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Abstract
This paper presents the concept of a passive electrochemical hydrogen recombiner (PEHR). The reaction energy of the 
recombination of hydrogen and oxygen is used as a source of electrical energy according to the operating principle for 
hydrogen fuel cells to establish forced circulation of the hydrogen mixture as an alternative to natural circulation (as is not 
utilized in conventional passive autocatalytic hydrogen recombiners currently used in nuclear power plants (NPPs)). The 
proposed concept of applying the physical operation principles of a PEHR based on a fuel cell simultaneously increases both 
productivity in terms of recombined hydrogen and the concentration threshold of flameless operation (the ‘ignition’ limit). 
Thus, it is possible to reliably ensure the hydrogen explosion safety of NPPs under all conditions, including beyond-design 
accidents. An experimental setup was assembled to test a laboratory sample of a membrane electrode assembly (MEA) at 
various hydrogen concentrations near the catalytic surfaces of the electrodes, and the corresponding current–voltage charac-
teristics were recorded. The simplest MEA based on the Advent P1100W PBI membrane demonstrated stable performance 
(delivery of electrical power) over a wide range of hydrogen concentrations.

Keywords  Recombiner · Catalytic ignition · Hydrogen explosion safety · Hydrogen fuel cell · Membrane electrode 
assembly

1  Introduction

The issues associated with ensuring hydrogen safety in 
nuclear power plants (NPPs) with VVER light water reac-
tor-type reactors are central to the safety validation of such 
power units. The main sources of hydrogen inflow into NPP 
containment zones arise from the interaction of zirconium 
fuel rod claddings with cooling water (steam) during core 
heating in emergency modes and the interaction of the core 
melt with the concrete of the reactor shaft.

The release of a significant amount of hydrogen into the 
containment zones can lead to the formation of an explo-
sive environment and trigger hydrogen deflagration and 

detonation. These processes are accompanied by destruc-
tion of the equipment in the first circuit of the NPP and 
safety systems, which can lead to destruction of the contain-
ment. Violation of the integrity of the containment leads 
to radiation contamination of adjacent territories, result-
ing in significant costs for their subsequent rehabilitation 
[1–4]. One of the main methods for preventing the formation 
of an explosive concentration of hydrogen at NPPS with 
VVER(LWR)-type reactors is the catalytic (flameless) com-
bustion of hydrogen using passive autocatalytic hydrogen 
recombiners (PARs) [3, 4, 17, 18].

The operation principle of PARs is based on the oxidation 
of hydrogen on the surface of a catalyst (usually containing 
platinum). This reaction is exothermic and proceeds with 
the release of energy: 2H2 + O2 → 2H2O (steam) + 244.9 kJ/
mol. Thus, no additional external energy is required to bind 
hydrogen. The PAR is a completely passive device that com-
plies with the safety rules at NPPs mandatory for localizing 
safety systems.

The actual reaction of hydrogen oxidation on platinum (a 
heterogeneous mechanism of chemical reactions) is multi-
stage, and depending on the approach, 12 to 16 steps should 
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be considered [5, 6, 19–21]. Ideally, the detailed mecha-
nism of the chemical reactions should be considered when 
simulating the operation of a PAR. In practice, the detailed 
mechanism is simplified to the one-step exothermic reaction 
described above, with some model reaction rates derived 
from the detailed kinetic mechanism with reasonable sim-
plifications. The best-known models are the Schefer and 
Kasemo models [6, 7]. However, such an approach funda-
mentally does not make it possible to numerically capture 
the transition of the catalytic oxidation of hydrogen into its 
volumetric combustion, which is an extremely undesirable 
ignition of the hydrogen–air mixture. At the same time, 
the threshold volumetric concentration of hydrogen, which 
characterizes the transition from the flameless recombination 
mode to the ignition mode with the release of an open flame 
outside the PAR housing, is an important characteristic for 
the analysis of hydrogen safety; this is referred to as the 
‘ignition threshold’.

Among the various recent developments in PARs created 
by various companies in different countries, only RVK-500, 
RVK-1000 (JSC INPK RET) [8], and FR90 (SIEMENS, 
AREVA) [9] are certified and used in NPPs.

