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Abstract. Major efforts to reduce greenhouse gas emission have increased the demand for pollution-free energy
sources. Fuel cells have attracted great attention in recent years for their high power density, high efficiency and zero
emissions. Significant improvements in polymer electrolyte membrane (PEM) fuel cell technology have been achieved
over the past decade. However, the performance, stability, reliability and cost for today’s fuel cell technology are not
enough to replace traditional stationary and mobile power sources. A number of fundamental problems must be
overcome to improve those limitations. The conductivity of the membrane is proportional to its water content. The
chemical reaction forms water, but when the temperature increases, the reaction air coming into the fuel cell has a
drying effect; i.e., the amount of water removed from the fuel cell is higher than the amount of water produced by the
chemical reaction. In this research, a humidifier, which transfers humidity and heat from the output air to the input air
through a permeable membrane, is considered. The warm and damp air leaving the fuel cell passes over one side of the
permeable membrane. Some of the water condenses on one side of the membrane and is evaporated by the drier air
going into the cell on the other side. The amount of water and heat transferred from the output air to the input air is
proportional to this difference. An analysis was performed to quantify the influence of the extra humidification.

Keywords: Polymer electrolyte membrane fuel cells, temperature, humidifier, extra humidification control.
1. INTRODUCTION

The global warming is caused mainly by burning of fossil fuels (oil, diesel, gasoline, etc.) that emit millions of tons
of pollutants. Besides, the certainty that those fossil fuels are non-renewable resources allows more researches in
cleaner energy, and particularly for vehicles. In this way, fuel cell (FC) has a special attention because it can be applied
in urban transport and improves the actual environmental situation (Silveira et al, 2009).

Fuel cells appear like a promising technology for energy generation. Among several technologies in the present, the
PEMFC (proton exchange membrane fuel cell) is the most appropriate for vehicles application, because it combines
durability, high power density, high efficiency, good response and it works at relatively low temperatures. Besides that
it is easy to turn it on and off and it is able to support present vibration in vehicles (Silveira et al, 2009).

The development of fuel cell technology has grown over the past forty years due to several factors, including new
materials in the area and the growing demand for clean sources of efficiency energy (Linardi, 2010).

The concept of a new energy conversion system called the fuel cell begins to interest in the growing population and
is no longer an issue confined to the technical-scientific community and industry. This concept is applied of
environmental preservation, development of non-polluting vehicles and distributed energy generation with greater
efficiency (Linardi, 2010).

The Brazil is a first in using a hybrid system that combines hydrogen fuel cells and batteries. This strategy allows for
increased fuel economy and rationalize the generated energy is harnessed for the possibility of supplying the batteries
with energy produced by the load cell during periods when the vehicle is stopped (for loading / unloading or traffic
lights), and the recovery of braking energy by regeneration (MME, 2009).

The project involves the acquisition, operation and maintenance of up to five fuel cell buses, which will operate in
the Metropolitan Corridor Sao Mateus / Jabaquara (Sdo Paulo) — as part of a four year program. A hydrogen fueling
station (producing the hydrogen by electrolyzing water) will be built to fuel the buses.

2. AUTOMOTIVE APPLICATIONS IN PEMFC

Several studies have been undertaken for improving the system for automotive applications. The results indicate that
it is necessary extra-humidification at temperatures above 60°C (Dicks and Larminie 2003; Huizing et al., 2008). The
internal wetting refers to the addition of water directly into the PEMFC, and the gases are heated outside and moist
inside the PEMFC (Vasu et al., 2008). Other method can be applied to keep water reaction in PEMFC within the
membrane (Huizing, et. al., 2008). External humidification in the gases are heated and humidified externally to the
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entrance of PEMFC (Vasu et al., 2008), involving the use of a humidification unit for PEMFC providing humidified
gases which usually involves recycling heat and humidity from the gas output of the fuel cell (Huizing et al., 2008).

The parameters that influence the HR (relative humidity) reagent gas in a humidifier depend on the residence time
of gas in the humidifier, the humidifier outlet temperature, and pore diameter membrane (Vasu et al., 2008).

To achieve the required humidification, various types of external humidifiers have been developed. The most
common humidifiers are the external spray, bubbling gas membrane humidifier, and evaporative cooling system (Kang,
Min and Yu, 2010).

