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Abstract – Proton exchange membrane fuel cells have been 
established as a viable technology to convert energy stored in a 
fuel, namely hydrogen, into electricity and heat. Especially for 
mobile applications this technology offers a number of 
advantages over other types of fuel cells, specifically a high power 
density and low operating temperatures. However, to facilitate 
proper conductivity of the membrane, the water content within 
needs to be maintained at a high level, balancing diffusion and 
electroosmotic drag within the membrane against one another 
and supplying water through humidified gas streams. This paper 
presents a methodology based on hydrogen pumping operation 
of membrane electrode assemblies to analyse the effect of 
different operating conditions on the membrane resistance. 
Further, in order to evaluate the electrochemical impedance 
spectroscopy (EIS) data obtained from the measurement 
procedures a post processing algorithm is used to filter noisy EIS 
data. Measurements are performed under fully humidified 
conditions at varying operating temperatures and at a fixed 
operating temperature using asymmetric humidification to study 
the influence of the electroosmotic drag. Surprisingly, no 
significant influence of the direction of the asymmetry is found. 
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NOMENCLATURE 
CL Catalyst layer 

EIS Electrochemical impedance 
spectroscopy / spectrum 

EQC Equivalent circuit 

H2 Hydrogen 

H+ Proton 

H2O Water 

MEA Membrane electrode assembly 

PEMFC Proton exchange membrane fuel cell 

PFSA Perfluorosulfonic acid 

I. INTRODUCTION 
Fuel cells provide an efficient way to convert chemical 

energy stored in a fuel into electricity and heat. In combination 
with water electrolysis fuel cells could enable a circular energy 
economy with hydrogen (H2) as its primary energy vector. 
Due to their comparatively high power density and low 
operating temperatures especially proton exchange membrane 
fuel cells (PEMFC) using perfluorosulfonic acid membranes 
(PFSA), such as Nafion®, have been investigated and 

developed to facilitate the introduction to the market. One of 
the most critical aspects of the behaviour of PEMFC is the 
water management, since the conductivity of the membrane 
depends heavily on the presence of a sufficient concentration 
of water [1–3]. Within the membrane of PEMFC mainly two 
substances are transported, protons (H+) and water (H2O). The 
desired transport of H+ requires a substantial presence of H2O 
to facilitate the transport. A number of authors have already 
found, that an increasing water content of the membrane leads 
to an increase of the conductivity of PFSA-membranes [1, 4]. 
As described in [5–7] under high humidity conditions inside 
the membrane H+ is transported by the Grotthus-mechanism, 
whereby the H+ moves from one cluster of H2O-molecules, 
inside the membrane pores, to the next, following the gradient 
of the electrolytic potential. Further, the H+ can also diffuse 
through the expanded membrane pores in various cluster 
arrangements with H2O-molecules. Under lower humidity, 
when the pores of the membrane have not expanded as much, 
the hopping of H+ mainly occurs along the walls of the pores, 
where the interaction is between the H+, H2O and the acid-
side-chain of the polymer [6, 8]. 

Therefore, a number of authors [9–12] have investigated 
the water sorption and transport behaviour of different PFSA 
membranes. Most of these contributions investigate 
membranes without any catalyst layers or electrodes, exposed 
to a humidified gas stream or atmosphere. Sorption isotherms 
to determine the water uptake of the membrane with respect to 
temperature and relative humidity are determined through 
long term exposure to the respective gas composition followed 
by weighing of the membrane to determine the water uptake 
[1, 13]. Assuming no sorption inhibition a number of authors 
determine the diffusion characteristics by placing the 
membrane between two gas streams of different relative 
humidity and weighing the water permeating through the 
membrane within a defined time. Ge et al. [14] performed 
investigation of the absorption and desorption rate for the 
membranes and found that the sorption processes cannot be 
neglected.  

While some research focuses on full membrane electrode 
assemblies (MEAs), these investigations usually are carried 
out on cells in H2 / air operation, where in the cathode catalyst 
layer (CL) H2O is formed at the surface of Platinum particles 
in contact with the ionomer, where oxygen has diffused to the 
respective interface [15]. This increases the difficulty of 
distinguishing between diffusion due to differences in the 
educt humidification, electroosmotic drag and the diffusion 
resulting from product water. In order to reduce the 
contributing processes, operation of MEAs in H2-pumping is 



investigated in the present work. For this mode of operation 
both anode and cathode are supplied with H2. This eliminates 
the sluggish reaction kinetics of the Oxygen reduction reaction 
[16, p. 2], allowing a targeted analysis of the remaining 
processes, specifically the water transport. 