The designs of all the PARs in use are almost identical; 
they comprise a stainless steel (SS) casing in which a cata-
lytic block is placed and through which a hydrogen–air gas 
mixture is pumped in the natural circulation mode, with air 
ducts to remove the gas mixture (after hydrogen recombina-
tion). The differences lie in the design of the catalytic blocks. 
The FR 90/1 catalytic block comprises a set of metal plates 
(thickness: 0.2 mm, height: 200 mm, width: 140 mm) with a 
catalytic coating that are arranged in parallel along the direc-
tion of the vapor–gas flow [9]. The catalytic blocks of the 
RVK-500 and RVK-1000 PARs comprise a set of ceramic 
rods (diameter: 6 mm) with a catalytic coating and a surface-
protective hydrophobic coating; the rods are arranged in par-
allel along the direction of the vapor–gas flow.

In the event of a severe accident involving a core melt 
and the subsequent interaction of the corium with concrete 
(in the absence of a melt localization device), a signifi-
cant amount of hydrogen can be released. According to 
various estimates, in such an accident at an NPP with a 
VVER-1000-type reactor, up to 3000 kg of hydrogen can 
be released. To enable the processing of this amount of 
hydrogen, the required number of recombiners and their 
locations are calculated to confirm the hydrogen safety 
of NPPs. The initial data for such calculations include 
the capacity of the recombiner for hydrogen, the ignition 
threshold, and the typical time to start, which are pro-
vided by the manufacturer in the technical specifications 
for the equipment. However, these characteristics are only 
valid for the conditions under which they were obtained 
during tests on experimental standards. They do not con-
sider many factors present in the actual conditions of the 

accident, such as the actual hydrodynamic situation at the 
location of the recombiner. Thus, the presence of a hydro-
gen-containing mixture flowing from above and below will 
suppress (disrupt) the natural circulation through the PAR, 
which then significantly affects both its flow characteris-
tics and the ignition threshold value.

Thus, with a physical model of the functioning of mod-
ern PARs based on the use of the natural circulation of a 
hydrogen–air mixture, the characteristics of the recombiner 
(based on which the safety of NPP power units is assessed) 
significantly depend on the variable external conditions of 
the accident. This introduces uncertainties both in terms of 
the validation of safety by modern calculation tools and the 
performance under real accident conditions.

The natural circulation of the hydrogen–air mixture 
results in low specific productivity (productivity per unit 
catalytic surface) of the PAR and a low ignition threshold. 
The RVK-1000 PAR has a productivity of 0.157 kg/h (data 
obtained at a hydrogen volume concentration of 4% and 
pressure of 0.15 MPa under ideal test bench conditions), 
with a total catalytic surface area of 1.2 m2 and an ignition 
threshold of 11% (data obtained during tests with a hydro-
gen–air mixture diluted with steam) [8]. The FR 90/1–1500 
PAR has a productivity of 5.36 kg/h (data obtained at hydro-
gen volume concentration of 4% and pressure of 0.15 MPa 
under ideal test bench conditions), with a total catalytic sur-
face area of 11 m2 and an ignition threshold of 8% (data 
obtained without diluting the vapor of the hydrogen–air 
mixture) [9].

A small specific productivity leads to the need to increase 
the area of the catalytic surface, which increases the weight 
and size characteristics of the PAR, as well as the number 
of PARs per power unit, to ensure the adequate removal of 
hydrogen released during an accident. These circumstances, 
coupled with the fact that recombiners are preferably posi-
tioned as high as possible in containment areas, lead to an 
increase in the mechanical load on the containment, which 
can negatively affect its secure sealing, especially under seis-
mic and other external loads.

A low ignition threshold means that there is an insuf-
ficient margin for such a critically important parameter, 
thereby limiting the scope of the recombiner performance 
for the safety function assigned to it as a localizing safety 
system. These limitations are particularly important when 
considering the processes of hydrogen stratification in large 
areas, resulting in the formation of areas with an increased 
volume concentration. Thus, the local volumetric concentra-
tion of hydrogen in some areas can significantly exceed the 
average volumetric concentration, and a PAR placed in such 
areas can initiate the deflagration of the gas mixture.

Consequently, to ensure reliable hydrogen safety in all 
types of possible severe design and beyond-design accidents, 
and to reduce the mechanical impact on the containment, it 
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is essential to utilize a recombiner that can provide a higher 
productivity in terms of recombined hydrogen and, simulta-
neously, a higher ignition threshold with smaller weight and 
size characteristics (a small catalytic surface area) than exist-
ing PARs. Furthermore, the proposed recombiner should 
guarantee the absence of the influence of external aerody-
namic conditions on the characteristics of the recombiner 
and yield a shorter time constant for reaching the stationary 
mode when the hydrogen concentration changes at the loca-
tion of the recombiner.

