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Abstract: A water recuperation system (WRS) from an open-cathode proton exchange membrane
fuel cell (PEMFC) is designed to increase the energy density of hydrogen production by hydrolysis of
metal hydrides. WRS may significantly reduce the water weight in the carried fuel. The design is
based on circulating the humid air through the PEMFC stack in a closed dome. To ensure oxygen
supply to the PEMFC, the WRS has a ventilation inlet and an exhaust outlet. The required conditions
for ventilation flow are developed theoretically and examined experimentally in a WRS prototype
with a commercial PEMFC at 20–100 W. The experimental system includeds a closed dome, an edge
cooling system for the PEMFC, a controllable ventilation air inlet, and an exhaust port. The humid
exhaust air was cooled down to the ambient temperature to improve vapor condensation. Results
show high efficiency (80% recuperated water from prediction), with a potential to achieve gravimetric
hydrogen storage capacity (GHSC) of >6 wt% at an ambient temperature of 27 ◦C. The described
principle may be applied for small fixed-wing drones where the cold ambient air may be utilized both
for providing oxygen supply and for thermal management of the PEMFC and the humid exhaust,
thus allowing higher GHSC.

Keywords: hydrogen generation; metal hydrides; fuel cells; water recuperation; water recovery; drones;
proton exchange membrane; energy density; gravimetric hydrogen storage capacity; vapor condensation

1. Introduction

Hydrogen fuel cell (FC) is one of the prospective development directions of energy
sources when considering portable devices. FCs convert chemical energy from hydrogen
gas (H2) to electrical energy, heat, and water vapor. It has zero CO2 emission and can
produce three times more energy than gasoline per unit of mass in combustion engines [1,2].

If coupled with renewable but unstable energy sources, such as wind or solar power
plants, and green energy storage/generating systems, e.g., FCs, may greatly improve the
utilization rate and stability of renewable energy [3]. Among all types of FCs, such as
solid-oxide, alkaline, and molten carbonate FCs [4], proton exchange membrane fuel cells
(PEMFCs) are considered suitable for transportation and portable applications due to low
operation temperature/pressure ranges (45–100 ◦C/0.4–0.5 bar hydrogen) and fast start-up
time [5].

There are some shortcomings of PEMFCs associated with high materials cost, man-
ufacturing price, and limited lifetime that limit the commercialization of this technology.
However, the most challenging barrier for mobile applications is hydrogen storage [2,6].
The US Department of Energy (DOE) set a target for the energy density of a hydrogen
storage system of 1800 Wh/kg or 5.4 wt% gravimetric hydrogen storage capacity (GHSC)
for automotive applications by 2025 [7]. Currently, only a limited safety solution of H2
storage at 700 bars in special tanks or complex storage using liquid hydrogen or absorbed
hydrogen has been shown to provide a storage density of 4.0–5.7 wt% [8,9]. However,
pressurized or complex storage is not suitable for most of the needs, and further search for
alternatives is required.
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Metal hydrides have the potential for meeting those targets [1,10,11]. For example,
sodium borohydride (SBH, NaBH4) is a common candidate since it has high hydrogen
content, is well studied, has relatively low cost, is stable as a solid in dry air for months, its
reaction products are non-toxic, and it can be recycled [12]. The fuel comprised of SBH, and
H2O can theoretically deliver 10.8 wt% of Hydrogen [13]. Notably, H2O provides half of
the H2 produced by the reaction (Equation (1) below), whereas the rest comes from the SBH.
This reaction, however, faces different hurdles. The main challenges are the low solubility
of SBH and its product, sodium metaborate (NaBO2), in water, which implies that an excess
amount of water is needed to facilitate the reaction and solubilize its products [6,13–15]. In
a previous study, we suggested an efficient method of hydrogen generation by catalytic
reaction between solid SBH and water, which allows the utilization of recuperated water
for further hydrogen production [16].

Usual commercially available open cathode FCs produce water in the state of va-
por and the flow forced through them by the fan plays a dual role: cooling and oxygen
supply. The membrane electrode assemblies (MEAs) of such stacks are designed to op-
erate at much higher ventilation flow rates than stacks with a close cathode (>300 times
higher), since the cooling flow greatly exceeds the stoichiometric amount of air required for
stable operation [13].

Implementation of a water recuperation system (WRS) that harvests water vapor from
the FC cathode emission and recirculates it into the generator may significantly reduce the
weight of the carried water, hence increasing the fuel’s GHSC, since a part of the required
excess water is not stored anywhere but appears during FC operation. Previous attempts
to use water vapor directly from the FC were made by Kong et al. [14]. However, they
observed that SBH did not react well with water vapor. Therefore, an alternative method
should be applied to exploit water vapor from the FC, e.g., by water condensation and
collection for further implementation in the hydrogen generator. Several studies were
performed regarding water recuperation from hydrogen fuel cells. Yamazaki et al. [17]
developed an analytical model which predicts the amount of recuperated water from the
PEMFC and proved it experimentally. Tibaquirá et al. [18] examined if such recuperated
water meets the sufficient requirements for drinking water. Anand et al. [19] proposed using
a water separator for a more efficient recuperation. Nevertheless, all these studies were
performed in closed-cathode FCs which require much lower air supply and are considered
suitable for high-power fuel cells (1–2 kW and above). Portable applications (30–1000 W)
use FC stacks with cathode open to the air, which are of much greater interest [20,21] due
to their capability to reduce the weight, volume, cost, and control complexity. In the open
cathode FC, the oxidation flow is coupled with the cooling flow. Hence, the required airflow
is much higher than those of closed cathode stacks, and water cannot be condensed just by
cooling the exhaust flow. Therefore, to condensate water from an open-cathode FC, a more
complex system is required with a partially closed air recirculation. As far as we know, no
WRS as proposed here was suggested, developed, and tested before.