II. RESEARCH METHODOLOGY 
A MEA is built up using a Nafion® 212 membrane and 

two gas diffusion electrodes based on Sigracet 22BB carbon 
paper with a Platinum loading of 0.5 mg/cm2 
(fuelcellstore.com, USA). The components are bonded to form 
a MEA by hot-pressing for 3 min at 130 °C with a pressure of 
150 N/cm2. Subsequently, a break-in procedure is performed 
under H2-pumping with humidified and temperature 
controlled H2 gas streams, to ensure a constant temperature 
and humidity of the cell under test. Using a Gamry Reference 
3000 potentiostat/galvanostat in conjunction with a Gamry 
30k Booster (Gamry Instruments Inc., USA) a polarisation 
curve is measured for the MEA, as well as a number of 
electrochemical impedance spectra (EIS). The respective 
measurement procedure is presented in FIGURE 1 and is 
repeated for every operating point, allowing for a 12 h 
equilibration period after each operating point is reached and 
before the respective measurement procedure starts. 

 
FIGURE 1: FLOW CHART OF THE MEASUREMENT PROCEDURE FOR THE 
CHARACTERISATION MEASUREMENTS OF THE MEMBRANE. THE 
OPERATING POINT IS CHARACTERISED BY THE OPERATING 
TEMPERATURE, 𝑇𝑇cell , AND THE HUMIDIFIER TEMPERATURES, 𝑇𝑇dp a,
𝑇𝑇dp c. THE OPERATING CURRENT, 𝐼𝐼dc, IS INCREASED INCREMENTALLY 

AND EIS MEASUREMENTS COVERING THE FREQUENCY RANGE, 𝑓𝑓EIS, ARE 
PERFORMED. 

The operating points for the MEA are chosen to 
encompass a wide array of operating temperatures and 

humidification scenarios. At four different cell temperatures 
(𝑇𝑇cell =  43, 55, 67, 79 °C) the procedure is carried out with 
almost 100%  relative humidity �𝑇𝑇dp a = 𝑇𝑇dp c = 𝑇𝑇cell −
1 °C�. This series of measurements allows insight into the 
temperature-dependent characteristics of the fully humidified 
membrane. 

Furthermore, additional EIS measurements were carried 
out at 𝑇𝑇cell =  67 °C. At this operating temperature, different 
humidifier conditions were tested with and without constant 
electrical currents to evaluate the membrane characteristics for 
different humidities. Furthermore, the measurements with 
constant currents allow analysis of the effect the 
electroosmotic drag imposes on the membrane. Using 
completely dry gas an EIS is measured under open circuit 
conditions. At symmetric humidifier temperatures �𝑇𝑇dp a =
𝑇𝑇dp c = 20, 50 °C�  measurements at three different current 
levels are performed. Lastly, under four different asymmetric 
humidifier temperature configurations the measurement 
procedure shown in FIGURE 1 is carried out to study the 
influence of the electroosmotic drag working with and against 
the concentration gradient. This is done to provide a 
substantial database for a subsequent model fitting to 
determine various parameters.  

III. RESULTS & DISCUSSION 
In this section the different measurement results are shown 

and discussed.  

A. Varied operating temperatures under full humidification 
FIGURE 2 shows the polarisation plots for the four different 

operating temperatures tested with full humidification. The 
data clearly shows a reduced overpotential with increasing 
temperature. Also, all four plots exhibit almost linear 
behaviour, indicating that ohmic resistance dominates the 
polarisation behaviour under these operating conditions. Only 
at the two operating points with the lower temperatures a slight 
trend toward a diffusion limiting regime can be observed 
above operating current densities of 0.8 A/cm2. 

