresponding 
nominal stack power in the range from 2 kW to 40 kW. In stack tests, 
apart from drawing the electric load, the cathode supply air, the anode 
gas and the coolant are conditioned. For the latter, the desired stack inlet 
temperature is controlled by mixing the warm, recirculated coolant with 
the cooler stream from the house cooling system. The coolant flow rate 
variation via the coolant pump rotational speed allows for controlling 
the temperature spread across the stack. In order to quickly reach the 
new set point during load point transitions, the pre-controller estimates 
the heat to be removed and the necessary coolant flow rate. In order to 
investigate cold start procedures that require temperatures below the 
minimum facility coolant temperature (in a concrete application case 
− 32 ◦C) for demonstration purposes, the cooling circuit was enhanced 
by an additional vapor-compression refrigerator. In order to optionally 
avoid cold starts, an apparatus for preheating the coolant and the stack is 
included in the test bench.

On the anode side, the pressure is controlled by the mass flow rate of 
fresh hydrogen flowing through a solenoid valve. The standard is a 
constant overpressure of the anode to the cathode inlet. For fast re
actions, the mass flow rate is pre-controlled based on the electric load. 
The anode gas recirculation blower can either be operated with load- 
dependent constant rotational speed or controlled to a corresponding 
mass flow rate set point measured by a Coriolis sensor. The intervals for 
purge and drain events represent an additional degree of freedom and 
can be defined individually, e.g. dependent on the load.

The cathode supply air is conditioned in terms of mass flow rate, 
pressure, temperature and relative humidity:

The pressure control is achieved via two throttles downstream of the 
test object. The pure feed-forward control of one throttle based on the 
mass flow rate and the estimated pressure losses across the test object 
serves to extend the operating range of the other throttle, thus reducing 
the sensitivity of the system response in the areas of an otherwise almost 
completely closed throttle. The second throttle is pre- and feed-back 
controlled. This combination enables the precise control of high mass 
flow rates at low pressures as well as low mass flow rates at high 
pressures.

The air temperature at the stack inlet is adjusted by means of a heat 
exchanger through which a separate heat transfer fluid circuit flows. 
Here, a multi-cascaded controller is used. First, the mass flow rate and 
temperature-dependent temperature loss of the air between heat 
exchanger and test object inlet is estimated, calculating an air temper
ature set point at the heat exchanger outlet. This temperature is 
manipulated by a controller based on the measured temperature at the 
test object inlet. The heat exchanger outlet temperature is adjusted to 
the set point determined this way by mixing a warm recirculated and a 
cooled fluid stream. In order to find a compromise between an energy 
efficient as well as dynamic test bench operation, the heating power in 

Fig. 2. Frontal view of the test bench.
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this circuit is controlled depending on the thermostat valve position.
The humidity at the cathode inlet is adjusted by mixing a dry and a 

fully saturated air stream based on the principle described in [39]. With 
the known temperature of the saturated stream, the mass flow rate is 
chosen in such a way that it carries the necessary absolute water mass, 
before being mixed with the remaining dry air stream. The tube walls 
are heated to T > 120 ◦C to prevent a reduction of the humidity ratio by 
condensation. Using a feed-forward control, the humidity can be pre
cisely adjusted to 3 % r.h., the additional feed-back control, which 
manipulates the mass flow rate distribution based on the humidity 
measured at the test object inlet enables an accuracy of 1 % r.h. This 
high accuracy ensures sufficient margins to saturation, making liquid 
water formation in the feed stream highly unlikely. While local 
condensation inside the humidifier cannot be fully excluded, it would 
not persist, as the permeate outlet consistently remains far from satu
ration and any transient droplets would rapidly re-evaporate due to the 
large internal membrane surface area.

The electric load is either voltage or current controlled and modu
larly extendable. Nitrogen flushing allows for test object inertization 
after operation to extend its life time. The stack operating range of the 
test bench base configuration without modular extensions is listed in 
Table 1. Notwithstanding the configuration described above, the control 
concepts can be adapted individually by the user.