Among the different types of FC-based systems which can benefit from an SBH
hydrogen generator with high GHSC, small unmanned aerial vehicles (UAVs), also called
drones, are of special interest. It was shown [19] that utilizing an FC power plant may
significantly increase their flight duration. For example, a 10 kg fixed-wing drone can be
powered by a 200 W FC, which makes this kind of vehicle suitable for further research [22].
However, the FC should be isolated from the cold and dry ambient air at high altitudes to
prevent FC power output degradation due to dehydration or overcooling. In these cases,
the cold ambient air can be utilized for FC edge cooling (i.e., removing heat by radiators
connected to the FC’s edges, as described in one of our previous research articles [23]), as
well as for the implementation of a WRS from FC vapor for hydrogen production. This
may significantly increase the energy density of the power plant fueled by solid SBH.

In this study, we suggest utilizing the passing ambient airflow both as an oxygen
source for ventilation and as the carrier for convection cooling—for both FC thermal
management (via edge cooling) and for condensing the FC vapor. For this purpose, we
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examined enclosing the FC in a closed dome and recirculating the humid air through the
stack while using edge-cooling methods for FCs thermal management [23]. To provide
sufficient oxygen for FC operation, the dome includes a ventilation inlet and exhaust outlet
ports (Figure 1).
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Figure 1. A schematic description of the WRS with the recirculating air in the dome’s internal
channels, including the fuel cell, the fan, and the inlet ventilation and outlet exhaust ports.

A controlled ventilation airflow is forced through the ventilation inlet at the desired
flow rate. It mixes with air already circulating inside the system (by a fan) and reduces
its humidity. It is further supplied to the FC where a part of the oxygen molecules reacts
at the MEA’s cathode side catalyst layer [24] with hydrogen ions and electrons from the
circuit to produce electrical current and turns into water molecules [25]. Hydrogen ions, in
their turn, are supplied there through proton exchange membrane (usually Nafion) after
the catalytical split of hydrogen molecules to protons and electrons at the MEA’s anode.

The air heats up while flowing through the FC, so the relative humidity (RH) of the
heated air inside the stack is expected to be low enough to prevent MEA flooding by active
condensation. The hot humid air (Tmax in Figure 1) that leaves the FC, circulates in the
WRS dome by a fan and cools down on the way (over the dome’s walls by the ambient air),
while a small part of it leaves the system as exhaust (due to mass conservation). The outlet
exhaust air flows through a heat exchanger and cools down to ambient (or close to ambient)
temperature (Tmin at Figure 1), where a dew point is reached, and condensation occurs on
the inner walls of the dome. This way, most of the vapor produced by the FC is condensed
and collected (by gravity) from the enclosed dome and delivered to the generator for further
H2 production.

The optimal flow rate of the ventilation air can be estimated analytically. The venti-
lation flow should be sufficient for FCs’ stable performance but not too high to minimize
vapor losses through the exhaust. In addition, to prevent the membrane from flooding
and the consequent decrease in FC performance at full saturation conditions, the actual
ventilation airflow rate should be examined experimentally. Therefore, in this manuscript,
we develop an analytical description of the condition in which this concept might be em-
ployed. A theoretical expression for the ventilation flow rates as a function of FC power and
ambient temperature and humidity is offered. An experimental prototype was built and
tested to validate the theoretical calculations, prove the concept’s feasibility, and estimate
its efficiency at relatively low temperature gradient (i.e., at room temperature). Note that
high altitude conditions are expected to further improve the water collection efficiency and
system energy density, as predicted by the theoretical calculations.
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2. Analytical Model

In this section, we provide a theoretical calculation of the expected improvement in
hydrogen storage efficiency and conditions at which the WRS should operate. The process
of hydrogen production from SBH hydrolysis at the H2 generator is given by Equation (1):

NaBH4(s) + (2 + x)H2O(l)→ NaBO2nH2O(l) + 4H2(g) + (x− n)H2O (1)

where x is the excess of water and n≤ x is the hydration water trapped by NaBO2 molecules,
which varies with solution temperature. For reaction temperatures lower than 53.6 ◦C,
n = 4. For a temperature range between 53.6 ◦C and 105 ◦C (as in our case), n = 2. At
temperatures above 105 ◦C, n = 0.5 [6].