 
FIGURE 2: VOLTAGE OVER CURRENT DENSITY POLARIZATION PLOT FOR 
THE MEMBRANE ELECTRODE ASSEMBLIES UNDER TEST AT DIFFERENT 
OPERATING TEMPERATURES (FIRST NUMBER IN LEGEND) WITH ALMOST 
FULL HUMIDIFICATION (HUMIDIFIER TEMPERATURE SECOND NUMBER IN 
LEGEND). 

The corresponding EIS measurements are displayed in 
FIGURE 3 as Nyquist plots of the negative imaginary 
impedance 𝑍𝑍′′ plotted over the real impedance 𝑍𝑍′. All of the 
impedance spectra shown consist of three semicircles, which 
are more or less indented and overlapping. As already 
indicated by the differing slopes in FIGURE 2, the membrane 



resistance, which translates to the high frequency intercept of 
the impedance curves with the real axis (left side of plots), 
decreases with increasing operating temperature. When 
comparing the Nyquist plots at different temperatures it is 
evident, how the current influences the membrane resistance 
as well, this is likely due to the electroosmotic drag. 
Depending on the operating temperature there seems to be an 
optimal current, where the effect of the electroosmotic drag 
pulls water into the membrane without causing severe 
dehydration and thus decreasing membrane resistance. This 
can be observed in FIGURE 3 (A), (B) and (D), where the curve 
with the lowest real impedance (𝑍𝑍′) is measured at 10, 6 and 
10 A, respectively.  

Only for the measurement at 67 °C this behaviour is not 
observed. Here, the lowest real impedance curve corresponds 
to 0 A. An explanation for this behaviour can be found in the 
polarisation curve of that operating point (FIGURE 2), where a 
distinct dip of the voltage over current characteristic can be 
seen around 20 A (0.8 A/cm²) . This likely indicates 
secondary effects, such as droplet formation in the flow field 
blocking the gas supply. At 67 °C (FIGURE 3 (C)) the lower 
real impedance is observed for an operating current of 0 A, 
whereas the lowest overall real impedance could be measured 
at 79 °C (FIGURE 3 (D)) at an operating current of 10 A. 

Looking at FIGURE 3 (A) and (B) in detail, it is evident, 
that the magnitude (diameter) of the third semicircle, at lower 
frequencies (right hand side of the plots) increases with the 
current. This is likely due to diffusive losses, which become 
exponentially larger with increasing current. Also, the third 
semicircle is significantly smaller for all currents at 67 °C or 
79 °C  as compared to the runs at 43 °C  and 55 °C . High 
temperatures increase the diffusion coefficient of the gases and 
thus the transport of species inside of the CL. 

To evaluate the described phenomenon more objectively 
the spectra are analysed using a set of sorting conditions, 
which have already been introduced in [17]. Using the 

algorithm, the measurement data is analysed and irrelevant 
data is discarded from the following analysis. As in [17], all 
data points are subjected to a comparison of the magnitude 
(|𝑍𝑍|)  and phase (𝜙𝜙)  value of the impedance between the 
subsequent frequencies, as the spectra need to be continuous. 
Added in this work is a third condition, requiring an increase 
of the magnitude with decreasing frequency. This condition 
not only considers the immediate neighbouring frequencies, 
but also the magnitude of the last point that has not been 
discarded, so as to prevent a continuation of the selected data 
set after a significant jump during the measurement. The 
selected data set is then used to perform a nonlinear least 
square fitting with an R-RQ-RQ-RQ equivalent circuit (EQC), 
which is able to reflect the three indented semicircles 
characterising all measurements. FIGURE 4 shows an example 
of the resulting selection process and subsequent fitting of the 
model for the operating point at 79 °C and 14 A. Apart from 
the discarded data points, the fitting only considers the 
capacitive contribution of the data, because the inductive 
component is associated with the measurement setup. 
FIGURE 4 clearly shows excellent agreement between the 
model and the selected measurement data. Furthermore, in the 
third semicircle the irrelevant data, which has been discarded 
by the new rule is clearly visible. 

