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ABSTRACT

In this paper we present a one dimensional dynamic model of a PEM fuel cell applied to the
design of a mobile backup system for uninterruptable power units. The fuel cell is modeled
using a finite difference approach where mass and energy balance equations are applied
locally together with the pertinent equations of the electrochemical model yielding the
profiles of any relevant thermodynamic and electrochemical cell variable. An accurate
analysis of the membrane humidification is included based on state of the art models
available in literature.

In this system the fuel cell is fed by pure hydrogen taken from a lithium hydride
hydrogen storage while ambient air is supplied to the cathode by an inverter-fed electric
motor fan. A preliminary design of the main components is provided for a target operating
time of 48 h. Dynamic simulations are then carried out applying to the fuel cell the actual
electricity load of a computer file server that was experimentally measured by a power
measurement device over a period of 0.5 h. Results of the simulations show that with an
appropriate choice of the controllers parameters it is possible to maintain effective cell
operation under different load variations keeping the key variables of the fuel cell within
the desired set point targets.

Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

combination of PEM fuel cells with electricity storage devices
such batteries or supercapacitors yielding the so called hybrid

The proton exchange membrane (PEMs) fuel cells are consid-
ered a promising power source in many applications as they
show several advantageous properties such as fast startup,
high efficiency, low-temperature operation, high power
density and favorable power-to-weight ratio. Typical appli-
cations are transportation, stationary cogeneration and
portable power [1-7]. Recent advances in the cell technology
have also opened the way for commercialization in the field of
Uninterruptable Power Supply (UPS) and backup power
market, showing the possibility to reach wide scale applica-
tion [8—12]. Normally these systems are based on the

* Corresponding author. Tel.: +39 0303715570.
E-mail address: paolo.iora@ing.unibs.it (P. lora).

power sources that make the best use of the advantages of
each individual device [13]. Recently also, some studies have
focused on modeling and control of hybrid UPS systems
[13—17]. The main function of UPS is that once the utility grid
is shut down, it could immediately supply power to sustain
machine operation for a period of time until power supply is
back to normal. When employed to supply power units in off-
grid systems, the challenge is to meet the power demands of
varying loads. The control system has to ensure that the key
parameters of the fuel cell are in their optimal values to allow
an effective operation and avoid degradation that could
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damage the fuel cell stack. One of the important tools in the
optimization study of fuel cell performances is computational
modeling, which can be used to reveal the fundamental
phenomena taking place in the fuel cell, predict performances
under different operating conditions, show the distribution
profiles of various dependent variables and ultimately opti-
mize the design of the fuel cell system. There are many pub-
lished mathematical models of PEM fuel cell in the literature
with various level of complexity and they could be classified
according to Ref. [18] into three categories: (i) steady state
mathematical models based on empirical equations, (ii) one
dimensional dynamical models and (iii) two and three
dimensional models based on Navier—Stokes equations. A
good review of these models and their relevant calibration
parameters can be found in [19].

In this paper we present a one dimensional finite differ-
ence dynamic model of a PEM fuel cell applied to the design of
a mobile PEM power backup system. The degree of detail of the
model can be considered appropriate for the purpose of this
study, while more complex solutions (i.e. two or three
dimensional analysis of the fuel cell) although more accurate,
are generally unpractical in term of computational time when
transient analysis are carried out at system level. The PEM
model is integrated with the necessary Balance of Plant (BoP)
components model and it is employed to prove the feasibility
of a PEM system for use as a back up power supply. For this
purpose the actual electricity load of a computer file server
was experimentally measured by a power measurement
device and applied to the fuel cell over a period of 0.5 h.
Dynamic simulations are carried out with Aspen Custom
Model [20] to determine an appropriate control strategy and
maintain the fuel cell close to optimized operating conditions
under the load changes.