It is not possible to achieve a significant increase in the 
specific productivity of a recombiner (the productivity of a 
unit of catalytic surface) with a simultaneous increase in the 
ignition threshold by simply modernizing the existing design 
of PARs because of the limitations inherent in the physical 
model of the operation of the PAR. Existing PARs are based 
on the principle of direct hydrogen recombination with oxy-
gen on the surface of the catalyst described above, which, 
due to the exothermic nature of this reaction, is accompanied 
by a significant release of heat on the surface of the catalytic 
elements. This heat is removed in the natural circulation 
mode at low flow velocities of the hydrogen–air mixture 
(generally not exceeding 1–2 m/s), and the same flow deliv-
ers new hydrogen to the catalytic surface for further recom-
bination with heat release. Correspondingly, the low produc-
tivity of existing PARs is a direct consequence of the low 
rate of natural circulation because the maximum possible 
potential productivity of the catalytic surface for recombi-
nant hydrogen, in accordance with the Schefer model [8], is 
many times greater than that implemented in PARs. Thus, 
the balance between the processes of energy release and heat 
removal depends on the volume concentration of hydrogen 
and determines the level of heating of the catalytic surface 
of the catalytic elements to temperatures that can cause igni-
tion of the hydrogen–air mixture at hydrogen concentrations 
of ~ 8–11% (depending on the design of the PAR). In turn, 
the steady temperature of the catalytic surface determines 
the intensity of natural circulation and the pumping rate of 
the hydrogen mixture through the recombiner. In the current 
design of PARs, this balance can be shifted slightly in one 
direction or another, for example, by reducing the energy 
density (reducing the specific productivity) by applying 
additional coatings to the catalytic surface, or by improving 
the heat removal conditions by changing the shape of the 
catalytic elements.

Thus, within the framework of the physical model of a 
PAR, an increase in the ignition threshold is possible with a 
decrease in the specific productivity for recombined hydro-
gen and consequently the PAR productivity as a whole. This 
leads to an increase in the number required for installation 
in a power unit to ensure satisfaction of the hydrogen safety 
criteria. This, in turn, leads to an increase in the correspond-
ing mechanical load on the containment.

On the other hand, an increase in productivity (with a 
practically unchanged specific productivity and ignition 
threshold) can be achieved only through simple scaling 
(increasing the area of the catalytic surface); however, this 
also increases the weight and size characteristics and the 
mechanical load on the containment.

Therefore, it is evident that there is a need to create PARs 
that operate on other principles, allowing us to simultane-
ously increase both the productivity and the ignition thresh-
old. This will allow the creation of PARs capable of reliably 
ensuring the hydrogen safety of NPPs under all types of 
conditions, particularly beyond-design-based accidents.

2 � Proposed design and main principles 
of operation of a passive electrochemical 
hydrogen recombiner

As indicated above, the primary factor limiting the possi-
bility of a noticeable increase in the main characteristics 
of the PAR is the principle of using the natural circulation 
of the hydrogen–air mixture through the catalytic unit of 
the recombiner. This principle of the PAR performance is 
determined by the requirements of the regulatory documents 
for passive safety systems. In accordance with the IAEA 
classification IAEA-TECDOC-626 ‘Safety related terms for 
advanced nuclear plants’ (definitions of terms related to the 
safety of nuclear plants), the following definitions apply:

Passive component—a component that does not require 
an external signal or external power supply for its operation.

Passive system—a system that consists entirely of passive 
components, or uses an active component in a very limited 
manner to initiate the corresponding passive component.

In accordance with this classification, passive systems 
are divided into categories A, B, C, and D based on their 
design features. For example, passive systems are classified 
as category C if the following requirements are satisfied:

•	 No signal inputs of ‘intelligence’;
•	 No external power sources or forces;
•	 Moving mechanical parts, whether or not moving work-

ing fluids are also present.

Thus, the physical model of the recombiner in which 
the natural circulation of the hydrogen mixture through the 
recombiner is replaced by forced circulation with a higher 
pumping rate of the hydrogen mixture through the recom-
biner can provide significantly improved performance char-
acteristics; however, it is necessary that the system retains 
the passive principle of operation.