All data presented in FIGURE 3 is processed in this way, the 
resulting parameters for the EQC components fitted to the 
measurements are presented in the Appendix in Table I-IV. 
Further, FIGURE 5 shows the characteristic of the membrane 
resistance with increasing current density for all four operating 
points derived from the fitted values. Except for the operating 
point at 67 °C the behaviour is similar, with a high resistance 
at low current densities, a minimum around 0.4 A/cm2 and a 
subsequent increase. This behaviour is expected, since a 
medium current density will drag water into the membrane 
through the electroosmotic drag, without depleting the water 
content at the anode. However, with increasing current densi- 
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FIGURE 3: NYQUIST PLOTS OF THE IMPEDANCE SPECTRA MEASURED DURING THE MEASUREMENT PROCEDURES ACCORDING TO FIGURE 1 FOR THE 
FULLY HUMIDIFIED OPERATING POINTS AT (A) 43 °C, (B) 55 °C, (C) 67 °C AND (D) 79 °C. 



 
FIGURE 4: NYQUIST PLOT OF THE IMPEDANCE SPECTRUM FOR THE 
FULLY HUMIDIFIED OPERATION AT 79 °C  AND 14 A , THE SELECTED 
DATA POINTS ARE INDICATED WITH CIRCLES, THE DISCARDED WITH 
DIAMONDS AND THE CIRCUIT FIT IS PRESENTED WITH A RED LINE. 

ty, the electroosmotic drag becomes too strong, causing the 
membrane to dry out with a concomitant increase of its 
resistance. We assume the different behaviour of the 
measurement at 67 °C  can be attributed to a temporary 
fluctuation distorting the measurement results. 

 While the membrane resistance does not show a clear 
characteristic for all operating points with respect to the 
current density, the resistances 𝑅𝑅2 and 𝑅𝑅3 do, as shown in 

 
FIGURE 5: FITTED MEMBRANE RESISTANCE 𝑅𝑅m  OVER THE MEASURED 
CURRENT DENSITY 𝑗𝑗cell FOR ALL FOUR OPERATING POINTS. 

 
(A) 

 
(B) 

FIGURE 6: FITTED RESISTANCE (A) 𝑅𝑅2  AND (B) 𝑅𝑅3  OVER THE 
MEASURED CURRENT DENSITY 𝑗𝑗cell FOR ALL FOUR OPERATING POINTS. 

FIGURE 6. 𝑅𝑅2 shows an approximately linear increase with the 
current density and is not dependent on the operating 
temperature. The fitted values of this resistance are quite close 
and no clear trend regarding the operating temperature can be 
observed. 𝑅𝑅3 shows an exponential increase with the current 
density, indicating that this resistance corresponds to diffusive 
losses. The magnitude is further dependent on the operating 
temperature, again characteristic of diffusive processes, where 
low temperatures correspond to high resistance. Only the 
behaviour measured at an operating temperature of 79 °C does 
not match this pattern. The respective measurements should be 
repeated to confirm this behaviour. 
 

B. Varied humidifier temperatures at constant operating 
temperature 
In this section the influence of varying humidifier 

temperatures on the MEAs at a constant operating temperature 
of 67 °C  is presented. The tested conditions include a 
complete by-pass of the humidifiers, meaning the gas was dry, 
as supplied in the pressure vessels, and two more dew point 
temperatures of 20 °C  and 50 °C . Because the membrane 
resistance became very large under completely dry conditions, 
only measurements at 0 A  were performed, the respective 
Nyquist plots are shown in FIGURE 7. 

 
FIGURE 7: NYQUIST PLOTS OF THE MEASURED IMPEDANCE SPECTRA AT 
0 A CURRENT WITH DEW POINT TEMPERATURES OF 66, 50, 20 °C AND 
WITH A COMPLETE BY-PASS (DRY) OF THE HUMIDIFIERS AT 67 °C 
OPERATING TEMPERATURE. 

It is evident, that the humidification of the membrane 
through the supply of humidified gasses is essential for a low 
membrane resistance. An increase of two orders of magnitude 
(~4 mΩ compared to ~310 mΩ) can be observed, when the 
dew point temperature is reduced from 66 to 20 °C, however, 
the increase following the use of completely dry gas is even 
more significant. This highlights the dependence of the 
membrane resistance on proper humidification. 