2. PEM model development

A fuel cell unit normally consists of many cells combined to
reach the desired power level. Each cell is composed of several
channels depending on the manufacturing technology. Since
the number of flow channels in the bipolar plate can be quite
large, a numerical simulation of the whole cell results in
a computationally demanding task. Therefore, a typical
element is usually separated from the fuel cell in the
computational domain. Then, based on the assumption that
the process is periodic from channel to channel, such an
element can be regarded as the representation of the entire
fuel cell unit [21,22].

Following this approach, in this model, the planar co-flow
unit cell is divided axially in a desired number of intervals
following a finite difference modeling method. Each interval
consists of six sub-sections as shown in Fig. 1: anode channel,
cathode channel, solid phase (representing the membrane,
the electrodes, catalysts and the gas diffusion layer) the anode
and cathode bipolar plate and a refrigerant fluid channel that
removes the heat from the fuel cell. It is worth noting that this
approach provides a better representation of the actual cell
assembly with respect to existing along the channel models
[23—25] where the bipolar plates are not considered in the
calculation domain and the cooling fluid is in direct contact

with the Membrane Electrode Assemblies (MEA). Within each
interval, mass and energy balance equations are applied
locally together with the pertinent equations of the electro-
chemical model. An accurate analysis of the membrane
humidification is included, similar to the approach presented
in [23,24,26]. The model’s governing equations are reported in
sections 2.1-2.3.

2.1. Mass balance

For the mass balance in the flow channels, the chemical

species considered are H, and H,O for the anode and O,, N,

and H,0 for the cathode. Mass balance equations and the

corresponding boundary conditions are reported below:
Anode channel:

6CHZ‘V u aCHz,V )

ot "V ox  2FHy (1)
CHZ~V‘X:O = CIQIZAV (2)
9Cu,0v _ 9Ch,0.v J

ot~ Wox  FH, (3)
CHZOvV|x:O = C%ZO.V (4)

Cathode channel:

Co,m _ 9Co,m J )
ot " b4x  A4FHy
Co m| =C3 (6)
2,1 x=0 0,111
9C, . 9Cy,
at Uit Ix ?)
CN;,III ‘ x=0 CI?IZ‘III (8)
9Cx,01m _ 0Cx,01m j J
ot " ax 2FHyy * “F Hi ®
CHZO,IIIL(:O = C%ZO,HI (10)

It is worth noting that the equations above completely
describe the water balance on the fuel cell considering the
effect of (i) water generated by the electrochemical reaction
(second term on the right hand side in Eq. (9)); (ii) net water
flow through the membrane due to the combined effect of
osmotic drag and back diffusion by concentration and pres-
sure gradients (second term on the right hand side in Eqg. (3)
and the third term on right hand side of Eq. (9)). The latter
contribution is modeled through the definition of the param-
eter « calculated according to [23] as:

F_.Cwc—C Cwe +Cwa R
o= nd _ _D* W,C W.a _ W,C W,a _p
HIV 2 14

F Pyc—Pya
- — 11

HIV

where the various terms of Eq. (11) are taken from Refs. [23,24]
and calculated with the expressions reported in Table 1.

Any H,0 phase change (i.e. condensation or evaporation) in
the flow channels is taken into account on the basis of the
local conditions (H,O partial pressure and local temperature).
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Fig. 1 — Finite portion of the PEM.

Ideal gas behavior is assumed at anode and cathode streams
to determine the inlet molar concentrations at feed
conditions.

2.2. Energy balance

The energy balances and boundary conditions are given by
Egs. (16)—(27). The energy balances consider the thermal
fluxes between the gas streams and the solid parts of the cell
to be fully described by convection assuming a constant heat
transfer coefficient. The thermal fluxes along the solid parts of
the cell are modeled using Fourier’s law of heat conduction.
Given the relatively low operating temperature, radiative heat
exchange is neglected. The electrochemical reactions take
place in the solid portion of the PEM as shown in Fig. 1.
Therefore, the enthalpy fluxes associated with the flow of
oxygen and hydrogen to the solid phase and the flow of water
from the solid phase are taken into account in the solid heat
balance (fourth term on the right-hand side of Eq. (22)) while
the second term on the right-hand side of Egs. (20) and (24)

Table 1 — Equations required to compute the terms in Eq
(12).