In this paper, a project is proposed for a humidifier using continuous steam output of the PEMFC. The proposed
humidifier exploits the humidity output of the PEMFC, rendering unnecessary the application of a water tank. The use
of water reservoirs can be used for applications in laboratories, but are impractical for mobile applications.

2.1 Bus Operation

The Brazilian Fuel Cell Bus has a capacity for 45 kg of hydrogen in nine tanks, also has three high-performance
batteries. The average hydrogen consumption is 15 kg/100km. Powered by hybrid electric traction (hydrogen fuel cell +
battery), the vehicle has a range of 300 km, running on hydrogen; and if necessary, it can run over 40 km using only
batteries (Oliveira, 2009).

2.2. Interest in the use of a FC in buses for urban transport

A ground transport vehicle that seems particularly interesting for adoption of a fuel cell is the bus for urban
transport. It is possible also for another kind of transports and another application.
The main reasons for use in buses are (Santarelli 2002; Silveira et al., 2009):

e The dimensions and structure of the bus allow installation of fuel cells and their auxiliaries, including the hydrogen
tanks (if it were stored in gaseous form on the bus). The weight percentage increase would represent a lower
problem compared with small cars.

e  The ratio between the engine power and the weight of the vehicle is low: a bus of 18 tons with a medium speed of
300 km/h has a power of 230 kW.

e The bus circulates in the center of the urban areas where the air pollution is serious. In these areas, a zero emission
vehicle could gain high revenue in terms of social costs connected with air pollution.

e A FC technology is, at present, much more expensive than traditional engines. Buses are bought and managed in
fleets of a large number of units, and this allows an investment and maintenance cost reduction.

e The urban transport service is usually managed by a public administration, which is more interested in the
acquisition of social benefits and which is less bound by short term revenue of the investment.

e Some characteristics of a fuel cell engine are particularly interesting for a bus: the engine is quiet, vibrations are
absent and the electric engine has a smooth operation, increasing the comfort for users.

3. PEMFC MODELING

To size the humidifier is necessary to calculate the inlet temperature of PEMFC (#,) and the humidifier outlet
temperature (T4). Ts is the operating temperature of the cell output and t; is the temperature of the ambient air that
enters the humidifier (approximately 20°C). It is also necessary to identify the relative humidity PEMFC inlet and air
stoichiometry (4).

In this paper, we proposed a humidifier countercurrent arrangement for promoting heat exchange between the gases,
allowing heat exchange faster.

3.1 Operating parameters of system components humidification

The operating conditions of PEMFC are adapted to the design of the Brazilian bus, powered by hydrogen.

To simplify the gas flow conditions 75, T4 for RH;, RH, is called the upper circuit. And the air flow conditions #;, #,
for RH;, RH, is called the lower circuit, Figure 1.

In this paper we applied a control temperature technique for PEMFC based on the maximum operating temperature.
The maximum operating temperature is the maximum temperature at which the PEMFC can operate in ideal conditions
(RIASCOS and PEREIRA, 2009).

The temperature also influences the voltage of the fuel cell. Thus, the higher the temperature, the greater the voltage
produced. Basically, a PEM fuel cell model consists of an electrochemical part and a thermodynamical part. These
models are applied to analyze the behavior and the dependence between the variables of the PEMFC (RIASCOS and
PEREIRA, 2009).
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Figure 1. Humidification system using the exit air.

3.2 Electrochemical Model

Although fuel cell technology development requires a complex multidisciplinary effort the basic concept of fuel cell
operation is very simple. A fuel cell is an electrochemical device that converts chemical energy, typically from
hydrogen, directly into electrical energy. Similar to a battery, a fuel cell consists of two electrodes (anode and cathode)
and an electrolyte.

The electrochemical model permits us to calculate the cell voltage. The output voltage Wz of a single cell can be
defined as the result of the following expression (10) (DICKS and LARMINIE, 2003; RIASCOS and PEREIRA, 2009):

1’;—;_ = E:-‘Fsm:r - T‘:‘Eif - Fni'mfr - Fﬁm (1)

The Eevner represents the reversible open-circuit voltage and can be defined as the result of the following
expression (eq. (2)) ; V.. is the voltage drop due to the activation of the anode and cathode (also known as activation
over potential); ¥gpmig 1s the ohmic voltage drop (also known as ohmic over potential), a measure of the ohmic voltage
drop resulting from the resistances of the conduction of protons through the solid electrolyte and electrons through the
electric circuit; and V.., represents the voltage drop resulting from the reduction in concentration of the reactants gases
or, alternatively, from the transport of mass of oxygen and hydrogen (also known as concentration over potential)
(Outeiro et al., 2008).