The electrochemical reaction that takes place in the FC is given by Equation (2):

2H2(g) + O2(g)→ 2H2O(g) (2)

Two parameters are commonly utilized to describe FC power plant fuel efficiency:
GHSC and energy density. Increased GHSC means increased fuel energy density and vice
versa. All the calculations in this research are presented in terms of fuel GHSC defined in
Equation (3):

GHSC =
mH2

m f uel
·100% (3)

where m f uel is the mass of fuel (water + SBH). The actual value of m f uel changes during
operation if a WRS is utilized.

m f uel = mSBH + mreq
H2O −mcoll

H2O (4)

mSBH , mreq
H2O, and mcoll

H2O are the initial mass of SBH powder, the total mass of water
required to fully accomplish the reaction, and the total mass of water collected from the
WRS, accordingly.

mSBH =
1
4

mH2

MSBH
MH2

=
37.8
4·2 mH2 = 4.73mH2 (5)

mreq
H2O =

(2 + x)
4

mH2

MH2O

MH2

=
18
2·4 (2 + x) = 2.25(2 + x)mH2 (6)

and mcoll
H2O can be represented in the following view:

mcoll
H2O = k

(
mprod

H2O + min
H2O

)
= k

(
MH2O

MH2

mH2 + min
H2O

)
= k

(
9mH2 + min

H2O

)
(7)

where k is the coefficient of water collection out of the total amount of water that appeared
inside the WRS and water carried by ventilation flow (mprod

H2O + min
H2O). mprod

H2O represents
the amount of water formed in the FC cathode during the oxygen reduction, and min

H2O
represents the amount of water entering the WRS with the ambient ventilation air (see
Figure 1).

Substituting Equations (4)–(6) to Equation (3) gives the following expression for
average fuel GHSC:

GHSC =
2

9.23 + 2.25x− k
(

9 +
min

H2O
mH2

) ·100% (8)

In our previous research [16], we were able to achieve a water excess x of 6.4 using a
novel generator that used solid SBH powder. That way, for the worst case, where the inlet
air is totally dry (i.e., min

H2O = 0), GHSC becomes:

GHSC =
1

23.63− 9k
·100% (9)
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The suggested WRS should reduce the initial mass of excess water stored in the gener-
ator (according to k), while keeping the required water excess for the reaction. Recuperation
alone, however, will not be able to increase GHSC significantly if the products of NaBO2
with excess water remain inside the system throughout the operation cycle. Fortunately,
NaBO2 water solution is non-toxic [6,13] and can be purged to the ambient environment.
That way the fuel’s weight in the system can reach zero by the end of the process.

Figure 2 shows the influence of the water collection coefficient on GHSC of initially
stored fuel described by Equation (8). It is shown that water recuperation from the FC
even in the absence of water vapor supply from the ambient air can increase the GHSC of
stored fuel up to 38%. The actual increase of the whole energy system’s GHSC, however,
will also depend on the weight of the WRS, including FCs heat management and its water
collection properties.
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Figure 2. GHSC of the initial SBH–water mixture as a function of k for hydrogen generator with
x = 6.4.

To implement the recuperation approach, one should first define the optimal ventila-
tion airflow sufficient for stack stable operation, estimate the humidity level which may be
achieved in that flow, and make sure that its dew point is higher than ambient temperature.
In that case, condensation and, accordingly, recuperation is possible. The mass of water
produced by FC (

.
mprod

H2O) can be found from Faraday’s laws of electrolysis:

.
mprod

H2O =
.
nprod

H2O MH2O =
INMH2O

2F
(10)

where
.

mprod
H2O and

.
nprod

H2O are water mass and molar flows, MH2O = 18 g/mol is the molar
mass of water, I is stacks current (in Ampere), N is the number of MEAs in the stack, and
F = 96,500 (C/mol) is the Faraday constant.

The corresponding stoichiometric ventilation airflow
.

Vλ is:
.

Vλ = Vm
IN

0.21·4F
(11)

where Vm is air molar volume calculated from the ideal gas equation. The number 0.21
stands for the molar percentage of oxygen in the air. The required airflow

.
Vin can be

calculated using:
.

Vin = λVm
IN

0.21·4F
; λ =

.
Vin

.
Vλ

> 1 (12)

where λ > 1 is the ratio between the actual airflow and stoichiometric air flow rate required
for stable FC operation. In this paper, we define stoichiometry of the ventilation flow as
the ratio between the actual ventilation flow to theoretical sufficient to fully accomplish an
electrochemical reaction inside the stack: 1 mole of oxygen for every 2 moles of supplied
hydrogen, assuming that the molar fraction of oxygen in the air is 21%.
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If the ventilation airflow
.

Vin is too high, the absolute humidity (AH) inside the
system may become too low to achieve a dew point at the exhaust cooled down to Tmin
(Figure 1), and condensation conditions might not be obtained in the system. To ensure
water collection, the mass of water vapor that leaves the system through exhaust (

.
mout

H2O)
should be less than the total amount of water produced by the FC plus water that entered
the system through ventilation.