The test bench can be operated manually (every single actuator), 
partly automated (with individually selectable controllers) or fully 
automated following a predefined test protocol. Manual interventions 
by switching controllers on or off or by manipulating the set points or 
the actuator signals is always possible. Besides the automated transition 
between the single test points, the test bench operation includes fully 
automated protecting start up and shut down procedures. Prior to 
operation, all sensor signals are checked for plausibility, and all actua
tors are checked for functionality, e.g. by comparing measured pressure 
losses across certain components with set values. The safety concept 
includes continuous monitoring of the operation and the initiation of 
appropriate countermeasures or shut down measures in the event of a 
malfunction. Limits can be defined individually for each test object. The 
automation was created using the platform “Morphee” of STS [40].

For membrane humidifier tests, the cathode air conditioning unit is 
used to provide the humid feed gas. The dry permeate gas is provided by 
an additional device that uses a mass flow controller and a heat 
exchanger conditioned with the coolant otherwise supplied to the stack 
during stack tests. This way, with mainly available components, the 
permeate inlet temperature is controlled analogously to the principle of 
the cathode air temperature control. A membrane humidifier test pro
tocol is included in the automation system.

The merging of the two exhaust lines upstream of the throttle ensures 
the equality of the pressure levels on the feed and the permeate side. An 
additional throttle in the permeate flow upstream of the merge allows an 
overpressure of the permeate to the feed side to simulate the pressure 
losses across the fuel cell stack. This set up enables the decoupled control 
of pressure level and pressure difference and eliminates the need for 
synchronization of two pressure controllers, which would otherwise be 
necessary to limit the pressure difference across the membrane in 
transient operating points.

The relative humidity is measured by two sensors, the Vaisala 

HMT310FC and the E + E EE33, with the results of both sensors agreeing 
well. Both sensors measure the relative humidity and are heated to 
prevent condensation on the sensor element. Potential amounts of liquid 
water cannot be detected using this set up. However, the areas of satu
ration are not reached in the experiments presented in the next chapter.

4. Experiments

On the test bench, two hollow-fiber membrane humidifiers were 
tested: the Fumatech H10N, see Fig. 3, denoted as “Humidifier A” in the 
following, contains a bundle of around 1600 tubes, each with a diameter 
of 1 mm and a length of 240 mm. In order to approximate the behavior 
of larger humidifiers, whose bundles insulate each other, the test object 
is insulated with a 10 mm foam jacket. The humidifier and the imme
diate sensor region were fully insulated to minimize parasitic heat los
ses. Outlet humidity was measured directly at the device outlet, ensuring 
that no downstream thermal effects influenced the recorded humidity 
values. The second humidifier tested is that of the Hyundai Nexo, 
denoted as “Humidifier B”, see Fig. 4, and contains three bundles in total 
with 2.9 times as many tubes of the same length as Humidifier A. The 
two units were selected because they were readily available for detailed 
testing and, importantly, because the Hyundai Nexo humidifier repre
sents a state-of-the-art automotive benchmark. This combination pro
vides both a generic commercial reference (Humidifier A) and a system- 
relevant production component (Humidifier B).

The independent control variables are the mass flow rate of the dry 
gas, the temperature, the pressure and the relative humidity at the feed 
inlet, the mass flow rate and the temperature at the permeate inlet as 
well as the overpressure between permeate and feed inlet. The ranges of 
variation are listed in Table 2. These operating ranges closely match 
those encountered in automotive PEM fuel cell systems. The mass flows, 
pressures, temperatures, and humidity levels in Table 2 therefore 
represent realistic boundary conditions for stack-level cathode air paths, 
including both part-load and high-load operation. As test object 
response, the pressure loss, the temperature and the relative humidity 
are measured at both the permeate and the feed outlets. The relative 
humidity at the permeate outlet is the only characteristic value for the 
humidifier performance measured directly, whereas all other charac
teristic values, such as dew point approach temperature, the water 
transfer mass flow rate as well as the water recovery ratio are calculated 
on this basis.