To satisfy these requirements, the design of a passive 
electrochemical hydrogen recombiner (PEHR) is proposed. 
The operation of the proposed PEHR is based on other 
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physical principles, allowing the emergency process itself 
to be used as an energy source for operation of the safety 
system. The proposed technical solution is based on the tech-
nology of a hydrogen fuel cell (FC). The FC is employed 
as an active element that converts the chemical energy of 
hydrogen oxidation into electrical energy to replace the natu-
ral circulation of the hydrogen mixture through the catalytic 
unit with forced circulation at high pumping speeds. The 
requirement for passive operation of the system is met. The 
main active element in the design is a membrane electrode 
assembly (MEA), the main elements of which are anode 
plates and cathodes coated with a platinum catalyst and a 
membrane that provides proton conductivity. In a classical 
fuel cell (CFC), pure hydrogen must be present on the anode 
side at low temperatures, which is impossible to ensure when 
the recombiner operates under severe emergency process 
conditions. Therefore, both the process itself and MEA 
should be experimentally validated to ensure their safe and 
effective use.

Figure 1 shows generalized schemes of the PEHR (left 
side) and a catalytic block [10].

A PEHR includes an SS housing in the form of a verti-
cally oriented casing with input and output sections. The 
housing is designed to direct the flow of the gas mixture 
through the device from bottom to top. The catalytic 
blocks and a compressor are located inside the housing. 
As shown in the diagram, the catalytic block contains 
a channel with inlet and outlet zones. An FC is located 

inside the channel. The FC is installed such that its anode 
is located in the inlet zone of the channel, and its cath-
ode is located in the output zone of the channel. FCs are 
connected in parallel to provide power to the compressor. 
Radiators are located in the channel and provide additional 
heat removal from the exothermic recombination of hydro-
gen and oxygen.

The principle of operation of the PEHR is as follows: The 
ambient gas mixture enters the catalytic block through the 
inlet section of the housing and exits through the outlet sec-
tion. In the absence of hydrogen in the zone with the PEHR, 
oxygen in the environment is present in the inlet and outlet 
zones. The FC does not generate electric current, and the 
compressor does not work. When hydrogen enters the zone 
with the PEHR, it first enters the input zone of the channel. 
At the anode catalyst of the FC, molecular hydrogen disso-
ciates and loses electrons. Hydrogen cations are conducted 
through the membrane to the cathode, and electrons are sup-
plied to the external circuit because the membrane does not 
allow passage of electrons. The FC begins to generate an 
electric current, and as a result, the compressor is switched 
on, which ensures pumping of the gas mixture containing the 
recombined gas through the PAR in forced circulation mode.

The PEHR should provide the following operating modes, 
depending on the hydrogen concentration.

At a volume concentration of hydrogen (1–N) vol%, the 
catalytic recombination of hydrogen and oxygen occurs at 
the anode, and partially at the cathode, without delivering 

Fig. 1   Schematic of a passive electrochemical hydrogen recombiner (PEHR) [10]. Left: working principle and membrane electrode assembly 
(MEA). Right: single module with a MEA. See text for details
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significant electrical power. The threshold value of N vol% at 
which a significant increase in electric power occurs should 
be determined experimentally and should not exceed 2–3 
vol% [12]. The hydrogen–oxygen gas mixture is pumped by 
natural circulation through the flow parts of catalytic unit 4 
and fan 5. Heat is removed by the flow of the gas mixture.

At a hydrogen volume concentration of (N–18) vol% (18 
vol% is the lower limit of detonation), the reactions proceed 
on the FC with a proportional output of electric power to 
the fans. The gas mixture is pumped by forced circulation. 
Heat is removed by the flow of the gas mixture, as well as 
through the radiator plates. Simultaneously, because of the 
more intensive delivery of hydrogen (compared to existing 
designs) to the catalytic element of the hydrogen–oxygen 
mixture in the forced circulation mode, the performance of 
the recombiner increases significantly. A significant increase 
in the productivity of a conventional recombiner depending 
on the speed of the hydrogen–air mixture was reported by 
Klauck et al. [11]. At the same time, the ignition thresh-
old increases owing to the following processes: greater heat 
removal in the forced circulation mode; conversion of part 
of the energy of hydrogen oxidation equal to the efficiency 
of the FC not into thermal energy, which heats the surface 
of the catalyst, but into electrical energy and then into the 
mechanical drive of the compressor; and release of part of 
the hydrogen oxidation energy in the form of thermal energy, 
which heats the catalyst surface not at the anode, but at the 
cathode, where the hydrogen concentration is much lower.

A very important characteristic of the recombiner effi-
ciency is the time constant for reaching the steady-state 
mode of hydrogen recombination, which entails a sharp 
change in the hydrogen concentration at the NPP inlet and 
determines the dynamic characteristics of the recombiner. In 
the event of a rapid change, e.g., in the scenario of a severe 
beyond-design accident at an NPP, the operation of a sprin-
kler system when the pressure of the containment exceeds 
the values established for safe operation will result in a rapid 
condensation of water vapor in the containment and a sharp 
decrease in pressure, producing a corresponding increase in 
the volume concentration of hydrogen. An increase in the 
local hydrogen concentration can have the same effect when 
the forced convection of the hydrogen mixture external to 
the recombiner changes in the containment during a severe 
beyond-design accident. A PEHR with forced circulation 
of the hydrogen mixture through the recombiner is clearly 
better adapted to such situations than a PAR and will thus 
have much better dynamic characteristics.