.
mout

H2O can be found from the following equation:
.

mout
H2O = AHsat(Tmin)·

.
Vout (13)

where the absolute humidity at saturation AHsat is defined as follows:

AHsat =
es(T)
RνT

(14)

where es(T) is the saturated vapor partial pressure and Rν = 461 J/kg*K is the specific gas
constant for water vapor.

Since the FC consumes a part of the oxygen molecules and increases the flow humidity,
the outlet flow

.
Vout is different from the ventilation inflow and should be found (from

mass conservation). Assuming that the flow is cooled down to Tmin, and the sum of air and
vapor partial pressures are equal to atmospheric and using the ideal gas equation,

.
Vout can

be presented in the following view:

.
Vout =

(
1− 0.21

λ

)
Patm

.
Vin

Patm − es(Tmin)
(15)

Water vapor partial pressure at saturation (es) can be found from Tetens’ equation
(temperature in degrees Celsius):

es(T) = 0.61078· exp
(

17.27T
T + 237.3

)
(16)

Assuming the worst-case scenario, using dry inlet air (min
H2O = 0), the ratio between

produced water by the FC and lost water through exhaust outflow can be found from
Equations (10), (12), (14) and (16):

γ > 1 => λ <
7.56(Patm − es(Tmin))

AHsat(Tmin)PatmVm
+ 0.21 (17)

Thus, while the inlet ventilation flow stoichiometry satisfies the following equation,
the FC has enough oxygen to operate, while condensation in the WRS is ensured.

1 < λ <
7.56(Patm − es(Tmin))

AHsat(Tmin)PatmVm
+ 0.21 (18)

Figure 3 presents the threshold of stoichiometry coefficient λ (T) at the dew point for
flight at (−20 ◦C) > Tmin > 35 ◦C and for air pressure of Patm = 1 atm (as recommended for
FC operation). Ventilation airflow with stoichiometry λ that lies between the red and blue
lines should be sufficient for both FC operation and condensation.

It is clear from Figure 3 that for Tmin < 35 ◦C, the FC produces a higher amount of
water than required for saturation at the stoichiometric air inflow (l = 1). For lower exhaust
temperatures (e.g., cooling down to an ambient temperature at high altitudes), the satura-
tion can be achieved at higher inlet flow, with up to λ = 340 at Tmin = −20 ◦C. Therefore,
the actual amount of recuperated water depends on several parameters, including the FC
operating conditions (current and temperature), surrounding humidity and temperature of
inflow, and the humidity and temperature of outflow.
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Figure 3. Sufficient stoichiometry airflow for both FC operation (red line) and obtaining a fully
saturated air (blue line) as a function of minimal air temperature in the WRS.

To estimate the part of recuperated water (k), the following assumptions are applied:
the airflow temperature cannot exceed the temperature of the FC (Tmax ≤ TFC), and the
outflow air is cooled down to an ambient temperature (Tmin = Tamb) before leaving the
WRS. In that case, the part of condensed water (k) that can be extracted from the total
amount of water circulating in the system may be found from the following equation:

k =

.
mcoll

H2O
.

mprod
H2O

·100% =
γ− 1

γ
·100% (19)

The graph of k for various ventilation stoichiometries and ambient temperatures is
presented in Figure 4. For ambient temperatures lower than −20 ◦C, the rate of water
collection is above 95% even with λ = 10. For temperatures higher than 0 ◦C, the ventila-
tion stoichiometry significantly affects water collection parameters. As mentioned above,
the ventilation air that enters the WRS also contains a certain amount of water vapor
(min

H2O > 0), that was not considered during the analytical calculations; however, it was
taken into account during the experiment. Thus, the values of k presented in Figure 4 are
an underestimation of the real case.
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Using the above analytical estimation, an experimental study was conducted to present
the actual implementation and feasibility of the suggested WRS in the worst-case conditions
of room temperature and dry ventilation.

3. Experimental Model
3.1. Experimental Methods

A description of the experimental setup is presented in Figure 5. The system includes
a PEMFC placed in a WRS as described below. A 300 W PEMFC with graphite bipolar
plate (BPPs) (30xMP-0.01, InEnergy LLC, Moscow, Russia) was supplied with Hydrogen
from a compressed tank with a constant pressure of 0.5 bar. The hydrogen flow rate was
measured using a digital gas mass flow meter (LIMS-2SLPM, Alicat Scientific, Inc, Tucson,
AZ, USA). The FC power output was controlled by a programmable DC load (model 8502,
B&K Precision Corp., Yorba Linda, CA, USA) for working at output power conditions of
0–100 W (Figure 5b).
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Figure 5. The experimental setup: a representing photo (a) and a schematic description (b), including
the fuel cell enclosed inside a circulating dome with a fan, a ventilation inlet and exhaust outlet,
Hydrogen supply, programmable load, flowmeters, and the collecting beaker. Temperature and
humidity sensors were placed before and after the FC and a thermocouple was mounted inside the
FC (c).

