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Abstract. The compressed air from high-pressure compressor enters the proton exchange fuel cell and was
discharged from the cathode after reacting. This part of the exhaust gas had a certain residual pressure. In
order to study the effect of cathode exhaust gas residual pressure recovery on the efficiency of proton
exchange membrane fuel cell system, this paper used Simulink software to establish a proton exchange
membrane fuel cell exhaust gas recovery system model. In the model, the mass flow of supply air was
controlled by controlling the air excess ratio A,;-. Under this condition, the work done by the exhaust gas
on the turbine could account for 18% of the parasitic power consumption. The simulation results showed
that this system could increase the system power by up to 13% compared with the energy recovery turbine
system, which had good consistency, which was of great significance for PEMFC system design and

exhaust gas recovery.

1 Introduction

Proton Exchange Membrane Fuel Cell (PEMFC) had
some advantages, such as fast start-up, low operating
temperature and low noise. So the research of PEMFC
system had received worldwide attention. The air supply
of the PEMFC was usually compressed by a compressor,
cooled by cooling system, dampened by humidifying
system, and sent to the cathode of the fuel cell stack, and
then discharged after being reacted inside the battery. In
this process, there was large parasitic power
consumption, which was a crucial factor affecting the
efficiency of the PEMFC system. The gas discharged
after the reaction also had a certain temperature and a
part of the pressure energy. The recovery of this part of
exhaust gas was an important measure to improve the
efficiency of the PEMFC system. Therefore, it was
necessary to explore the factors affecting the efficiency
of the PEMFC system by designing the PEMFC exhaust
gas recovery system. The recovered energy in the form
of shaft power could be utilized to drive an air
compressor by means of combination with an electric
motor [1]. Another way to make use of the recovered
power is to introduce a turbocharger into the fuel cell
system’s air sub-system, connecting its pipe with the
electric compressor in parallel or in series [2]. There
already had been some research on the modeling the
PEMFC system, which was helpful to the work of this
paper.

Reference [3,4] established a air supply system
model of PEMFC and gave an optimal control method
about air excess ratio. Reference [5] designed a load
governor which could be added to the air supply control
system to monitor the load and prevent violation of
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constraints by modifying the load command to the fuel
cell system. Reference [6] built a PEMFC system that
employed a turbocharger to reuse the waste energy.
Reference [7] gave two methods to combine the
turbocharger with an electric compressor, namely in
series and in parallel, which were evaluated for a fuel
cell system.

In this paper, the air supply system of PEMFC was
built by controlling the air excess ratio. Based on this
model, a turbine system was built according to the
turbine MAP diagram[3] to recover the energy from the
exhaust gas. Second a model of the series supercharger
composite supercharging mathematical model was first
built to reduce the parasitic power consumption of
compressor and improve the power of system.

2 PEMFC exhaust gas recovery system
model

]
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Fig. 1. PEMFC exhaust gas recovery system.

In the Fig.1, there was a air supply system (motor and
compressor), a PEMFC stack, a turbine. In this paper,
the cooling module and Humidifying module were
ignored(supposed the temperature of the compressed air
from the compressor could be cooled to the stack
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operating temperature and the humidification rate of
compressed air could reach 100% ).

2.1 PEMFC stack model
The fuel cell’s polarization curve is often described by

[8]:
Veer = Enerst — Vact — Vonm — Veon (D

where V.., is the output voltage of the single cell,
Enerst 1S the thermodynamic potential, V.. is
activation losses, V,u,, is ohmic losses, V., is
concentration losses.

According to reference [9,10], the formula of the
thermodynamic potential can be expressed as:

Enerst = 1.229 =85 X 107* x (T —298.15) +
4.308 x 1075T x (In Py, + 0.5InP,,) 2)

where T is the working temperature of the stack, Py,
is effective partial pressure of hydrogen, Py, is
effective partial pressure of oxygen.

Ohmic losses consist of two parts of impedance,
according to Ohm’s law, the formula is:

Vonm = IRine = I(Ry + Re) 3)

where R,, is equivalent membrane impedance, R; is
the impedance that prevents protons from passing
through the proton membrane.

According to the suggestion given in reference[10],
concentration losses can be expressed as:

Veon = mexp(_n I/A) “)

where m and n are are quality transfer control factors
that are determined by the working state of the PEMFC.

2.2 Air supply system

2.2.1 Compressor model

The compressor model was built based on the rotational
parameter model and the characteristic curve of the
compressor. The rotational parameter model can
describe the dynamic characteristics of compressor
speed[3,4].

]cp 7 =Tem — Tep (5)

where ], is the compressor inertia, wc, is the
rotational speed of compressor, 7., is the motor
driving torque of compressor, T, is the load torque of
COMpressor.

W 60
e = 2% 3.14 ©
where n. is the compressor speed.

The compressor model of this paper was built based
on the experimental data provided in reference[3,4]. In
order to reflect the change of compressor inlet
conditions accurately, this paper describes the working
state of compressor with corrected flow and corrected
speed.

T = fyGin pol2 00 ™

where m is the pressure ratio, Gy, is inlet flow, P, is
inlet pressure, T;, is inlet temperature, P, =latm,
Tp=298.15K.
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According to the data of Fig.2, the compressor mass
flow model can be built by using the Look-up table
module in Simulink software. The formula of corrected
flow can be obtained by combining Eq. (1-7)
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o = fo(mng) (®

where n., is corrected speed.
The parasitic power consumption of compressor W,
expressed as:

We = FcpCpaTl (T[ma - 1)/770 Q)

where Fg, is the flow of compressor, ¢, is air
specific heat capacity at constant pressure, 7. is the
efficiency of compressor.