Because the electrical energy for driving the fan and 
creating forced circulation of the gas mixture through the 
recombiner is generated from the energy of the redox reac-
tion of hydrogen on the catalytic surface of the MEA, the 
operation of the system depends only on the emergence of 
hydrogen; it does not require any other control action or 

external energy source. Thus, in accordance with the pre-
sented operational process and international classification, 
the PEHR is a passive safety system of category C that has 
mechanical moving parts.

3 � Electrochemical processes on the MEA 
surface

The proposed hydrogen recombination system includes two 
interrelated and competing processes: ‘the conventional 
process,’ i.e., catalytic recombination of hydrogen and oxy-
gen on platinum catalytic elements (anode and cathode), 
and electrochemical recombination with power generation, 
which is characteristic of an FC.

In general, recombination can occur on the catalytic sur-
faces of both the anode and cathode depending on the direc-
tion of the hydrogen flow in the presence of oxygen. How-
ever, because hydrogen is consumed along the path from the 
anode to the cathode (Fig. 1), the concentration of hydrogen 
at the cathode is expected to be much lower than that at the 
anode. Moreover, maximum hydrogen consumption in the 
anode section of the tract is essential for more efficient pro-
ton migration through the membrane.

Let us consider a simplified physical model in which there 
is no (or negligible) hydrogen in the cathode region. In other 
words, we assume the presence of an ideally optimized MEA 
in which all hydrogen is fully absorbed in the anode region. 
The model must consider two competing processes, both of 
which ultimately lead to the recombination of hydrogen and 
oxygen into water. The first is the typical recombination pro-
cess on the catalytic surfaces of the electrodes. The second is 
a redox process common in FCs: hydrogen oxidation occurs 
at the anode and a reduction process occurs at the cathode.

The mechanism and kinetics of the recombination reac-
tion on the catalytic surface have been investigated in vari-
ous studies [15–18], and detailed analyses of the recombi-
nation reaction have been performed for the cases before 
(pre-ignition) and after catalytic ignition.

Although the first case does not occur in practical situ-
ations where recombination is used, it is important for the 
process considered here. Figure 2 shows the change in sur-
face coverage caused by various components of the recom-
bination reaction depending on the catalyst temperature at 
a fixed initial hydrogen concentration in the air mixture (2 
vol% in the presented calculation). At a lower temperature 
(to the left of the discontinuity point in the graphs at approx-
imately 430 K), the hydrogen coating is dominant, while the 
oxygen coating is dominant on the right side of the discon-
tinuity point. The gap in the degree of catalyst coverage by 
various reaction components indicates the onset of catalytic 
ignition [5].
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Figure 3 shows the change in the rate of the recombina-
tion reaction depending on the surface temperature at dif-
ferent hydrogen concentrations. There is a sharp saturation 
in the reaction rate when switching to the catalytic ignition 
mode on the surface. For different input hydrogen concentra-
tions, this transition is observed at different temperatures.

Figure 4 shows the calculated catalytic ignition curve 
(data from Prabhudharwadkar et al. [13]) depending on 
the proportion of hydrogen on the catalyst surface, where 
the catalytic ignition region is above the curve, and the 
pre-ignition region is below the curve. From these cal-
culations, it is concluded that at temperatures exceeding 
the catalytic ignition temperature, the catalytic coating of 

the electrode functions as a conventional Pt catalyst for 
the recombination of hydrogen and oxygen on its surface 
because its coverage with hydrogen is rather low (several 
orders of magnitude lower than that with oxygen).