The FC was placed inside a 3D-printed WRS dome that resembles a front part of a
fixed-wing drone fuselage (Figure 5a). The dome’s internal geometry was designed to direct
the condensed water to five drain tubes installed at the bottom and ended in a collecting
beaker that was placed below the FC. Some of the side sections’ walls were made of thick
aluminum foil to increase the heat transfer between the ambient flow (simulated by four
fans installed at the front and back sides) and the circulating flow inside the WRS dome.
The whole system was sealed using silicone glue, except for the two aluminum foil walls
that were removable to allow system drying after the experiments. They were attached to
the rest of the WRS using rubber film, allowing sufficient isolation.

The air inside the WRS was circulated using an internal fan (12V DC, 12 cm diameter).
For the ventilation inlet, significantly dehumidified compressed air at room temperature
(20–25 ◦C) and constant AH of 5 g/m3 was driven through the inlet port installed in the
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nose part at controllable flow rates. The ventilation inlet airflow was measured using an air
rotameter (LZT-6T, Barry Century, China) with 0.5 L/min resolution. At the exhaust outlet,
a thin copper channel with a 25 cm length and 3 mm × 3.5 cm cross-section was installed
as a heat exchanger. To assure steady conditions inside the system, temperature and RH
were measured before and after the FC using thermocouples (k-type) and DHT-22 sensors
(Figure 5c) connected to an A/D sampling microcontroller (CH340 ATmega328 nano V3).

To simulate the principle of edge cooling by ambient air convection (Figure 6a), the
FC temperature regulation in the experiment was implemented using four heat pipes
(Figure 6b) that were attached by aluminum connectors to the stack’s edges from one
side and to water-cooled heat exchanger from their other side. The heat of the coolant
water was removed by two Peltier elements TEC1-12710 installed on heat sinks with fans
(Figure 6b). All the thermal connections were glued using thermal plaster STARS-922 with
thermal conductivity of 0.671 W/(m·K). An Arctic thermal pad with 1.5 mm thickness and
thermal conductivity of 6 W/(m·K) was installed between the stack edges and the heat
pipe connector to prevent stack short-cutting. This method of cooling was firstly tested
without the WRS and revealed satisfying efficiency.
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Figure 6. The designed FC edge cooling for UAV, based on convection by ambient air (a) as was
simulated in the experiments using heat pipes and liquid cooling (b). The coolant liquid is cooled
down by Peltier elements with an attached heat sink and fans.

3.2. Experimental Results

Before connecting the WRS, the FC was tested under standard operating conditions
(open to ambient air, cooled down by an attached fan) to learn its reference parameters. The
measured polarization curve of the stack for current up to I = 7 A is presented in Figure 7.

A total of six experiments with the WRS at different power outputs were performed to
define the practical ranges of λ, measure the obtained relative amount of condensed water
(k), and examine the FCs power output stability for 60 minutes in each case. An example of
the measured temperature and humidity before and after the FC during the experiment
(for the case with I = 4 A and Vair = 14 L/min) is shown in Figure 8. Figure 9 shows the
measured FC power outputs for each of the six experiments as a function of time.



Energies 2022, 15, 6848 10 of 16

Energies 2022, 15, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 6. The designed FC edge cooling for UAV, based on convection by ambient air (a) as was 

simulated in the experiments using heat pipes and liquid cooling (b). The coolant liquid is cooled 

down by Peltier elements with an attached heat sink and fans. 

3.2. Experimental Results 

Before connecting the WRS, the FC was tested under standard operating conditions 

(open to ambient air, cooled down by an attached fan) to learn its reference parameters. 

The measured polarization curve of the stack for current up to I = 7 A is presented in 

Figure 7. 

 

Figure 7. Polarization curves (Voltage and power as a function of current) of the PEMFC, as meas-

ured without a WRS. 

A total of six experiments with the WRS at different power outputs were performed 

to define the practical ranges of , measure the obtained relative amount of condensed 

water (k), and examine the FCs power output stability for 60 minutes in each case. An 

example of the measured temperature and humidity before and after the FC during the 

experiment (for the case with I = 4 A and Vair = 14 L/min) is shown in Figure 8. Figure 9 

shows the measured FC power outputs for each of the six experiments as a function of 

time. 

Figure 7. Polarization curves (Voltage and power as a function of current) of the PEMFC, as measured
without a WRS.

Energies 2022, 15, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 8. (a) A typical variation of temperatures and humidity measured before (blue lines) and 

after the FC (orange lines) with time. In this case, the operating current was I = 4 A, and the hydrogen 

flow was Vair = 15 L/min. (b–d) display the average air temperature and relative and absolute hu-

midity recorded before (blue) and after (orange) the FC. 

 

Figure 9. The measured power as a function of time for the different cases with varying currents 

and ventilation flow rates. 