The test points are recorded fully automatically with adaptive mea
surement time. Once the current test point is considered stationary, 
conditioning of the next point is initiated. This is the case when all 
control variables have been within a tolerance range around the 
respective set points for 420 s and the test object responses do not exceed 
predefined spreads for 300 s. Tolerance ranges and spreads, specified in 
Table 2, are significantly wider than the control quality of the test bench 
for a robust fully automated test execution. This ensures that all inde
pendent variables remained tightly controlled around their set points 
during each measurement. The dependent variables were recorded only 
after their temporal variation fell within the defined stability criteria, 
guaranteeing clear and reproducible boundary conditions. The mass 

Table 1 
Operating range of the base test bench without extensions.

Parameter Unit Operating range

Stack power kW 2…40
Stack voltage V 0…200
Electric current A 0…420
Test object inlet temperature ◦C 15…85
Test object inlet pressure bar(a) 1…4
Relative inlet humidity % 5…99
Coolant inlet temperature ◦C 20…95

Fig. 3. Humidifier A; Frontal view onto the tube endings with open fluid flow 
distributor and side view with schematic direction of the fluid flows.
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flow rate values given in this article are for the dry gas without humidity 
content.

Due to the higher compactness of Humidifier B, its mass flow specific 
heat losses to the environment are lower and result in higher outlet 
temperatures. Since the gas temperatures at the inlet of the downstream 
components depend strongly on the design conditions in the fuel cell 
system, they are far less interesting and less relevant than the transferred 
water masses. As shown in Fig. 5 using selected series of measurements, 
the results of both humidifiers are well comparable. Systematic de
viations are undetectable. Although dedicated repeatability tests were 
not carried out, the close agreement between the two structurally 
different humidifiers across the full operating range indicates a high 
level of reproducibility and supports the robustness of the reported 
trends. For direct comparability, the transferred water masses and air 
flow rates in this article are related to the number of tubes of Humidifier 
A, i.e. the corresponding quantities for Humidifier B are 2.9 times as 
large.

A total of 748 test points were recorded for Humidifier A and 497 test 
points for Humidifier B. While most of the control variables in Table 2
were varied completely independently of each other, there is a certain 
degree of dependence between the feed and permeate inlet temperatures 
(see Fig. 6b). Since large temperature differences between feed and 
permeate inlet temperatures do not seem to be practicable in fuel cell 
system applications, these combinations are not considered in order to 
reduce the number of test points or to increase the accuracy in more 
relevant areas. Considering the relatively slow dynamic behavior of the 
temperature compared with other parameters, it is only varied in 
discrete values, which, in combination with the grouping of points of the 
same temperatures into blocks, enables a time efficient execution of the 
measurement program.

The minimum possible mass flow rate that allows a variation of the 
gas temperature and feed humidity in the relevant ranges is about 
ṁdr,Feed,min = 2.5 g/s. For the larger Humidifier B, this corresponds to a 
lower mass flow rate relative to the number of tubes of Humidifier A. 
Taking advantage of this circumstance, minimum mass flow rates of 1.2 
g/s relative to the number of tubes of Humidifier A are investigated with 
Humidifier B, thus extending the operating range for low part load 
operating points or high bypass rates (see Fig. 6a).

5. Regression model

Based on the measurement data of the two humidifiers, a correlation 
model using Gaussian Process Regression (GPR) is created with the tool 
xCal by STS. Because all operating points were reached under quasi- 
stationary conditions, transient membrane dynamics were not 
included; their influence is expected to be small. The combined dataset 
of > 1200 test points exceeds the recommended minimum size for this 
type of multiparametric xCal correlation by roughly one order of 
magnitude. This extensive coverage contributes directly to the robust
ness of the resulting GPR model. The model quality is presented in the 
following.