The dependencies reported in the literature [13] (and 
presented in Figs. 2, 3, 4), which are derived based on 
the detailed mechanism of the recombination reaction [5, 
6], provide a fairly good confirmation of the experimental 
temperatures of catalytic ignition [5]. Simultaneously, the 
expression for the recombination rate reported in the lit-
erature [13] gives a rather high consumption of hydrogen 
at high temperatures and moderate hydrogen concentra-
tions compared with the Schefer formula [7]. The latter 
gives ~ 2.3 × 10–4 kmol/m2s at 4% hydrogen and a catalyst 
temperature of approximately 500 K (the approximate cat-
alytic ignition exit temperature, Fig. 4), i.e., ~ 0.12 g/m2s 
for hydrogen-specific consumption. This is almost twice as 
high as that of the FR 90/1–960 recombiner under natural 
circulation conditions and a higher catalyst temperature. 
However, as shown by the results of the calculations pre-
sented in Fig. 3, if the catalytic ignition mode is reached, 
an increase in the catalyst temperature has practically no 
effect on the reaction rate. Such a difference in the hydro-
gen removal rates unambiguously indicates that the rate 
of delivery (the amount of diffusion) of the component 
to the catalyst surface significantly affects the overall rate 
of hydrogen removal. Therefore, the direct application of 
the formulae of Kasemo et al. [5] and Schefer [7], which 
depend only on the concentrations of hydrogen and oxygen 
and the catalyst temperature without considering the ther-
mal–hydraulic processes in the system, will yield unrea-
sonable results.

Fig. 2   Dependence of the surface coverage (in terms of fraction of 
the total area) of the catalyst with hydrogen and other components 
on the temperature of the catalyst. Calculations for 2 vol% hydrogen. 
Data taken from Prabhudharwadkar et al. [13]

Fig.3   Dependence of the rate of hydrogen recombination on tempera-
ture. Data taken from Prabhudharwadkar et al. [13]

Fig.4   Ignition temperature on the catalyst surface depending on the 
proportion of hydrogen on the surface. Data taken from Prabhudhar-
wadkar et al. [13]
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Nonetheless, the approach developed by Prabhudhar-
wadkar et al. [13] makes it possible to numerically sub-
stantiate the ignition temperatures and regions of pre-igni-
tion and catalytic ignition. It should be noted that 500 K 
is a rather low temperature that cannot be achieved with 
natural circulation; hence, forced circulation is necessary. 
The latter, in turn, can both increase the rate of hydrogen 
delivery to the catalytic surface and maintain a low tem-
perature that is not lower than the temperature of catalytic 
ignition, but not higher than the temperature at which the 
transition to volumetric ignition of the gas phase is pos-
sible. Thus, the solution to the problem of safe and effec-
tive hydrogen removal with the PEHR requires significant 
optimization calculations and experimental studies.

Let us assume that our recombiner operates at a catalyst 
surface temperature close to 500 K and an initial hydro-
gen concentration of 4 vol%. We consider the pre-ignition 
recombination mode (before catalytic ignition) up to the 
point of transition to the catalytic ignition mode for this 
concentration (Fig. 4). This implies that the catalytic sur-
face of the anode will be mostly covered with hydrogen, 
and the only possible process is the adsorption and dis-
sociation of hydrogen on the platinum surface.

The electrical efficiency can be estimated as for con-
ventional FCs [15]:

where the following apply: ethermo =
ΔG

ΔH
∼ 0.75 is the ideal 

FC efficiency in a completely reversible thermodynamic pro-
cess at a temperature slightly below 500 K; ΔH = ΔG + TΔS 
is the recombination enthalpy, and ΔG is the Gibbs free 
energy (− 237.17 kJ/mol); evoltage = V∕E is the FC voltage 
efficiency, including losses caused by irreversible kinetic 
effects in the FC, where V is the actual operating voltage 
and E is the thermodynamically reversible voltage for the 
FC; efuel =

i

2F
∕vfuel is the fuel efficiency because not all of 

the fuel (hydrogen) supplied to the FC will participate in the 
electrochemical reaction. Some of the fuel may undergo side 
reactions that do not produce electricity. In addition, some of 
the fuel will simply flow through the FC without participat-
ing in the reaction. Here, i is the current density (A/m2), and 
vfuel is the fuel delivery rate to the cell (mol/m2s).

Assuming that the operating voltage is approximately 
0.5–0.6 V (which is a reasonable value for FCs), and the 
current density is close to I ~ 1 A/cm2, evoltage of 0.5 and 
efuel ~ 1 at can be estimated at a 4 vol% hydrogen con-
centration, which is a rate corresponding to the almost 
natural circulation of the of the mixture. (In this case, only 
relatively minimal forced circulation is required.) Thus, 
the electrical efficiency can be as high as 0.4 in this case. 
At a higher hydrogen concentrations, forced circulation 
will play a fundamental role. However, for all hydrogen 

e = ethermoevoltageefuel,

concentrations, it is necessary to provide efuel ~ 1, which 
can be achieved by optimizing the channel geometry.