Measurements of stacks inflow and outflow RH and temperature for each experiment 

reveal the heating process during the first 7–12 min (Figure 8a). It may be due to changes 

in water balance inside the FC membranes caused by changes in the stacks temperature 

and ambient humidity. This results in a slight power output decrease within the first ten 

minutes of operation for most of the experiments (Figure 9). After a steady-state condition 

was attained inside the WRS, the FC power output was relatively stable, with a minor 

decrease in power over time (of <3%) of the experiments at I = 4 A and I = 5 A. During a 

steady-state process, the temperature difference of air before and after the stack was al-

ways about 10 °C (for all the cases) as shown in Figure 8c. Detailed results and measure-

ments for the six experiments are summarized in Table 1. For varying cases with obtained 

power of 20–106 W with ventilation stoichiometries in the range of  = 2.1–2.5 the achieved 

coefficient of water collection, k, was relatively constant (51–60%), which is 70–85% of the 

theoretical amounts of available water for collection. 

Figure 8. (a) A typical variation of temperatures and humidity measured before (blue lines) and after
the FC (orange lines) with time. In this case, the operating current was I = 4 A, and the hydrogen flow
was Vair = 15 L/min. (b–d) display the average air temperature and relative and absolute humidity
recorded before (blue) and after (orange) the FC.

Measurements of stacks inflow and outflow RH and temperature for each experiment
reveal the heating process during the first 7–12 min (Figure 8a). It may be due to changes
in water balance inside the FC membranes caused by changes in the stacks temperature
and ambient humidity. This results in a slight power output decrease within the first ten
minutes of operation for most of the experiments (Figure 9). After a steady-state condition
was attained inside the WRS, the FC power output was relatively stable, with a minor
decrease in power over time (of <3%) of the experiments at I = 4 A and I = 5 A. During a
steady-state process, the temperature difference of air before and after the stack was always
about 10 ◦C (for all the cases) as shown in Figure 8c. Detailed results and measurements for
the six experiments are summarized in Table 1. For varying cases with obtained power of
20–106 W with ventilation stoichiometries in the range of λ = 2.1–2.5 the achieved coefficient
of water collection, k, was relatively constant (51–60%), which is 70–85% of the theoretical
amounts of available water for collection.
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Table 1. Details of the experiments data and results.

Experiment 1 2 3 4 5 6

Stack’s average power (W) 23 ± 0.4 20 ± 1 40 ± 1.4 67 ± 2.4 74 ± 5.2 106 ± 2.5
Stack’s current (A) 1 1 2 3 4 5
Air inflow (L/min) 8 ± 0.25 7 ± 0.25 10 ± 0.25 13 ± 0.25 15 ± 0.25 17 ± 0.25

Air outflow (L/min) * 7.6 6.5 9.4 12.2 14.2 16.1
Hydrogen flow (L/min) 0.6 ± 0.01 0.6 ± 0.01 0.78 ± 0.02 0.99 ± 0.03 1.12 ± 0.02 1.3 ± 0.02

Ventilation air stoichiometry (λ) ** 2.4 2.1 2.4 2.4 2.5 2.4
Average ambient temperature (Tamb) 26.9 ± 0.21 27.4 ± 0.17 25 ± 0.023 24.7 ± 0.42 25.7 ± 0.18 26.7 ± 0.2

AH at saturation for given Tamb
(g/m3) 25.4 26.1 23.1 22.5 23.8 22.1

The expected amount of collected
water (g) ** 30.7 29.6 38.3 49.1 65.0 64.8

The actual amount of collected water
(g) 22 25.2 27.7 40.8 48.5 52.9

Ratio Actual to Expected (%) 71.8 85.3 72.4 83.1 74.6 81.6
Expected coefficient of water

collection k (%) 72.75 70.64 70.53 70.65 72.38 71.05

Achieved coefficient of water
collection k (%) 52.13 60.14 51.01 58.71 54.01 58.00

GHSC of fuel for achieved k (wt%) 5.3 5.5 5.3 5.5 5.3 5.4

* Calculated using Equation (15); ** The specific equations used for calculations are shown in the Appendix A.

Out of the six cases, the highest relative amount of collected water (85.3% of the
theoretical

.
mcoll

H2O) was achieved during the second experiment with the lowest ventilation
stoichiometry of λ = 2.1. However, the average power output of the stack was lower than
during the first attempt performed with the same constant current of 1 A (20 W vs. 23 W);
this may imply that in this setup, λ = 2.1 is a minimal value, and thus λ ≥ 2.4 was specified
for the other cases. In the fourth attempt with I = 3 A and λ = 2.4, 83.1% of the theoretical
amount of water was collected. The achieved coefficient of water collection k was 58.8%,
which means that even for the relatively high ambient temperature (25–27 ◦C) and dry inlet
air, more than half of all the water that entered the system was collected.

These results may be translated (using Equation (8)) to the theoretical average fuel
energy density of GHSC = 5.3–5.5 wt% for the different cases. These values are expected to
become even more significant for lower ambient temperatures and humid inlet air.
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4. Discussion

In this paper, we studied a new method of water recuperation from open-cathode
PEMFC. We developed the corresponding theoretical calculations defining the operation
conditions and an experimental setup to validate the concept feasibility under worst-case
conditions of room ambient temperatures and dry inlet ventilation.