C. Asymmetric humidification at constant operating 
temperature 
Using the measurement procedure shown in FIGURE 1 a 

series of measurements has been conducted to evaluate the 
MEAs behaviour under asymmetric humidity conditions. 
Again, four different operating points were used, all at 𝑇𝑇cell =
79 °C , which is why the equilibration time before each 
measurement was reduced to 30 min (1800 s) . The dew 
point temperatures for the gas streams were, however, varied 
in four combinations: 

• Anode: dry / cathode: 78 °C 

• Anode: 40 °C / cathode: 78 °C 



• Anode: 60 °C / cathode: 78 °C 

• Anode: 78 °C / cathode: dry 

 The resulting polarisation curves for the MEAs are 
presented in FIGURE 8. As expected, the lower slopes are seen 
for the operating points with the highest humidity. However, 
contrary to the expectation the measurement where the anode 
side is completely dry shows slightly lower resistance 
compared to the case where the cathode side is completely dry. 
Since the electroosmotic drag pulls water in the direction of 
the ionic current through the membrane from the anode to the 
cathode, this behaviour is counterintuitive. Because the 
differences between these two operating points are only 
minute, no clear result can be obtained. This can be attributed 
to the rather short equilibration time of 1800 s, which exceeds 
the assessment of Liso et al. [11], who claim an equilibration 
period of a couple of hundred seconds to be sufficient. 
However, Majsztrik et al. [12] found equilibration times to be 
larger than 2500 s at the tested temperatures, which would put 
the measurements into a transition period between different 
equilibrium states. Thus, the current measurements would 
need to be repeated with a significantly longer equilibration 
period before the actual measurements to make sure an 
equilibrium state is reached. 

 
FIGURE 8: VOLTAGE OVER CURRENT DENSITY POLARIZATION PLOT FOR 
THE MEAS UNDER TEST AT DIFFERENT ASYMMETRIC HUMIDITY 
SETTINGS AT 79 °C. 

FIGURE 9 confirms the results visualised and discussed 
above with the respective EIS measurements at the four 
asymmetrically humidified operating points. The lowest 
ohmic resistance is measured at the third operating point, 
followed by the second, first and then fourth. Interestingly, the 
measured impedance spectra become less smooth with 
decreasing overall membrane humidity. Especially the two 
operating points, where one side of the MEA is exposed to dry 
hydrogen show quite significant instabilities, even at the 
relatively low currents shown in FIGURE 9. It is not entirely 
clear what specific phenomenon causes this behaviour, 
however, the fact, that these instabilities intensify with 
decreasing humidification lead to the conclusion, that it is 
influenced by the water content of the MEA. Due to the 
instabilities in the measurements shown in FIGURE 9 the EQC 
fittings in the following need to be viewed with caution, as the 
underlying data quality detrimentally affects fitting quality. 
Especially the measurement at 2 A  at the operating point 
40 °C /  78 °C in FIGURE 9 (B) was excluded from any fitting. 

FIGURE 10 shows the fitted membrane resistances from the 
asymmetric humidification conditions over the current 
density. The results of the fittings underline the qualitative 
analysis of FIGURE 8 and FIGURE 9, indicating which 
operating conditions correspond to lower membrane 
resistances. No clear trends emerged from the other fitting 
results, they are presented in the Appendix in Table V-VIII. 

 
FIGURE 10: FITTED MEMBRANE RESISTANCE 𝑅𝑅m OVER THE MEASURED 
CURRENT DENSITY 𝑗𝑗cell  FOR ALL FOUR OPERATING POINTS OF THE 
ASYMMETRIC HUMIDIFICATION CONDITIONS. 
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FIGURE 9: NYQUIST PLOTS OF THE IMPEDANCE SPECTRA MEASURED DURING THE MEASUREMENT PROCEDURES ACCORDING TO FIGURE 1 FOR THE 
ASYMMETRICALLY HUMIDIFIED OPERATING POINTS AT AN OPERATING TEMPERATURE OF 79 °C  (A) DRY / 78 °C , (B) 40 °C /  78 °C , (C) 
60 °C /  78 °C AND (D) 78 °C /  DRY . 