The cell heat release can be defined as follows [15, 16]:

where � is the overvoltage due to ohmic losses and other 
parasitic processes (up to 0.5–0.6 V), and F is Faraday’s 
constant. Thus, for the conditions specified above, the heat 
release can be estimated to be in the range of 9–10 kW/m2.

The electrical power generated by the cell is given as 
follows [15, 16]:

which gives a value of approximately 4–5 kW/m2 under the 
above conditions and approximately 9–10 kW/m2 if there are 
no ohmic losses (η = 0). This estimate should be considered 
an ideal scenario; we expect that under real conditions, the 
current density will be much lower than 1 A/cm2. However, 
this value of useful electrical energy is the upper possible 
limit at the assumed current density.

The above figures show that the electrochemical pro-
cesses on the surface of the anode and cathode, which 
depend on the concentration of hydrogen and the rate of 
pumping of the hydrogen–air mixture, must be calculated 
more accurately. However, such calculations should only be 
carried out in accordance with computational fluid dynam-
ics (CFD) calculations for the entire structure, considering 
a detailed account of the chemical reactions on the catalyst 
surface. In the next stage of our research, we plan to cre-
ate and verify such a numerical model and substantiate the 
experimental tests. In the future, it will be necessary to con-
sider recombination together with ‘poisoners’ (water vapor, 
carbon dioxide, carbon monoxide, etc.), which are expected 
to be present in the atmosphere under the protective shell of 
a nuclear power unit in a severe beyond-design accident, as 
well as issues pertaining to ensuring the required resources 
in standby mode.

4 � Laboratory model

To determine the general physical principles of PEHR oper-
ation based on the dissociation of hydrogen at the anode fol-
lowed by recombination at the cathode, a laboratory model 
of a hydrogen cell was developed. An experimental setup 
was created to test the MEA (Figs. 5 and 6) using a PBI 
membrane (P1100W) manufactured by Advent (http://​www.​
advent-​energy.​com/). (Experimental work was carried out in 
the laboratory at HySA Infrastructure, South Africa.) Cata-
lytic layers were deposited using a Vulcan XC 72 catalytic 
powder with 20% Pt content. Because the PEHR does not 

qin =
i

2F
TΔS − |�i|,

P =
i

2F
(−ΔG) − |�i|,

http://www.advent-energy.com/
http://www.advent-energy.com/
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require long-term operation with maximum efficiency, and 
the cost of the device is the limiting factor, we considered 
it suitable to use the simplest three-layer MEA without gas 
diffusion layers. The total active area of the working sec-
tion was ~ 25 cm2. The FC was not optimized (e.g., for spray 
uniformity and composition of the catalytic layers, sealing 
quality, size of the active area, and other factors).

The tests were carried out with MEA temperatures of 
60 and 100 °C (manufacturer recommended temperatures: 
120–180 °C) at various hydrogen concentrations on the 
anode and cathode sides (10.5–100%). At this evaluation 
stage, very small currents were used (up to 1300 mA), which 
corresponded to a current density of 0.052 mA/cm2. This 
was shown to be adequate for assessing the prospects of the 
selected research direction.

Figure 7 shows the current–voltage characteristics of 
the MEA at 100 °C. Pure hydrogen was supplied from the 

anode side at a flow rate of 40 ml/min. Three versions of 
the mixture from the cathode side were considered: pure 
air, an air–hydrogen mixture with a hydrogen concentration 
of ~ 10.5 vol%, and an air–hydrogen mixture with a hydrogen 
concentration of ~ 19 vol%, corresponding to hydrogen flow 
rates of 20 and 40 ml/min, respectively. Air was supplied 
from the cathode side at a flow rate of 171 ml/min. The first 
option represents the classical use of a hydrogen cell with 
proven high efficiency [15]. The tests clearly demonstrated 
a significant dependence of the power, and hence the effi-
ciency of the cell, on the difference in hydrogen concentra-
tion at the anode and cathode. At a hydrogen concentration 
of 19% in the mixture at the cathode, the power and hence 
the efficiency of the cell were very low.