The suggested WRS with circulation and controlled ventilation ports may allow both
sufficient oxygen supply through ventilation to support FCs’ stable operation and the
conditions for vapor condensation inside the dome. The ventilated airflow may be supplied
either by a pump or regulated air intake if such a system is utilized on a fixed-wing drone.

Usual commercially available open cathode PEMFCs are designed to operate at high
ventilation flow rates while the cooling flow greatly exceeds the stoichiometric amount of
air required for stable operation. For example, for a commercial stack with 35 MEA BPP
operating at 100 W and 5 A is about 3 L/min (estimated using Equation (12)), the typical
colling fan (e.g., Noctua NH-U9S) may provide an average flow of 1000 L/min, which
results in stoichiometry λ > 300. According to the theoretical analysis presented here, to
maximize the water collection by the WRS, the ventilation inflow should be decreased to
the minimal amount sufficient for FC stable operation (Figure 3). However, if a ventilation
flow at low temperature and low stoichiometry is supplied directly to an open-cathode
PEMFC, it may cause water condensation inside the stack due to changed water balance in
the MEAs, which in turn might cause cathode flooding and stack operation failure. Thus,
the flow through the stack itself must be high enough to sustain proper water balance,
while ventilation stoichiometry should be as low as possible. Moreover, ventilation is
inevitably associated with the outflow of humid used air and therefore reduces the water
utilization inside the dome.

Indeed, the experiments revealed that while the ventilation flow rate is kept at λ > 2.4,
the FC operation is stable for a relatively long duration (60 min) while placed inside a
semi-closed system. Even with a relatively high ambient temperature of 25–27 ◦C and dry
inlet ventilation, the air circulation, edge cooling, and controlled ventilation allowed for
a constant rate of condensation and collection of more than half of the water entered the
system (from the FC and ventilation). This suggested method may be implemented in
systems that use water as a fuel for light on-demand hydrogen generators (e.g., SBH-based)
and thus can increase the average fuel’s energy density associated with SBH to GHSC of
6.8 wt% and can be further increased if byproduct emission is applied.

With emission, the system’s weight will decrease during operation and overall effi-
ciency will improve. The expected flight time for the UAV, in that case, might be found to
be similar to the Breguet range/flight time equation:

t =
1

χ·SFC
ln

(
Winitial
W f inal

)
(20)

where χ is the drone’s specific power required for a cruise flight measured in kW/kg, SFC
is propulsion system-specific fuel consumption measured in kg/kWh and Winitial/final are
the drone’s initial and final weights.

To illustrate the increase in flight duration for a such system with recuperation and
byproduct emission, let us consider a study performed by Lapena-Rey et.al. [26] who
performed an experimental test of SBH solution-based power pack with a 200 W FC
(AEROPACK) installed on 11 kg maximal take-off weight fixed-wing drone and measured
the real fuel consumption and required power for cruise flight. For the studied case, the
fuel mass was 1 kg, which corresponds to the 1 L volume of 20 wt% SBH solution. This is
similar to the ratio of the generator developed by our research group. The main difference
is that we use a solid SBH solution, which is on-demand mixed with water and catalyst
instead of a premixed solution. The fuel consumption was about 210 g/h at an average
power output of 194 W. Assuming SFC as a linear function of power in the limited FC
operational range (see Supplementary Material), calculation using Equation (20) reveals a
53% increase in flight duration from 4.7 to 7.2 h with 90% water recuperation (for 1 kg fuel,
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as described in [26]) and 60% from 4.7 to 7.5 h with recuperation and emission. Moreover,
if the same system would store 4 kg of fuel out of a 11 kg maximal take-off weight, then the
increase in cruise flight duration and, accordingly, the range would reach 100% (from 18
to 38 hours). That way, utilization of recuperated water along with byproducts emission
reveals a great opportunity to develop long-range lightweight aircraft.

The actual amount of collected water in the experiments is relatively close (70–85%) to
the expected amount of collected water calculated by the theoretical model (Table 1). The
differences between the experimental measurements and the theoretical estimations might
be caused by the following factors.

Despite the satisfying heat removal rate achieved by using the edge cooling method, in-
homogeneous temperature distribution of the stack is revealed during operation (Figure 10a)
with differences of up to 12 ◦C. The stacks’ temperature was measured by a single k-type
thermocouple placed where the highest temperatures were found by a thermal camera
during cooling system testing without WRS (Figure 10a). Moreover, during the experi-
ments with the WRS, the temperatures measured inside the FC (using the thermocouple
mounted inside the stack, shown in Figure 5c) were lower than the temperatures measured
for the stacks outflow (using the DHT, shown in Figure 5c), indicating non-homogenous
temperature distribution in the stack.
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Figure 10. (a) Temperature distribution of the edge-cooled FC (in a case without WRS); (b) magnified
side view of the utilized PEMFC with graphite bipolar plates showing BPP edges misalignment.

Most probably, this was caused by the stack’s edges unevenness. The height difference
between two neighboring BPPs was up to 2 mm (Figure 10b), which resulted in differences
in heat removal rates for each BPP.