IV. CONCLUSION 
A novel characterisation procedure to analyse the 

behaviour of MEAs under hydrogen-pumping operation at 
different operating temperatures and humidification settings is 
presented. The idea is to be able to study the influence of the 
water transport through the membrane due to the 
electroosmotic drag and diffusion and its influence on the 
membrane resistance without water being produced from one 
of the electrode reactions. It is shown how increased humidity 
significantly reduces the membrane resistance, in accordance 
with previous literature reports. Furthermore, an improvement 
to a previously presented postprocessing algorithm to improve 
the data quality of noisy EIS measurements is shown to 
enhance the ability to perform meaningful EQC fittings from 
noisy data. Using this algorithm the obtained measurement 
data is analysed to further identify the changes in the charge 
transfer and diffusion resistances with respect to the operating 
current and the operating conditions. This can be a helpful tool 
to analyse future EIS data, even if the measurements were not 
conducted in strictly stationary conditions. 

The measurements under asymmetric humidification show 
a significant increase of the ohmic resistance of the membrane, 
even if only one side of the MEA is exposed to dry gas. 
Furthermore, contrary to expectation, the measured membrane 
resistance for the operating case, where the humidity gradient 
had the same direction as the ionic flux, thus supporting the 
electroosmotic drag, rather than working against it, showed a 
higher resistance. Because this might be the result of 
insufficient equilibration time, the respective measurements 
should be repeated in order to confirm this behaviour. 
However, the established measurement and characterisation 
procedure allows for a detailed analysis of the behaviour and 
will be used to characterise MEAs with internal 
humidification in the next step. 
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APPENDIX 
TABLE I: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT HOMOGENEOUS FULLY HUMIDIFIED CONDITIONS AT 
43 °C. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 5.179 0.8703 0.4683 0.8499 0.4845 5.915 0.9337 0.6285 476.9 0.8109 

2 5.068 0.8760 0.4725 0.8499 0.5450 5.383 0.9278 0.6094 484.3 0.8041 

6 5.020 0.8797 0.4743 0.8499 0.6112 5.548 0.9185 0.5976 483.0 0.8120 

10 5.003 0.8796 0.4768 0.8499 0.6628 5.815 0.9095 0.6072 466.8 0.8261 

14 5.094 0.8653 0.4762 0.8499 0.7159 6.612 0.8886 0.6696 408.2 0.8767 

18 5.157 0.8599 0.4692 0.8499 0.7008 6.502 0.9047 0.7481 355.4 0.8782 

23 5.308 0.8481 0.4524 0.8499 0.7835 7.071 0.8820 0.9942 277.0 0.9110 
 

 
TABLE II: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT HOMOGENEOUS FULLY HUMIDIFIED CONDITIONS AT 
55 °C. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 4.489 0.4404 0.139 1 0.6083 5.113 0.8497 0.558 499.6 0.7808 

2 4.482 0.4402 0.139 1 0.6546 5.339 0.8392 0.5238 484.8 0.8105 

6 4.359 0.4528 0.1435 1 0.6893 5.294 0.8444 0.5161 515.4 0.7914 

10 4.474 0.4501 0.1436 1 0.7036 6.215 0.8375 0.533 470.8 0.8583 

14 4.662 0.4487 0.1362 1 0.7358 8.208 0.7996 0.6215 431.8 0.8395 

18 4.57 0.4474 0.1419 1 0.6989 7.228 0.8354 0.5839 419.4 0.8655 

23 5.173 0.4657 0.1197 1 0.8537 12.17 0.7535 0.9295 244.2 0.9596 
 

 
TABLE III: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT HOMOGENEOUS FULLY HUMIDIFIED CONDITIONS AT 
67 °C. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 3.876 0.2798 0.1798 1 0.6298 7.506 0.7857 0.4588 536.6 0.824 

2 3.901 0.2785 0.182 1 0.5851 7.585 0.7966 0.3788 656.2 0.8332 

6 4.045 0.22 0.1958 1 0.5727 13.2 0.7402 0.4826 599.9 0.8888 

10 4.269 0.2821 0.1677 1 0.6511 12.09 0.7502 0.4792 445.8 0.9094 

14 4.322 0.283 0.1654 1 0.7244 14.65 0.7236 0.5112 402.1 0.9478 

18 4.217 0.2798 0.1766 1 0.7801 14.88 0.7144 0.5531 484.5 0.918 

23 4.021 0.2833 0.1851 1 0.8201 13.03 0.719 0.701 350 0.9181 
 

 
TABLE IV: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT HOMOGENEOUS FULLY HUMIDIFIED CONDITIONS AT 
79 °C. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 3.986 0.1875 0.2885 0.998 0.4316 8.369 0.8407 0.4823 509.5 0.7931 