Figure 8 shows the current–voltage characteristics of 
the MEA at 60 °C. We also considered two variants with 
pure hydrogen from the anode side and a mixture from the 
cathode side: pure air and an air-hydrogen mixture with 
a hydrogen concentration of ~ 10.5 vol%. The test results 
revealed that the cell efficiency decreased at lower tempera-
tures, as expected. The latter two options considered events 
expected during actual operation of the cell. The anode side 
was supplied with a mixture of 10.64 vol% or 19.23 vol% 
hydrogen, while the cathode was supplied with clean air, 
thus implying an ideal recombiner cell operation, in which 
all of the hydrogen has time to dissociate or recombine at the 
anode surface before a change in of the flow (Fig. 1) to the 
cathode surface area. It should be noted that at sufficiently 
high hydrogen concentrations (here 19.23 vol%), the cur-
rent–voltage characteristics of the MEA are very similar to 
those of the classical use of a hydrogen cell. This can be 
related to the efficiency of using hydrogen in the selected 
channel geometry, i.e., for the effective functioning of such 

Fig. 5   Test cell and setup: front view

Fig. 6   Titanium gas flow distributors with electrical outlets

Fig.7   Current–voltage characteristics of the experimental cell at 
100 °C. At the cathode: clean air. At the anode: mixtures with various 
concentrations of hydrogen
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a cell; this concentration of hydrogen from the anode side 
is sufficient, and the rest simply does not have time to react. 
At a hydrogen concentration of 10.64 vol% at the anode, the 
situation is less unambiguous, and the efficiency is clearly 
lower. To date, no optimization of the cell geometry has 
been carried out; however, it is expected that optimization of 
the MEA channel geometry will increase its efficiency. We 
envisage that such tests and substantiating calculations will 
be carried out in the next stages of our research.

5 � Summary and conclusions

The design of a PEHR based on HFC technology is pro-
posed. Hydrogen removal is carried out using the hydro-
gen dissociation reaction at the anode and the diffusion of 
hydrogen ions through an ion-exchange membrane to the 
cathode, followed by their recombination with oxygen at 
the cathode, resulting in the output of electric power. In 
this case, part of the released energy of hydrogen oxida-
tion is converted into electrical energy (the efficiency of the 
FC depends on the hydrogen concentration) and then into 
mechanical energy of the fan drive, which ensures pumping 
of the hydrogen–oxygen mixture through the recombiner in 
forced circulation mode at a significantly higher speed than 
in natural circulation. Therefore, heat generation at the FC 
can be optimized to a level lower than that at the catalytic 
elements of existing passive catalytic hydrogen recombin-
ers. With an increase in the pumping speed of the gas mix-
ture, the rates of heat removal and hydrogen delivery to the 
FC are increased. Thus, the productivity of the recombiner 
increases, with a significant decrease in the temperature of 

the catalytic element and a corresponding increase in the 
ignition threshold. Within a certain temperature range, 
hydrogen from the hydrogen–oxygen mixture dissociates 
more efficiently on the catalyst than directly recombining 
with oxygen without generating electrical power. The use of 
forced circulation of the hydrogen–oxygen mixture through 
the recombiner significantly improves its dynamic charac-
teristics (the time constant for achieving maximum perfor-
mance with an abrupt change in hydrogen concentration) 
in comparison with a natural circulation recombiner. This 
is particularly important when the hydrogen concentration 
abruptly changes with containment, e.g., when the sprinkler 
system is activated.

To study the capabilities and performance of the HC at 
various hydrogen concentrations on the anode and cathode 
sides, a simple laboratory model of a hydrogen cell was 
assembled, and an experimental setup was created to test 
the MEA. The simplest MEA (three layers and a seal) based 
on the Advent P1100W PBI membrane demonstrated sta-
ble performance (delivery of electrical power) over a wide 
range of hydrogen concentrations at the anode and cathode 
(10.5–100 vol% and 0–18.96 vol%, respectively) and tem-
peratures of up to 100 °C.

It has been demonstrated that at a hydrogen concentration 
of 19.23 vol% at the anode, the current–voltage character-
istics are very similar to the classical case with 100 vol% 
hydrogen at the anode. Thus, the HC may be optimized for 
operation not only with pure hydrogen, but also for spe-
cific designated goals. At ~ 10 vol% hydrogen at the anode, 
the cell power is noticeably lower, but it is possible that it 
would be adequate to power the fan pumping the hydrogen 
mixture through the PEHR. Furthermore, the geometry of 
the MEA channels can be optimized to achieve more effi-
cient hydrogen utilization. A numerical model for geometric 
optimization based on CFD calculations is currently under 
development.

A significant dependence of the current–voltage char-
acteristics on the temperature was also determined. As the 
temperature increased, the current–voltage characteristics 
of the MEA improved.

The initial tests conducted at this stage of research were 
carried out without optimizing the characteristics or geom-
etry of the MEA laboratory sample; nonetheless, our results 
clearly demonstrate the general physical principle and pros-
pects for the proposed development of a PEHR to enable 
more efficient and safer removal of hydrogen.
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