GPR was chosen for several reasons that align closely with the 
characteristics of the present dataset and the physical behavior of 
membrane humidifiers. First, GPR is a non-parametric method whose 
complexity grows with the available data, avoiding restrictive func
tional forms that often fail to capture the coupled nonlinear effects 
observed in full-scale humidifiers. Second, GPR typically performs 
strongly on small to medium-sized datasets, in contrast to deep learning 
or ensemble methods that require substantially larger training sets to 
generalize reliably. Third, the kernel formulation allows imposing 
smoothness priors and interpreting correlations in a physically mean
ingful way. Unlike polynomial fits, GPR avoids oscillatory artifacts, and 
unlike tree-based models it ensures continuity and differentiability of 
the predicted surfaces. Finally, GPR includes an explicit noise term, 
allowing systematic treatment of experimental variability and sensor 
uncertainty. These characteristics make GPR particularly well suited for 
the present correlation task.

The measured relative humidity as such is no suitable characteristic 
value due to its strong dependence on the temperature. Instead, the 
transferred water mass flow is used due to the good match between both 

Fig. 4. Humidifier B (cut open) without fluid flow distributor on the permeate 
side [41]. The feed flow is divided into three parallel bundles and streams along 
the outside of the thin tubes.

Table 2 
Range of variation of the control variables as well as tolerance range and spreads 
for the fully automated definition of a stationary state.

Control variable Range of 
variation

Tolerance range 
around set point

Test object 
response

Spread

Dry feed mass 
flow rate

12 %…100 
% ṁmax

± (0.2 g/s + 1.5 
%)

Feed outlet 
humidity

2 % r. 
h.

Dry permeate 
mass flow rate

12 %…100 
% ṁmax

± (0.2 g/s + 1.5 
%)

Permeate outlet 
humidity

2 % r. 
h.

Feed inlet 
temperature

40 ◦C…80 
◦C

± 1 K Feed outlet 
temperature

1.5 K

Permeate inlet 
temperature

40 ◦C…80 
◦C

± 1 K Permeate outlet 
temperature

1.5 K

Feed inlet 
humidity

40 %…98 % ± 1.5 % Feed pressure 
loss

-

Feed inlet 
pressure

1.2 bar(a)… 
2.8 bar(a)

± 0.05 bar Permeate 
pressure loss

-

Fig. 5. Comparison of the humidification performance of Humidifier A and 
Humidifier B; all mass flow rates ṁ=ṁdr, feed=ṁdr, permeate referenced to the 
number of tubes of Humidifier A, pressure level at permeate and feed inlet p = 2 
bar(a), Tpermeate in = Tfeed in, dry gas at the permeate inlet.
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humidifier types with the same number of tubes. Since Humidifier B 
provides better temperature results for the reasons mentioned above, 
only the measurement points of Humidifier B, which cover a wider 
temperature range, are used for the correlation model to predict the 
permeate and feed outlet temperatures.

The model quality is good with a coefficient of determination for the 
training points R²Training > 98 % and for the validation points R²Val > 99 
%. The root mean squared deviation (RMSD) is approx. RMSD = 0.01 g/s 
(see Table 3). The model quality for the temperatures is even better with 
a coefficient of determination for the training points R²Training > 99 %. 
This is due to the lower complexity resulting from the dependence of 
significantly fewer variables, as well as the higher measurement accu
racy of the temperatures compared to the dew points. Additionally, the 
root mean squared deviation is very low for the training points 
RMSDTraining < 0.4 K as well as for the validation points RMSDVal < 0.6. 
This is reflected in Fig. 7, where the predicted values are compared with 
the measured ones for each training and validation point. A detailed 
uncertainty quantification could provide additional insight, but was not 
the focus of this study. Because GPR explicitly models measurement 
noise, random sensor uncertainties are naturally smoothed within the 
regression process; nevertheless, extended uncertainty analysis remains 
a valuable direction for future work. All model predictions shown in this 
work remain strictly within the experimentally measured input space, so 
no extrapolation is performed. While GPR can in principle overfit, the 
large dataset and the inherent noise modeling reduce this risk; none
theless, the method’s limitations outside the measured range are 
acknowledged.