Eyverse = 1,229 = 0,859,107 (T = 208,15} # 4.31. 10T [In{F; ) + mE;. )] ?)

Where P, andFg (atm) are the hydrogen and oxygen pressures, respectively, and T (K) is the operating

temperature.

The activation potential is relative to the losses by slow chemical reactions. The energy required to initiate the
reaction is called activation energy, and, in some reactions, can delay the process. The activation losses (Vz.t) occur
when the cell current density is low (DOE, 2000) and can be defined as the result of the following expression (Riascos
and Pereira, 2009):

Fase = —[Eu + &T + &aThlCe ) + E4Thallpgl] 3)

Where £, =i=1,...,4 are specific coefficients for each type of cell; Izc (A) is the electric current, and Cp (atm) is
the oxygen concentration.

Fapmee = Jpclflye + Al 4

Where Rp (QQ) is the resistance to electron flow and By (Q) is the resistance to proton transfer through the
membrane. Ry e py can be defined as the result of the following expression respectively (Riascos and Pereira, 2009):
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Whaers gy (cm. Q) is the specific resistivity of the membrane, 1 (cm) is the membrane thickness, A (cm?) is the
active area of the membrane, and v is a specific coefficient for each type of membrane. Vg, , can be defined as the
result of the following expression (Riascos and Pereira, 2009):

Foow = —Blu:(1 —h—f—j ™

=X

Where E (V) depends on the type of cell, s is the maximum electric current density, and J is the electric current
density produced by the cell. J = Joyr + J,, where Jour (A/cmz) is the output electric current density and J, (A/cmz)
represents the fuel crossover and internal loss current (Riascos and Pereira, 2009). Figure 2 illustrated the voltage for
the simulated conditions.
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Figure 2. Voltage.

For a stack with n cells connected in series the voltage Vs can be calculated by eq. (8) (Outeiro et al., 2008):

Vs =nVgc (®)
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Figure 3. Electric current.

3.3 Thermodynamical Model

The calculations of the relative humidity (RH) and the temperature essentially compose the thermodynamical model
(Riascos and Pereira, 2009).
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Air humidity should be above 80% to avoid excessive drying and its below 100%, to avoid possible flooding in the
electrodes. The controlled flow of air can be used to regulate the humidity of PEM fuel cells, together coupled to a
control system to ensure the system temperature fuel cell (Riascos e Pereira, 2009). To calculate the RH of the output
air can be calculated by eq. (9):

F‘r"'c Py
R-Hmr = — ke )

Tz sur

Where Fg,  is the water partial pressure in the input air, Fg, = EgpBéy.  F,._is the water partial pressure
generated by the chemical reaction; and Egp. gy is the saturated vapor pressure in the output air. B, is calculated from

equation (10):
i';r“-r = Fg r_sut L (10)

P;m . is calculated from equation (11):

_ EdFm
R"'-s'm T -BLee (h

Where F;;.- is the air pressure (atm) and A is the air stoichiometric relationship. Figure 4 illustrated the evolution of
the absolute humidity for the simulated conditions.
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Figure 4. Variables without extra humidification in PEMFC.

The Figures 5 and 6 illustrate the amount of air and the mass flow of water generated in the humidifier for the
PEMFC.

T
ArSeco.
input

ArSeco ..

15l ArSeco+AguaGerada5aida i

-

air Flow (Kg/s)

0.5

. . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
time (min)

Figure 5. Air flow.

Py is calculated from equation (22) (Riascos and Pereira, 2009):

.. = - 0,01731 + 0,016786 m{;u_ 22)

The Figure 7 illustrates the variation of relative humidity in PEMFC.
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Figure 7. RH;, and RH,,, in PEMFC.

3.4 Temperature

According to Egs. (1) (2) and (5), the operating temperature influences the fuel cell voltage; the higher the
temperature, the better the voltage (Vgc). The variation in temperature in the PEM fuel cell is obtained with the
following differential equation (13) (RIASCOS and PEREIRA, 2009):

-
Eﬂ‘i‘é‘: (13)

Where M (kg) is the whole stack mass, Cs (J/kg K) is the average specific heat capacity of the stack, and Q" is the
rate of heat variation (difference between heat generated by chemical reaction and heat removed). The rate of heat
generated in a PEM fuel cell is calculated from Eq (14):

Hg:r = Fw'ﬂ-{ﬁ_ ] (14)

Where Pow; is the power produced by the stack.

