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Abstract—A model calculation of the startup of a power plant based on a polymer electrolyte membrane fuel
cell (PEMFC). The power plant is equipped with a recombiner with a nanostructured hydrogen oxidation
catalyst and a bubbler, filled with methanol, which absorbs water vapor, drying the heated air to prevent ice
formation inside the fuel cell, which allows for autonomous cold start and operation in the Arctic region.
A mathematical model was developed of start-up of PEMFC capacity 1 kW from ambient temperature in the
Arctic region to the operating temperature of the fuel cell (warming up from —50 to +50°C). The character-
istics of the heating modes were determined for the gradients of the fuel cell heating rate from 0.1 to 0.5°C/s.
The proposed scheme of the heating unit and the mode of starting the power plant make it possible to reduce
the heating element heating time to the operating temperature to ~6 min, as well as to reduce the volume of
the heating unit used and to reduce the consumption of hydrogen supplied in a mixture with air to 3 vol %.
The proposed scenario of cold start ensures the temperature stability of the heating unit, which guarantees the
safety of heating the fuel cell and the installation as a whole. The use of methanol to remove water vapor from
the hydrogen stream and replace them with methanol vapor allows the cold start temperature of the fuel cell
to be reduced to -50°C due to the prevention of crystallization of water vapor in the bulk of FC components

at the initial stages of heating.

DOI: 10.1134/S1995078020030155

INTRODUCTION

The problem of energy supply to the Far North and
the Arctic under conditions of sharply negative tem-
peratures and underdeveloped infrastructure, is
urgent. A promising and modern solution to this prob-
lem is the introduction of environmentally friendly
and efficient energy generation technologies, in par-
ticular technologies based on the use of proton
exchange membrane fuel cells (PEMFC). PEM fuel
cells operate in ambient temperature ranges from —20
to +50°C without additional energy supply [1], but
starting them at sharply negative, arctic temperatures
up to —50°C is a challenge.

Investigations into the operation of fuel cells at low
temperatures began long ago [2—6]. There have been
practical advances in starting PEMFC in the tempera-
ture range from —20 to —15°C [7—10]. However, no
optimal solution to the problem of cold start-up of
power supply systems with PEM fuel cells has been
found, which indicates the relevance of additional
research in this area [11—13].

Cold start strategies for PEMFC-based power
plants can be divided into two groups. The first uses an

external heating source to generate heat and delivering
it to the fuel cell through the coolant [14, 15]. The
methods used in this case are effective from the point
of view of launch time [8, 16—19]. Thus, in [16, 17] no
more than 5 min was spent on ice melting in the fuel
cell, in [18] the fuel cell was heated to 60°C in 40 min,
and in [19], the fuel cell was heated from —10°C to a
rated power of 1.2 kW in 22 minutes. In this case,
reagent gases were used as a coolant. However, the
addition of an external heater and additional heating
fluids affects the volume, weight, cost and energy effi-
ciency of similar PEMFC-based installations. For
example, in [15], the presence of an external heater
connected to the output of the FC battery leads to a
significant increase in hydrogen consumption during
the operation of the installation by an average of 50%.

The second group of strategies implies self-heating
of the fuel cell during a cold start, which is based on a
purge procedure during shutdown to prevent water
accumulation, or by cleaning with antifreeze sub-
stances, for example, a water-methanol solution [20].
Also, internal heating during start-up is carried out
using the heat generated during exothermic hydrogen

326



MODEL STUDY OF A COLD START OF A POWER PLANT

Hydrogen
13

g 1

4

G Y I
A

Fig. 1. Scheme of a power plant with PEMFC for the Arc-
tic regions: (/) fuel cell, (2) a container with hydrogen,
(3) blower, (4) humidifier, (5) pressure regulator, (6) heat-
ing unit (catalytic recombiner), (7) bubbler, (§— 13) meter-
ing valve.

» 1
Y

i

Q) -

4
\

Air

oxidation reaction. So, a diluted mixture of hydrogen
in air is fed into the air supply channel of the plant
based on FC, presented in [21], and due to the exo-
thermic reaction of hydrogen with oxygen, FC self-
heating to the operating temperature occurs. Here, the
disadvantage is the lack of the possibility of autono-
mous start of the power plant in low temperatures
more than —5°C, since the heat from the oxidation
reaction in the case of limiting the hydrogen concen-
tration is not enough to heat the fuel cell and prevent
freezing of water vapor, and an increase in hydrogen
concentration can lead to direct damage to the FC, for
example, destruction of the membrane as a result of
overheating. Study of a power plant using PEMFC has
been conducted [22], which provides for the possibil-
ity of cold start, in which starting heating should occur
due to the heat released during the recombination of
hydrogen and oxygen on the surface of the electrodes.
However, at Arctic temperatures, the resulting water
immediately forms an ice film on the surface of the
electrodes and, therefore, blocks the further recombi-
nation process.