6. Parameter influence

Since statistical inaccuracies are compensated and the unchanged 
parameters remain constant, this section demonstrates the influence of 

the selected parameters using the results of the correlation model. Each 
phenomenon presented is also visible in the measurement data directly.

Influence of the relative humidity. As exemplarily shown in Fig. 8a for 
an inlet temperature level T = 60 ◦C on both sides, pressures p = 2 bar(a) 
and four mass flow rates, the permeate outlet humidity increases with 
increasing feed inlet humidity. The water recovery ratio (see Fig. 8b) 
increases by several percentage points with increasing relative feed inlet 
humidities between 50 % and 80 %, whereas it is rather constant at 
humidities above and below. Higher humidity therefore enables a dis
proportionally higher, and therefore more effective, water transfer in 
relation to the feed water provided.

These observed increased water transfer rates with higher feed inlet 
humidities can be explained with the molecular structure of the mem
brane, which is expected to be similar to that of common polymer 
electrolyte membranes. This is in accordance with an improved water 
transfer with higher membrane humidities (compare [42]).

In fact, permeate outlet humidities of 50 % maximum may appear 
small for fuel cell operation. It should be noted, however, that in 
preferred operating points of a fuel cell system, the feed inlet humidity is 
approximately 100 %. In case the permeate outlet humidity is related to 
the temperature of the coolant at stack inlet – often > 10 K below the 
temperature at the stack outlet – the relative humidity is significantly 
higher. In a simplified approach, as can be seen in the additional curves 
in Fig. 8a, the permeate outlet humidity is related to a temperature 10 K 
below the permeate outlet temperature leading to maximum relative 
humidities between 65 % and 82 %. As explained in one of the subse
quent sections, a lower permeate inlet temperature also results in a 
higher water transfer, which, however, is not taken into account in this 
specific simplified context.

Mass flow rate influence. Permeate and feed mass flow rates signifi
cantly affect the humidification performance, as shown in Fig. 9 for 
otherwise constant conditions with inlet temperatures T = 60 ◦C on both 

Fig. 6. Dependencies of feed and permeate mass flow rates (left), referenced to the number of tubes of Humidifier A; feed and permeate temperature (right) for all 
test points of Humidifier A and Humidifier B.

Table 3 
Quality of the correlation models for water transfer, feed and permeate outlet temperatures of the membrane humidifiers.

Model Number of training points Number of validation points R²Training R²Val RMSDTraining RMSDVal

Water transfer 1205 40 0.9873 0.9908 0.0125 g/s 0.0107 g/s
Feed outlet temperature 473 24 0.9982 0.9964 0.3431 K 0.4735 K
Permeate outlet temperature 473 24 0.9983 0.9956 0.3465 K 0.5698 K
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sides, pressures p = 2 bar and relative feed inlet humidity φFeed,in = 92 
%. The dashed line marks the correlation between dry feed and 
permeate mass flow rates for a cathode stoichiometry λO2 = 2 (referred 
to as operating line in the following) taking into account the oxygen 
consumption. All mass flow rates are for the dry gases without water 
content.

Along the operating line, the permeate outlet humidity moderately 
decreases with increasing mass flow rates. Increasing feed or permeate 
flow rates show contrary effects. An increase of the feed flow rate results 

in a strong increase of the permeate outlet humidity. A higher permeate 
mass flow with constant feed mass flow rate, however, leads to a sig
nificant decrease of the relative permeate outlet humidity.

This is because a higher feed mass flow rate results in a higher hu
midity along the channels and thus a higher driving potential. Although 
a higher permeate mass flow rate also increases the driving potential, 
the higher permeate mass flow rate predominates, which leads to a 
lower specific water uptake.

An increasing feed as well as permeate mass flow rate lead to an 

Fig. 7. Model accuracy for the transferred water mass flow rate referenced to the number of tubes of Humidifier A (left), as well as for the feed (center) and the 
permeate outlet temperature (right).