. _ [ 0.0049 +2.02a, — 4.53a2 + 4.09a3 a, < 1 (12)
47 11.59+0.159(a, — 1) a, > 1
_ xw.aP _ M;‘a i
TR My My ) P
(13)

_ XwcP M, . P
C_ngaﬁ: a Mvw.c+MOz+MNz P?Aitc

Lmdy (0,043 +17.8a, —39.8502 +36a}) ap<1k=a,c

m.dry
Cwk =
Pmdy 141 14(a-1)) ae>1k=ac
m,dry
(14)
D* = ngDoexp {2416 (% - Tiﬂ (15)
v

refers to the enthalpy fluxes pertinent to the cathode and
anode channels. Similarly, the enthalpy fluxes associated
with the net water migration through the membrane owing to
the effect of water osmotic drag and back diffusion by
concentration and pressure gradients are accounted in Eq.
(20), (third term on right hand side), (22) (fifth term on right
hand side) and (24) (third term on right hand side). The flow
internal energy, e, in Egs. (20) and (24) is calculated, according
to the definition, as e = h—P/p where, assuming ideal gas
behavior, the enthalpy h is obtained for each species as

T
a function of the local temperature h; = Ah? + / ¢p-dT being

Tret
Ah? the enthalpy of formation of specie i. In spite of the
temperature gradient expected along the cell (for the condi-
tions considered here, about 40 °C for the cathodic stream and
10 °C for the solid parts and anodic stream), heat capacities
and densities of solid structures and bipolar plate, as well as
gas velocities are determined for the inlet conditions and are
kept constant along the cell, in order to achieve a more
computationally tractable model. This assumption is reported
valid for the previously developed models [21] and is thus also
considered applicable in this case.
Cooling fluid channel (I):

oT; myc,; OT 1 1
Peorge =~ ox + U(Ta = To) g+ Una(Tu = To) - (16)
Tileo =T7 (17)

Cathode side bipolar plate (II):
oT 0°T, 1 1
pHCp'Ha_tH = AH_@XZH + Upu(Ty — Tu) Hy + U (T — Tnn) o, (18)
oT oT
AIITXH i = Uin¢ (Tt — Tinf) AHTXH . = —Uin¢ (T — Ting) (19)
Cathode channel (III):
0Cmem _ Cmhm }

1 1
— Unp X + oF (tho;Iv - Ehoz.m> HTH

j 1
+ a%thO.Iv_ + Ui (T — Ti)

ot

1
Hp Hp
1
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Tileo = T (21)

Solid phase (IV):

oT, 0T 1 1
P[vCp.Iva—;v :AIVT;\/ + Uy (T — Tiv) Hy +Uwv(Tv — Trv) Hy
j 1
+ % <th.v + ihoz.m - thO.IV> H—N
j 1.1
+ 04? (tho,v - tho,Iv) HTV - }VcelleIV (22)
oT oT;
)\Iva_lv = Uin¢ (Tv — Ting) vt = —Uns (T — Tine)  (23)
X x=0 ox x=L

Anode channel (V):

oCvey _ OChy j, 1 G, 01
at ' ox 2F YHy "F ™VHy
1
+ Uy (T — Tv) o+ Uvwi(Tvi = Tv) — (24)
Hv HV
TV‘X:O = T?/ (25)

Anode side bipolar plate (VI):

oT 0°T. 1 1
PVICp,VIWVI = Aur ale + Upvi(Ti — Twr) H_VI + Uvwi(Tv — Tw1) H_VI
(26)
0T T
et = Une(Ta = Tinr) A | = ~Uine (T = Tin) - (27)
X x=0 6x x=L
2.3. Electrochemical model

The electrochemical model addresses the calculation of the
electrical performance of the PEM yielding the cells potential,
current density profile and polarization losses. The adopted
equation for calculating the cell voltage is taken from [23]:

[ [~ Gt )| o~ i) |
2F j

Veen =Voc+

2FDyg0
_RTy. j(x) )t
P (pot- J20) | om0 2
O\ T 4FD,,

It applies locally and takes into account ohmic losses (fourth
term on the right-hand side), and diffusion and activation
losses (lumped together into the second and third term on the
right-hand side).