In [23], an adaptive strategy of internal self-heating
with the help of heat generated by fuel cells in a galva-
nostatic mode is proposed. Cold start is carried out on
the basis of purging the PEMFC reagents when dis-
connecting and heating the FC at startup. The melting
point of water was reached in almost 50 s, with an
energy consumption of 201.7 J/cm?.

At the moment, fuel cells that operate under low-
temperature conditions are known that use direct oxi-
dation of methanol [24, 25], but these have a number
of disadvantages, such as increased weight and size
characteristics, low power characteristics, and loss of
the reagent due to diffusion through the membrane. At

NANOTECHNOLOGIES IN RUSSIA  Vol. 15 Nos. 3—6

327

the same time, the existing scientific and technical
groundwork in the field of fuel cells with direct oxida-
tion of alcohols [26—28] makes it possible to count on
the successful use of this reagent as part of a power sys-
tem based on hydrogen-air PEM fuel cells, which
ensures the possibility of their efficient operation at
temperatures below —50°C. Earlier studies on start-up
in fuel cells have been only carried out for tempera-
tures as low as —20°C [8, 20, 22, 23, 29—31], which is
not sufficient for the Arctic zone.

The purpose of this work was to simulate an auton-
omous cold start of a power plant based on PEMFC
under conditions of Arctic temperatures up to —50°C
without using additional heat sources. To reduce
cold start temperature, it is proposed to use methanol
as antifreeze for fuel cell and to dry reagent gases in the
investigated power plant based on PEM fuel cell. The
developed method of launching the installation in the
Far North, implemented in the form of a dynamic
model of the launch mode, will also allow the main
parameters of the power plant operation to be opti-
mized.

NUMERICAL SIMULATION

Schematic diagram of the power plant. The develop-
ment of a mathematical model of the start-up mode of
PEM fuel cell at negative ambient temperatures was
carried out for a power plant, the schematic diagram of
which is shown in Fig. 1.

The power plant contains PEMFC ([), a catalytic
recombiner (6), a bubbler (7), hydrogen sources (2)
and air (3), a humidifier (4), and pressure regulators (5).
It works as follows. Hydrogen from a hydrogen
source (2) and air from the blower (3) in a given pro-
portion are fed to the catalytic recombiner (6), where
they interact with the release of heat and the formation
of water vapor. For this recombiner, the nanocatalyst
described in [32] can be used. In this case, the loading
of the platinum will be approximately 0.4 mg/cm?.
The active platinum surface for this nanocatalyst is
about 50 m?/g. The resulting heated mixture enters the
bubbler (7), filled with methanol, which absorbs water
vapor, drying the heated air. The use of methanol as an
air dryer that heats the fuel cell makes it possible to sig-
nificantly reduce the temperature of starting the fuel
cell because the absence of water vapor prevents the
formation of an ice crust on the surface of the elec-
trodes. It should be noted that starting at such low
temperatures is also possible due to the freezing of
methanol at —97.6°C. Then the dried heated air enters
the anode and cathode spaces of the FC, gradually
heating it. After a certain period of time, the increasing
temperature of the fuel cell and the entire power plant
as a whole reaches a level at which a current-forming
reaction is possible. Therefore when the fuel cell tem-
perature reached +10°C, the flow of reagents from the
heating unit is directed, bypassing the bubbler directly
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into the fuel cell. There was no need to absorb water
vapor, since this temperature is sufficient to prevent
freezing of water vapor in the volume of the compo-
nents of the membrane-electrode blocks of the FC.
Hydrogen and air begin to be supplied directly to the
anode and cathode spaces of the FC, and a voltage and
FC starts to work. The heat released at the same time
maintains the achieved positive temperature of the
power plant. The power plant is protected by the RF
patent [33].

The introduction of methanol into the flow of
reagent gases, and, therefore, into the nanostructured
catalytic layer of the FC, requires the introduction of
additional components into the composition of the
nanoelectrocatalysts for its efficient oxidation without
a drop in the electrochemical characteristics of the
FC. In this work, this problem was solved by using
hybrid electrocatalysts with Pt—SnO, nanoclusters,
exhibiting high activity in the oxidation reaction of
alcohols [34].

Launch model of the plant with PEMFC. The calcu-
lations were carried out for a power plant based on a
FC battery with a power of 1 kW. The cold start was
carried out at an ambient temperature of —50°C, the
installation was heated up to the operating tempera-
ture of the FC, equal to +50°C. The characteristics of
the heating modes were determined for the fuel cell
heating rate gradients from 0.1 to 0.5°C/s.