Three types of heat removed are considered:
ZFrem, =heat removed by the reaction air flowing in the stack.

¥y e, ¢ heat removed by the refrigeration system.
% oy ¢ heat exchanged with the surroundings.

The heat removed by the reaction air is calculated by Eq. (15).
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Frem, = arlardT (15)

Where mg; = 3.57. 107 1 Pows /Vic is the mass of used air (kg/s), Cyir = 1004 (J/kg K) is the air heating capacity,
and 7 is the difference between the operating and environment temperatures, (Riascos and Pereira, 2009):

To calculate the heat removed by the refrigeration system, Eq. 26 is applied (Riascos and Pereira, 2009):

Bremy = MrepFOWrgp T (16)

Where Pow,. is the power of the refrigeration system and 7, is the efficiency of the refrigeration system. To
calculate the heat removed by the surroundings, Eq. (17) is applied:

From, = FOWgppdT (17)
To calculate the heat removed {,,... ) eq. (18) is applied:

Freme = Tremy + Fremy + Freos (18)
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Figure 8. Removed heat.
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Figure 9. Generated heat.

The difference between heat generated by chemical reaction and heat removed is calculated according to eq. (19):

&F = Fger — Frem: (19)

Figure 11 illustrates the evolution of temperature.



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

densidade corrente
o
w
T
I

I . . . . . . . I
(9] 2 4 6 8 10 12 14 16 18 20
time (min)

Figure 10. Current density (A/cm?).

100

Tlim'l

Toperanng I

Temp (C)

30 R

20 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

time (min)

Figure 11. Ty, and operating temperature.

3.5 Compressor

When a gas is compressed, it must do work on the gas, generating an increase in temperature. In a reversible
process and adiabatic (no heat loss), the increase in pressure and temperature can be calculated by (20) (Dicks and
Larminie 2003):

)
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Figure 12. Inlet temperature (t;) and compression temperature.
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Where T is a outlet temperature of compressor; T, is an isentropic temperature of compressor; ¥ is a ratio of the
specific heat capacities of the gas, Cp/ Cy (aprox. 1.4) and C, = 1004 (J/kg K), Figure 12.

3.6 Water Flow from the PEMFC and Humidifier

The amount of water condensing in the humidifier in the upper circuit is the difference between the gas absolute
humidity at conditions Ts, RHs and the absolute humidity at conditions T and RHg:

Fésus.a = FH 0. B 21
BEll B

FH, = ——&53 22

L — (22)
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Figure 13. Water flux in PEMFC versus time.

To calculate the outlet temperature of the humidifier can be used for energy balance in the humidifier by eq. (23)
(24):

Foe = — (gl g+ vigflo} + (Mg H g+ Mgy} (23)

wigh . = (Mgl + Mgy — Ppp — maH,] 29

The enthalpy can be calculated by eq. (25):
H, =1006T; + RH (2501 & 17757} (25)

Where i = 3,4,5,6. The temperature outlet humidifier can be calculated by eq. (26):

i!'i EEE-EEFﬁ- E']-:- ZFBL
g (L4 A L-FEE] L4 Al 1557

Absolute humidity (AU) from the air entering the PEMFC is the sum of the humidity that goes through the
membrane plus the moisture in the air after compression. The absolute humidity of the air after compression should be
the same as the environment, since no moisture was removed or added in the compressor.

The temperature t, should allow the complete absorption of moisture UAy, (i.e. RH4 < 100%). Thus, the humidifier
should be designed to allow a heat transfer such that RH; <100%. Then the conditions of gas and air in all the stages
are defined.

4. CONCLUSION
Fuel cells are a source of clean energy that helps to reduce emissions of greenhouse gases in the atmosphere,
environmental conservation and health and welfare of the population.
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According to the analysis presented, attach a humidifier to the fuel cell system increases the system performance,
and reduces problems such as dry membrane, facilitates the temperature control.
Through the mathematical model of the PEMFC, it was possible to simulate the evolution of the variables of the
PEMEFC system for applications in the Brazilian buses powered by hydrogen using Matlab®.
For the simulation it was possible to determine the temperature and relative humidity of the fuel cell, these variables
are essential for the design of the humidifier given the objective of this paper.
The results show that it is possible to construct a humidifier with compatible dimensions for automotive
applications.
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