Voc is the open circuit potential that occurs when zero
current is delivered by the fuel cell and is calculated according
to the Nernst equation:

_ RTy Py, 'szs

Regarding the ohmic losses, it is assumed that the
membrane conductivity o, depends on the local membrane
humidification based on the water content on the anodic side

of the membrane cy 5. The following empirical expression is
adopted to determine oy, in accord with [23—25]:

Wi dry

1 1
Om = <0.00514mcw_a — 0.00326) exp [1268 <ﬁ — ﬁ)}

(30)
The model governing equation presented in sections 2.1 and

2.3, are implemented and solved using Aspen Custom Modeler
package [20].

3. Fuel cell model validation

The model is validated on the basis of the characteristic curve
presented in Ref. [23] assuming the same input parameters
and operating data. Since no information is provided in terms
of conditions of the cooling fluid, a mass flow of
5.5 x 107° kg s~* and an inlet-outlet temperature variation of
5 °C are assumed, while the inlet temperature is set to main-
tain a fixed average temperature of the solid phase (sub-
volume IV). The complete set of model input data is reported
in Table 2.

The calculated PEM characteristic curves are reported in
Fig. 2 and it shows good agreement with the reference data for
a resulting average solid phase temperature Try 4y in a range
between 85 and 95 °C.

Fig. 3 shows water transport through the membrane of the
fuel cell as defined by Eq. (11), where the net flow of water
molecules (a) is the result of the effect the osmotic drag (ng)
and back diffusion. The overall effect is a net migration of H,O
from the anode to the cathode side of the membrane. Values
of « are significantly high near the entrance of the fuel cell due
to the high partial pressure of water at anode stream (that
enters the fuel cell is in saturated condition), in contrast to the
dried cathode stream. The temperature distribution on the
solid phase is provided on the right axis of Fig. 3. The water
concentration along the anode side cy, 5 is depicted in Fig. 4
showing a marked influence on membrane conductivity and
consequently on the current density distribution. It is worth
noting that the water transport variables shown in Figs. 3 and
4 reflects those reported in Figs. 3 and 5 of Ref. [24] from where
the cell physical parameters and operating conditions are
obtained. Also the solid phase temperature distribution (Fig. 3)
show a profile similar to that shown in Fig. 3(a) of reference
[23].

4. Application to a mobile back up power
supply

The fuel cell model described in the previous sections is
employed to prove the feasibility of a PEM system for use as
a back up power supply. For this purpose the actual electricity
load of a computer file server (HP EX490 MediaSmart Server)
was experimentally measured by a power measurement
device (Watts Up Pro USB Power Analyzer [27]) over a period of
0.5 h. The power measurement device operates at 120 V AC at
60 Hz and records a maximum of 15 A. The unit has
a measurement accuracy of +/— 1.5%. The registered load
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Table 2 — Model input parameters [23,24].

Physical properties
Membrane density, pary
Equivalent weight of dry membrane, W, ary
Water permeability, k,
Intradiffusion coefficient of water
in membrane Dy

2000 kg m—3
1100 kg kmol *
1.58 x 108 m?
5.5 x 10" m??!

H, diffusion coefficient, Dy, 1079 m?s?
Huoo diffusion coefficient, Dyo 10~ m?s?!
Ho, diffusion coefficient, Do, 107 m?s?