2 3.914 0.1845 0.2484 1 0.5204 11.37 0.7654 0.4674 511.1 0.8608 

6 3.763 0.1901 0.2556 1 0.5294 9.236 0.793 0.5008 642.5 0.6673 

10 3.603 0.2253 0.245 1 0.5648 7.246 0.8254 0.5501 1000 0.5447 

14 3.678 0.2095 0.2366 1 0.5864 9.284 0.7959 0.4613 660.8 0.711 

18 3.768 0.1963 0.2511 1 0.7462 13.42 0.7288 0.4094 493.5 0.898 

23 3.875 0.2187 0.2048 1 0.7647 12.3 0.7439 0.4336 411.4 0.931 
 

 



TABLE V: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT ASYMMETRIC HUMIDIFIER CONDITIONS DRY / 78 °C 
AT 78 °C OPERATING TEMPERATURE. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 8.595 0.630 0.178 0.890 0.562 23.075 0.710 1.101 214.387 0.913 

2 8.476 0.491 0.071 1.000 0.900 40.243 0.550 1.217 227.508 0.968 

6 9.344 0.569 0.056 1.000 0.664 28.185 0.660 1.399 150.724 1.000 

10 8.945 0.547 0.180 0.895 1.200 59.997 0.460 1.707 151.952 0.993 
 

 
TABLE VI: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT ASYMMETRIC HUMIDIFIER CONDITIONS 
40 °C / 78 °C AT 78 °C OPERATING TEMPERATURE. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 7.141 0.601 0.049 1.000 0.563 10.524 0.730 0.995 273.603 0.871 

2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

6 6.934 0.656 0.052 1.000 0.841 30.385 0.571 0.898 560.724 0.915 

10 7.308 0.603 0.059 1.000 0.888 26.294 0.595 1.085 254.842 0.963 
 

 
TABLE VII: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT ASYMMETRIC HUMIDIFIER CONDITIONS 
60 °C / 78 °C AT 78 °C OPERATING TEMPERATURE. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 5.814 0.625 0.060 1.000 0.533 7.256 0.784 0.774 325.536 0.825 

2 5.321 0.551 0.067 1.000 0.932 11.781 0.614 0.798 290.126 0.881 

6 5.324 0.594 0.066 1.000 0.741 15.804 0.675 0.796 260.292 0.943 

10 5.181 0.624 0.070 0.988 1.095 14.480 0.622 0.694 336.992 0.928 
 

 
TABLE VIII: FITTING PARAMETERS FOR THE ANALYSIS OF ALL OPERATING CURRENTS TESTED AT ASYMMETRIC HUMIDIFIER CONDITIONS 
78 °C / DRY  AT 78 °C OPERATING TEMPERATURE. 

𝑰𝑰 𝑨𝑨⁄  𝑹𝑹 𝒎𝒎𝒎𝒎⁄   𝑹𝑹𝟏𝟏 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟏𝟏 𝑭𝑭 𝒔𝒔𝒏𝒏𝟏𝟏−𝟏𝟏 ⁄  𝒏𝒏𝟏𝟏 𝑹𝑹𝟐𝟐 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟐𝟐 𝑭𝑭 𝒔𝒔𝒏𝒏𝟐𝟐−𝟏𝟏 ⁄  𝒏𝒏𝟐𝟐 𝑹𝑹𝟑𝟑 𝒎𝒎𝒎𝒎⁄  𝑸𝑸𝟑𝟑 𝑭𝑭 𝒔𝒔𝒏𝒏𝟑𝟑−𝟏𝟏 ⁄  𝒏𝒏𝟑𝟑 

0 11.050 0.360 0.086 0.988 0.779 82.462 0.525 1.631 213.817 0.944 

2 11.570 0.376 0.071 1.000 0.624 34.285 0.646 1.751 200.162 0.894 

6 10.988 0.580 0.044 1.000 1.066 8.598 0.656 2.397 221.258 0.700 

10 11.226 0.420 0.071 1.000 0.918 29.274 0.633 2.175 168.731 0.896 
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