The calculation of the dynamics of heating the
power plant begins with the heating unit:

_ (QH2 - (THU - 7—('))C‘preagGinputdl‘)
dTHU - )
CpapL

where dTy is the increase in the temperature of the
heating unit during dr:

(1)

dt = ﬂ, 2)

Vmput

L;p, is the length of the gas diffusion layer (GDL)
with catalyst, V;,, is the input flow rate of reactants
along the GDL with a catalyst:

8.205G;,,u T¢
_ input” 0 (3)

input AGDL H

Gippu is the consumption of the input mixture of
reagents, 7y is the current temperature of the heating
unit, Agp is the gap between adjacent GDL with a
catalyst, Cp,.,, is the average molar heat capacity of the
reagent mixture, Cpgp, is the heat capacity of GDL
with catalyst, 7 is the ambient temperature, ¢ is the
current time, and @y is the heat of hydrogen oxidation
during the time dt:

Qtt, = Goninn,d1 X 242000, 4)
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where Gy, is the minimum hydrogen consumption:

= Lotk X 0.00001036, (5)

in

G

minH,
iraro 1s the effective current density of hydrogen oxida-
tion.

As a result of the calculation, the specific heat
power of 1 cm of the width of the duct between two
GDL with a catalyst was determined:

NQreag = (THU - 7—E))CpreagGinput' (6)

Having calculated the thermal power required for
heating the fuel cell, according to the formula

Nyearrc = NpckQrcGradTgc, (7

where N is the power of FC with SPE, kQg is the

specific heat of PEMFC, GradTyc is the permissible
gradient of heating rate of PEMFC, we determine the
required width of the heating unit duct:

_ Niearc + Nieam
b
NQreag

where N, Is the heating power of methanol in the
bubbler, calculated as

Nyeam = GuCpyGrad Tic, )

G, is the amount of methanol, Cp,, is the specific heat
of methanol.

The amount of methanol was determined by the
amount of water formed during the heating of the
PEMFC, and was corrected as a result of the cyclic
calculation of the heating mode.

The FC temperature was calculated using the for-
mula

Whu ®)

CPreagix Toutpud TauWnu(Tuu — Trc) + Quiss

dTFC =
Cprc + Cpy

'(10)

where Cp,.,.k, is the heat capacity of the reagent mix-

ture at the outlet from the heating unit, G, is the
total consumption of reagents at the exit from the

heating unit, O, is the heat of dissolution of water in
methanol.

In the course of the calculation, the value of the
coefficient determining the ratio of hydrogen and oxy-
gen in the inlet mixture of hydrogen and air was also
refined in such a way that the final temperature of the
heating unit would exceed the final temperature of the
fuel cell, which guaranteed heating of the entire instal-
lation. This temperature was called the limiting tem-
perature of the heating unit and was defined as the fuel
cell heating range (in this case, 100°C), increased by a
certain number of degrees (from 10 to 110°C).

RESULTS AND DISCUSSION
The main calculated parameters, namely, heating
time, volume of the heating unit, and hydrogen con-
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Fig. 2. (Color online) Dependence of the heating time, the
volume of the heating unit and the hydrogen consumption
on the given gradient of the heating rate of PEMFC.

sumption for heating, depending on the specified tem-
perature gradient of the fuel cell, are shown in Fig. 2.
With an increase in the temperature gradient, the
heating time decreased, and the volume of the heating
unit and the hydrogen consumption increased, which
was to be expected. At the same time, the values of the
main parameters obtained as a result of calculations
indicate the effectiveness of the considered heating
method. Indeed, the heating time of the power plant
from —50 to +50°C was from 339 to 1362 s, while in
[18], the heating time of the fuel cell from —20 to
+60°C was approximately 2500 s (42 min). In this
case, the hydrogen consumption for heating is equiva-
lent to several minutes of FC operation at the nominal
mode, and the volume of the heating unit is compara-
ble with the volume of fuel cell (~0.002 m?). For exam-
ple, in [17] an electric heater was used to heat the air,
and in [19] a large-sized radiator was used. Note that

%
100 (a)

80
60}
40t

20+

0.1°C/s 0.5°C/s

m GDL B Reagents

the mole fraction of hydrogen in a mixture with air
supplied to the heating unit is less than 3%, which is
below the self-ignition limits and ensures the safety of
the entire installation.

Simulation of the proposed scenario of cold start of
PEMFC showed the possibility of autonomous heat-
ing of the power plant from the ambient temperature
of —50°C to the operating temperature of +50°C with
the restoration of all electrochemical parameters of
the fuel cells to their initial values. The output power
of the FC after the cold start scenario in the operating
mode will be 0.35 W/cm?, which will exceed the aver-
age values of the electrochemical parameters of world
analogues presented in the literature.