2.2.2 Manifold model

The cathode supply manifold aggregates all the pipe and
interface volumes connected between the compressor
outlet and the PEMFC cathode. So the cathode supply
manifold model can be established according to the law
of mass conservation.

dmg,,

T - Fcp - Fsm,out (10)

where F,, is the mass flow rate of the compressor
entering the supply manifold, F, o, is the mass flow
out of the supply manifold, mg,, is the mass of gas
accumulated in the supply manifold.

2.2.3 Turbine model

The Look-up table module was used to establish the
turbine model according to the working characteristic
curve of the turbine. According to the experimental data
in reference [11], the turbine model is established:

Fig. 4. Mathematical model of turbine

turbine expansion ratio is:

ingy Tine N
)
P int Tin,t

G
1= f3( ) an

turbine characteristic efficiency is:

Gin,t Tin,t nr

= : (12)
nr = fa( Pine Tin,t)

where G, is the inlet mass flow of turbine, Ty, is
the inlet temperature of turbine, P, is the inlet
pressure of turbine, nq is the speed of turbine.

2.3 Cathode air dynamic pressure model

The turbine mainly recovers the pressure energy of
exhaust gas, so it is very necessary to establish the
dynamic model of PEMFC cathode air pressure.
According to the law of conservation of mass, the
following formulas can be obtained:

dmg
dt c= FOZ.in - Foz,out - Foz,rec (13)

dmy
2 —_
dt FNz,in FNz,out

(14

where m,, is the mass of oxygen, my, is the mass of
nitrogen, Fo, i is the inflow mass flow of oxygen,
Fnyim is the inflow mass flow of nitrogen, Fo, . is
outflow mass flow of oxygen, Fy, ., is the outflow
mass flow of nitrogen, Fy, .. is the mass flow of
oxygen consumed by participating in the reaction.

2.4 System power consumption model

In the proton exchange membrane fuel cell exhaust gas
recovery system, PEMFC will produce electric energy
after chemical reaction, the compressor consumes a
portion of energy (also known as parasitic power
consumption) when supplying air to the PEMFC
cathode and the recovery of cathode exhaust gas from
the PEMFC by turbine will produce a part of the energy.
(suppose the power consumed by the cooler and
humidifier is about 2KW), so the system power
consumption is:

VVsys = Wsta = We + Wy — Wotner (15)

where W, is the power of system, W,.,, is the
power consumed by the cooler and humidifier, W, is
the power of PEMFC.

3 Analysis of simulation results

When the air excess ratio is large, the parasitic power
consumption of the compressor will increase, which will
lead to the decrease of the system efficiency. When the
air excess ratio is too small, the lack of oxygen required
for PEMFC reaction will cause damage to the stack life
and the efficiency of PEMFC will be reduced. Therefore,
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according to the change of external load current, the air 75.0
excess ratio A,;. will be controlled so as to control the 745 — withaut turbine
flow rate of compressor to optimize the power of the jhos with turbine
system. According to the reference [3], when £ 730
Aair =2~2.4, the system efficiency will be optimal. %725-
: . . 72.04 [!j
Therefore, A, is controlled to about 2 in this paper. 8
“lf 71.04
1 4F - Fyp (16) © 705
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be) 4
g 875 When the load current was changing, by controlling
5 the voltage of the motor, the air flow rate of the
8101 compressor was kept stable, which would lead to the
86.5 - increase of parasitic power consumption (shown in
1 Fig.6) and decrease the efficiency of the system.
86.0 — T T T T T T T T T T T T iti i
: A Parasitic power consumption accounteq for abou? 1/5 of
Time(s) the PEMFC power during 0-50s periods. During the

50-70s periods, it accounted for about 1/4 of the
PEMFC power, which had good consistency. As can be
195 seen from Fig.<7, with the increase of compressor
pressure ratio, the power of recovery was increasing,
because the pressure energy of exhaust gas was
increasing. From Fig. <7, it can be seen that the power of
the system can be increased by adding the turbine
18,5 structure to recover the exhaust gas energy. The power
done by the exhaust gas on turbine accounted for about
5% of the power of the system and 18% of the parasitic

Fig. 5. Power of PEMFC stack
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1#07 power consumption. This is of great significance to the
design of PEMFC system.
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o 1020 3f'nme{;‘)° % 6070 Based on air supply model of PEMFC, a mathematical
model of exhaust gas recovery system was established
Fig. 6. Parasitic power consumption of compressor to improve system power. In the model, the mass flow
360 was controlled by controlling air excess ratio (about 2)
] to optimize the system power. Then in order to convert
< 358 the work done by the exhaust gas on the turbine into
] { other forms of energy, this paper combined the
£ 3% turbocharger with an electric compressor in series
g 3754_‘ named series_ supe_rcharger composite_ supercharging
; ] system. The simulation model of the series supercharger
Z 3524 supercharging system was first established by Simulink
g 1 software in this paper. Conclusions drawn out from a
g 3501 series of calculated results are as follows:
E 3.48

_ Exhaust gas recovery system can obviously improve
] ’ the power of system. The higher the pressure energy of
3.46 exhaust gas, the more power can be recovered.

S A S The series supercharger supercharging system can

Time(s) obviously reduce the parasitic power consumption of the
compressor and improve the power of the system, which
Fig. 7. The power done by exhaust gases on turbine has great advantages.
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