Fig. 8. Influence of the relative feed inlet humidity on the permeate outlet humidity and the water recovery ratio for several dry gas mass flow rates ṁdr,feed =

ṁdr,permeate, referenced to the number of tubes of Humidifier A, with constant fluid inlet temperatures Tfeed,in = Tpermeate,in = 60 ◦C, dry gas at the permeate inlet and a 
pressure level p = 2 bar on feed and permeate side.
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increasing water transfer. The influence of the feed flow rate is signifi
cantly more distinct than that of the permeate mass flow rate. While, 
based on a combination of a dry permeate mass flow rate ṁdr,permeate = 8 
g/s and a dry feed mass flow rate ṁdr,Feed = 7 g/s on the operating line, 
halving the feed mass flow rate leads to a reduction in water transfer by 
40 %, reducing the permeate mass flow rate in the same ratio with 
constant feed mass flow rate leads to a reduction in water transfer by 
only 15 %.

This can be explained as follows. Reducing the permeate mass flow 
rate leads to an increased relative permeate outlet humidity and hu
midity ratio of the reduced permeate flow. Consequently, the absolute 
water mass transfer hardly decreases in large areas. In contrast, a 
reduction of the feed mass flow rate directly reduces the water supply 
resulting in a substantial water mass transfer reduction.

This insight allows important conclusions for the fuel cell system 
topology. In order to reduce the cathode inlet humidity, part of the mass 
flow can be bypassed around the permeate or feed side and mixed af
terwards with the respective partial flow through the humidifier. In this 
case, the absolute value of the relative humidity is determined by the 
absolute water transfer. Against the background described above, a 
bypass around the feed side is much more effective than around the 
permeate side. Furthermore, the control of the bypass ratio is much 
more robust due to the almost linear correlation between the reduction 
of the feed mass flow rate and the reduction of the transferred water.

This configuration is also beneficial when starting up and shutting 
down. A bypass on the permeate side can lead to an undesirable accu
mulation of liquid water on the permeate side during phases of low or no 
mass flow through the permeate tubes, which is fed to the stack in the 
form of larger droplets with subsequently increasing mass flow rates. 
This liquid water accumulation can be prevented by locating the bypass 
on the feed instead of permeate side. For safe cold start procedures, prior 
drying of both the stack and the membrane humidifier is essential. A 
bypass on the feed side enables drying not only of the cathode supply air, 
but also of the membrane humidifier itself.

Temperature influence. In fuel cell system applications, permeate and 
feed inlet temperatures are usually not identical – as in the above con
siderations – but depend on the charge air cooler and its integration into 
the cooling circuit as well as on the stack operating parameters coolant 
inlet temperature and temperature spread. Furthermore, the humidifier 
inlet temperatures could potentially be varied as independent variables.

In order to understand the influence of the respective temperatures 
on the humidification performance the first step is to analyze the cor
relation between inlet and outlet temperatures. Fig. 10 shows the feed 
and permeate outlet temperatures as functions of the permeate inlet 
temperature for four different feed inlet temperatures with otherwise 
constant parameters.

Whereas identical fluid inlet temperatures at a low temperature level 
entail only marginally lower outlet temperatures (against the back
ground of the ambient temperature of approx. 32 ◦C), with higher fluid 
inlet temperatures a higher temperature and heat loss to the environ
ment can be observed.

The permeate outlet temperature correlates positively with the 
permeate as well as the feed inlet temperature, with the correlation 
being stronger with the latter. Analogously, the feed outlet temperature 
correlates positively with both inlet temperatures, but here the corre
lation with the permeate inlet temperature is stronger.

The stronger influence on the respective other outlet temperature 
originates from the countercurrent fluid flow. This correlation, as shown 
in the following, is relevant because of its influence on the water 
transfer. At the same time, due to the still significant influence of the 
inlet temperature on the outlet temperature of the respective same side, 
it can be stated that the humidifiers are not ideal heat exchangers.