The heat balances of the heating mode are shown
in Fig. 3. The energy of hydrogen in the heating unit
(Fig. 3a) was distributed between the GDL with the
catalyst and reagents, and with an increase in the gra-
dient, the share of heat for heating the GDL increased.
Thus, at a maximum temperature rise gradient of
0.5°C/s, 73% of the heat was accounted for by heating
the reactants and 27% by heating the GDL with the
supported catalyst. In turn, the heat of the reagents
was distributed between the heating of the fuel cell
(67% at 0.5°C/s), methanol (31% at 0.5°C/s), and
losses with exhaust gases after the FC (2% at 0.5°C/s).
Slow heating of the power plant is preferable because
of the decreased heat losses and the reduced volume of
the heating unit to a minimum size, while the heating
time was only about 20 min. Heat costs for the heating
of methanol decreased due to heat release upon
absorption of water vapor alcohol, which is also a pos-
itive side of the use of methanol, as this effect makes it
possible to reduce the energy consumption for heating
the fuel cell. In this case, the heat balance depends lit-
tle on the heating gradient (Fig. 3b).

It is of interest to calculate the change in the tem-
perature of the heating unit at different gradients of the

%
100

(b)

N
(e
T

0.1°C/s 0.5°C/s

B Losses Methanol PEMFC

Fig. 3. (Color online) Heat distribution between GDL with supported catalyst and reagents in the heating unit (a) and between
PEMFC, methanol, and losses with exhaust gases after FC (b) at heating rate gradients equal to 0.1 and 0.5°C/s.
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Fig. 5. (Color online) Dependence of hydrogen consumption for heating (a) and heating time of PEMFC (b) on the limiting tem-
perature of the heating unit at different values of temperature gradients.

heating rate from the fuel cell temperature. This
dependence is shown in Fig. 4a. It is clear that the
temperature of the heating unit grew at a faster pace
and reached a plateau with a temperature of about
150°C, which ensured the safety of the installation as a
whole. In addition, in [19], an additional thermal con-
trol unit with heating and cooling circuits was used to
maintain a safe temperature of the fuel plant, which
leads to additional economic and energy costs.

Also important is the relationship between the
given gradient and the real gradient of the FC tem-
perature rise. The dependence of the relative gradient
at different specified gradients of the temperature
growth rate is shown in Fig. 4b. As can be seen from
this, the real gradient of temperature growth changed
in the process of fuel cell heating, but at the same time
it was at a slightly lower value compared to a given gra-
dient (at 0.5°C/s, the relative temperature rise gradient
was (.72, which means that the actual temperature rise
gradient was 0.36°C/s), which ensured the uncondi-
tional preservation of the FC operability. At the same

NANOTECHNOLOGIES IN RUSSIA  Vol. 15

time, [35] showed that during an exothermic catalytic
reaction, the temperature rise is usually at the same
level of the heating rate (approximately at the level of
0.1°C/s).

The influence of the limiting temperature of the
heating unit on the main characteristics of the heating
process, such as hydrogen consumption and heating
time, are shown in Fig. 5. As follows from the calcu-
lated data, with an increase in the range of the limiting
temperature of the heating unit from 110 to 210°C both
the hydrogen consumption and the heating time
decreased at all values of the temperature gradient.

CONCLUSIONS

A model has been developed and a scenario for the
start-up of a power plant with PEMFC with a capacity
of up to 1 kW is proposed for conditions of negative
temperatures in the Arctic. The obtained result was
ensured by using a recombiner with a nanostructured
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catalyst, which heats the internal volume of the fuel
cell with air heated by the exothermic reaction of
interaction of hydrogen and oxygen. The developed
dynamic model showed the possibility of a successful
start-up of the power plant in an autonomous mode at
an ambient temperature of —50°C. The novelty of the
proposed startup scenario is the use of methanol in a
bubbler as an air dryer and a humidifier for reagent
gases, which made it possible to significantly reduce
the temperature of the start of fuel cell heating, while
simultaneously ensuring the required degree of mem-
brane moisture and fuel cell operation efficiency. The
power plant and catalyst of the heating unit are pro-
tected by RF patents [32, 33].

A model study of an installation with PEMFC
showed that with an increase in the heating rate of FC,
the heating time decreases from 23 to 6 min, but the
volume of the heating unit and the hydrogen con-
sumption increase, however, all these parameters are
lower than for analogs presented in the literature.
Together however, the actual gradient of the fuel cell
temperature rise did not exceed the calculated value of
the fuel cell heating rate set in the model, and the tem-
perature of the heating unit for all scenarios consid-
ered in the model reached a constant level, which
ensured the safety of the installation and the fuel cell
itself from overheating and destruction.

The optimal value of the specified gradient of tem-
perature growth was 0.5°C/s because this parameter
had practically no effect on the heat distribution
between the FC components and reagents, however, it
significantly accelerated the fuel cell heating process
to ~6 min, which is currently the minimum value
when compared with the literature data and reflects
the originality of the results. In this case, the hydrogen
consumption for heating is equivalent to several min-
utes of FC operation at the nominal mode.
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