During experiments, we were able to reveal extra hydrogen consumption conjugated
with FC heating even with no load applied. This indicates membrane damage: some
hydrogen might flow through it and react with oxygen on the catalyst layer of the cathode
side. Most probably, such damage is a result of the FC’s local overheating caused by the
inhomogeneous temperature distribution. Such a reaction, however, also goes with water
production. Therefore, the total theoretical amount of produced water was calculated using
the measured hydrogen flow rate. A part of the hydrogen, however, might have left the
system through the exhaust without reaction.

This combined issue of membrane overheating, and hydrogen leakage is expected to
be solved by using FC stacks with flat edges, more accurate temperature control, and a
better mixing between the ventilation and recirculating flow.

Another possible reason for the FC local overheating (hot spots) may be uneven
oxygen distribution in the airflow entering the stack since the ventilation inlet was situated
directly in front of the stack’s center (Figure 5c). The partition wall utilized during the
experiment was designed to improve flow mixing and make oxygen distribution more
homogenous, but it is hard to estimate the efficiency of such a solution.

In addition, some insignificant water may be absorbed by the FC and released through
the H2 exhaust port. A part of the water that diffuses to the anode part of the MEA due to
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electro-osmosis [27], saturated the H2 inside the stack and left the system with the FC H2
exhaust (the valve opened once in a minute for one second). The amount of this water was
not measured, but it is expected to be much lower than the amount of recuperated water.
For the actual onboard system, this water might be recuperated if the purged H2 is released
through the WRS exhaust.

Additional possible reasons for discrepancies from theory may include drainage
system imperfection (i.e., part of the condensed water remained inside the WRS), possible
leakage of humid air through the system’s wall without passing the heat exchanger, and
some humid exhaust air left the system (through the heat exchanger) before cooling down
to ambient temperature (it, however, was checked several times during each experiment by
inserting the thermocouple to the heat exchanger).

Despite those limitations, a stable FC performance was observed inside a semi-closed
system in all the examined cases (Figure 9), and the obtained experimental measurements
for water recuperation are in fair agreement with the theoretical calculations (Table 1).

Additional cooling of circulating air by the aluminum foil walls (Figure 5a) assisted
in preventing over-humidifying of the MEAs in the stack. The condensation process was
stable and water dripping was observed from all the parts of the system. Drainage might
be improved by applying hydrophobic–hydrophilic patterns to the inner walls of the
system [28,29].

The obtained theoretical energy density of the fuel in the experiments with worst-case
conditions reached GHSC > 5.5 wt% (Table 1). When high altitudes are considered with
lower ambient temperatures and with product emission, these values are expected to
become even more significant (Figure 2) with up to GHSC = 6.8 wt% for stored fuel. In
addition to that, the emission of reaction products will further increase overall efficiency,
depending on the relative weight of the fuel in the aircraft.

5. Conclusions

The water harvesting method suggested in this work has the potential to significantly
increase the energy density of hydrogen generators based on the hydrolysis of solid hydride
by water. In certain combinations of the system (e.g., using a lightweight FC stack and
a cooling system, combined with an efficient generator with a relatively high amount of
stored fuel and products emission), it may be possible to reach the target of hydrogen
storage set to 5.4 wt% by 2025 with a safely stored, easily operated, and on-demand
hydrogen generation system. Specifically, the described method may be applied for water
recuperation on a UAV, where the FC should be separated from the dry and cold ambient
air. The complete power pack system requires further design efforts: in the described
experimental system, the condensed water was collected by the glass beaker situated under
the cell. Such an approach could easily be employed for multi-rotor UAVs, which allow for
the vertical alignment of a recuperated water reservoir placed under the WRS. However,
the challenge of FC cooling in such a case needs to be further explored. When a fixed-wing
UAV with an integrated FC is considered, we showed in a previous study [19] that radiators
attached to the fuselage (Figure 6a) are sufficient to allow FC edge cooling by convection
for flight speeds >10 m/s. Yet, in this case, the shape of the WRS should be modified to
funnel all the condensed water to one location inside the system.

In the future, we plan to build a similar experimental system with a more suitable fuel
cell that has flat edges and a control system which prevents overheating. Hence, longer
operation periods and various ambient conditions may be examined. Another step will be
to develop a complete energy delivery system based on the combined WRS and Hydrogen
generator with SBH as a hydrogen-stored energy source in a compact power pack.
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Appendix A

The expected amount of collected water:

mexpected
H2O = mproduced

H2O + min
H2O −

.
Vout AH(Tamb)t

mproduced
H2O =

.
VH2 ρH2

MH2
MH2Ot.

min
H2O = AHin

.
Vventt

AHin = 0.005
( g

L
)
; t = 60 min

Stoichiometric air inflow for measured hydrogen flow:
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V
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airρair Mair; ρair = 1.2
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mol
]

.
nst
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2·0.21 =
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at 1.5 pressure and 25◦C

0.21—a molar fraction of oxygen in the air,
.
nst

air—molar flow.
Produced water:

mH2O = t· .nH2O MH2O = t
.·nH2 MH2
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