In Fig. 11 the influence of feed and permeate inlet temperatures on 

Fig. 9. Absolute water transfer and relative permeate outlet humidity 
depending on the dry mass flow rates on feed and permeate sides, both refer
enced to the number of tubes of Humidifier A, with constant fluid inlet tem
peratures T = 60 ◦C, pressure level p = 2 bar(a) on feed and permeate sides, dry 
gas at permeate inlet and a relative feed inlet humidity φfeed in = 92 %.

Fig. 10. Permeate and Feed outlet temperatures depending on the permeate 
inlet temperature for four different feed inlet temperatures with constant flow 
rates of the dry gas on feed and permeate sides ṁdr,feed = ṁdr,permeate = 5 g/s, 
referenced on the number of tubes of Humidifier A, a pressure level p = 2 bar(a) 
on feed and permeate sides, dry gas at the permeate inlet and relative feed inlet 
humidity 
φfeed,in = 95 %.
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the water transfer and on the relative permeate outlet humidity is 
depicted. With evenly increasing feed and permeate inlet temperatures, 
the relative permeate outlet humidity remains nearly constant. Feed and 
permeate inlet temperatures have contrary effects on the water transfer 
and the relative permeate outlet humidity.

With increasing permeate and constant inlet temperature, the 
observed decrease of the relative permeate outlet humidity is to be ex
pected due to the increasing permeate outlet temperature. At first 
glance, a higher absolute water transfer might be expected. Given the 
stronger influence of the permeate inlet temperature on the feed than on 
the permeate outlet temperature due to the counterflow arrangement, a 
slight decrease in water transfer is observed instead, while more water 
leaves the humidifier on the feed side.

With increasing feed and constant permeate inlet temperature, at 
constant relative feed inlet humidities and comparable water recovery 
ratios, the water transfer rate increases solely because of the higher feed 
water quantities. In consequence, the relative permeate outlet humidity 
rises as well.

For fuel cell systems, the influence of the permeate inlet temperature 
is particularly relevant; in simple system configurations, the permeate 
inlet temperature depends on the coolant stack inlet temperature but can 
potentially also be controlled independently. While in many systems a 
charge air cooler is installed upstream of the membrane humidifier on 
the permeate side, through which coolant flows at stack inlet 

temperature, the permeate temperature level could be raised relatively 
easily by using the coolant from the stack outlet due to the temperature 
rise in the stack. Given the increased water transfer at lower permeate 
temperatures, these options are rather unprofitable. The feed inlet 
temperature, however, mainly depends on the coolant temperature 
spread across the stack and cannot be influenced independently without 
additional components.

In order to decouple the influence of the temperature from the 
correlating absolute feed inlet water content, the influence of feed 
temperature and dewpoint on the water mass transfer and the relative 
permeate outlet humidity is considered in Fig. 12. At constant pressure, 
the absolute water content is determined by the dew point. Liquid water 
at the feed inlet with dew point above the dry bulb temperature is not 
considered. The permeate inlet temperature corresponds to the dew 
point temperature of the feed inlet. Additionally, the relative feed inlet 
humidity is plotted.

With constant dew point, an increasing feed inlet temperature comes 
along with a lower relative feed inlet humidity. Although the tempera
ture at the permeate increases more than at the feed outlet and thus the 
relative humidity at the permeate outlet decreases, the overall water 
transfer decreases slightly. This corresponds well to the observations 
described above, which indicate more effective water transfer with 
higher relative humidity. In general, strong temperature-independent 

Fig. 11. Absolute water transfer and relative permeate outlet humidity 
depending on feed and permeate inlet temperature with constant dry feed and 
permeate mass flow rates ṁdr,feed = ṁdr,permeate = 5 g/s, referenced to the 
number of tubes of Humidifier A, pressure level p = 2 bar on the feed and 
permeate sides, dry gas at the permeate inlet and relative feed inlet humidity 
φfeed,in = 95 %.

Fig. 12. Absolute water transfer and relative permeate outlet humidity 
depending on dry bulb and dew point temperature of the feed inlet with con
stant dry feed and permeate mass flow rates ṁdr,feed = ṁdr,permeate =5 g/s, 
referenced to the number of tubes of Humidifier A, pressure level p = 2 bar on 
feed and permeate sides, and dry gas at the permeate inlet. The permeate inlet 
temperature equals the dew point temperature of the feed inlet. For orientation, 
the relative feed inlet humidity is plotted additionally.
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correlations of the permeate outlet humidity with the feed inlet hu
midity can be observed.

Differential pressure influence. In a fuel cell system, the cathode 
exhaust gas flows through the feed side and the dry cathode supply gas is 
passed through the permeate side. The pressure loss across the stack 
results in a differential overpressure of the permeate to the feed side, 
which increases with increasing cathode mass flow rate.

While the previous variations are subject to overpressures well below 
100 mbar, the influence of larger overpressures is analyzed separately 
below. As exemplarily shown in Fig. 13 for a dry mass flow rate 
ṁdr,permeate = ṁdr,feed= 7,5 g/s, no distinct influence of the pressure 
difference across the membrane on the water transfer rate can be 
detected. 110 dedicated measurement points with systematically varied 
differential pressures, none of which exhibited a measurable effect on 
the transferred water mass, support this conclusion. The absence of any 
detectable trend across these tests provides strong experimental 
confirmation of the negligible influence of pressure difference. The same 
applies to other mass flow rates.

The measurements of Humidifier B confirm the independence of the 
absolute water transfer from the differential pressure across the mem
brane at various feed inlet humidities, temperature levels, feed pressures 
and mass flow rates. This independence also applies to different dry feed 
mass flow rates, when these are reduced compared to the permeate mass 
flow rate, as is the case when using a bypass.

The higher permeate pressure in real applications in combination 
with the same absolute water transfer rate leads to higher permeate 
outlet humidities than in the previous single parameter variations, 
which is advantageous for the operation and dimensioning of the 
humidifier.

As a consequence of this finding, apart from 57 test points for Hu
midifier A and 53 for Humidifier B, which were subject to differential 
pressure, neither a specific variation of the pressure difference across the 
membrane was experimentally carried out nor a corresponding param
eter was included in the GPR models.

7. Conclusion

Membrane humidifiers are essential components in PEM fuel cell 
systems, yet their behavior under realistic operating conditions is 
insufficiently documented in the literature. This work addresses this gap 
by experimentally characterizing two full-scale gas-to-gas membrane 
humidifiers across a wide and application-relevant parameter space. In 
contrast to most previous studies, which focus on single membranes or 
simplified boundary conditions, the present investigation provides 
comprehensive data for complete humidifier modules under realistic 
thermal, pressure, and flow conditions.

Based on > 1200 high-fidelity measurement points, a data-driven 
correlation model using Gaussian Process Regression was developed. 
The model accurately predicts water transfer and outlet temperatures 
and thus represents a novel, validated tool for system-level fuel cell 
simulations. Although the focus of this work is not a mechanistic anal
ysis, the resulting correlations capture the combined heat and mass 
transfer behavior of full-scale humidifiers more comprehensively than 
existing simplified models. They thereby provide a robust empirical 
foundation for future studies aimed at deeper physical interpretation. 
The analysis of the parameter influence reveals several previously un
reported insights with direct implications for system design: 

1. Feed-side bypassing provides nearly linear and robust control of 
water transfer and enables efficient drying during shutdown.

2. High permeate-side inlet temperatures significantly reduce humidi
fication performance.

3. Differential pressure across the membrane has no measurable effect 
on water transfer, which reduces the number of relevant operating 
variables for future experiments and models.

Overall, this study provides both the most extensive experimental 
dataset for automotive-scale membrane humidifiers published to date 
and a validated correlation model for integration into fuel cell system 
simulations. These contributions offer a solid foundation for improved 
system topology design, operating strategies, and modeling approaches, 
thereby advancing the development of efficient and reliable PEM fuel 
cell systems. The resulting design and operation guidelines reflect gen
eral humidification principles and are therefore applicable across a wide 
range of fuel cell system architectures. While specific layouts may 
require adaptation, the underlying trends and recommended measures 
remain broadly valid.
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