Exchange current density, A m~2 j, 100 A-m~2
Bipolar plate heat capacity?® ¢, 1000] kg 'K *

Bipolar plate density® p; 2000 kg m—3
Bipolar plate thermal conductivity?, A 20 Jm'sT’K*
Solid phase heat capacity cp v 1000 ] kg 'K ?
Solid phase density pry 2000 kg m 3

05 m s K ?
250 m2s K ?!

Solid phase thermal conductivity, Ay
Convective heat transfer coefficient
in flow channels, Uyy, Uniiv, Uv,v, Uinf

Dimensions of the cell elements

Cell length, L 100 mm
Cell width, W 1 mm

Fuel and air channel height, Hyy, Hy 1 mm
Solid phase thickness, Hry, 0.1375 mm
Bipolar plate thickness® Hy 5 mm
Diffusion layer thickness, ¢ 0.01 mm
Membrane thickness, t,, 0.1275 mm

PEM operating parameters

Mo,y 1.14 x 107> mol-s~?
Muo0v Saturated condition
Tv,in 80 °C

Moz, 5.7 x 10°° mol-s~*
Mna2,m 0

M0, 0

Tirin 80 °C

Tinf 70°C

m?; 55x 10 °kgs?
AT 5°C

a Assumed in this paper.

profile is plotted in Fig. 5, resulting in an average power
consumption of about 68 W. The PEM model is integrated with
the necessary BoP components as shown in Fig. 6. Pure
hydrogen is taken from the lithium hydride hydrogen storage

8000 |
Fl== =Reference [23] o

e 1990 Tav=85 °C ) /’

§ 6000 Tav=90 °C - 1

= —Tav=95 °C >

> P

= 5000 =

G 4000 /

° 7

5 e
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°

& 2000

1000 {

0 2000 4000 6000 8000 10000

Current density, Alm?

Fig. 2 — Comparison of the characteristic curve of the PEM
with reference data for different resulting values of solid
phase average temperature. Input data as by Table 2.

2.0 } - 105
15 99
- -n..\Trv

1.0 — 1 93

1 87

Solid phase temperature, °C

Number of H20 moleculels /proton

05 s
u \\-\ T — ~y r——
0.0 L“\ m——— 81
Diffusion effect | R
-05 ! 75
0 0.2 04 0.6 08 1

Dimensionless axial position

Fig. 3 — Distribution of PEM water transport variables (left
axis) and temperature profile of the PEM solid phase (right
axis). Input data as by Table 2.

(A) and is heated and humidified to conditions of 75 °C and
100% RH through the heater/humidifier component (B) before
being fed to the PEM anode. A liquid water storage (C) provides
the necessary H,O for the release of hydrogen from the
lithium hydride and for its humidification. The fuel valve (D) is
employed to regulate the fuel mass flow according to the load
power required, while the outlet fuel valve (E) provides the
required backpressure to the anode channel and regulates the
vented exhausts flow rate. Notably, when the valve is closed,
the anode can operate in dead-end mode with the valve
periodically opened to purge the anode of nitrogen buildup by
blowing hydrogen through the line [28]. In order to reduce the
auxiliary electricity consumption of the heater/humidifier —
mainly due to the enthalpy of vaporization of the liquid water
contained in the H,0 storage (C) — part of the required heat is
recovered by cooling the cathode exhaust flow from 90 °C to 80
°C (in nominal condition). Ambient air is supplied from the air
fan (F) moved by the inverter-fed electric motor (G) and is
preheated to 50 °C through the recovery heat exchanger (H),
before being fed to the PEM cathode. Two PIDs are added to the
system: one (I) acts on the fuel valve opening, to maintain

25 - 45000
20 36000
3 E
28 <
.g' £15 27000 2
F = w
§ s — g
g E oo =
c =10 18000 £
o £ Oy a \,..H‘ ]
[¥) § Lﬂ__ﬁ__\ P Cwa E

=] ™~ (]

0 5 . 9000

0 0
1] 0.2 04 0.6 08 1

Dimensionless axial position

Fig. 4 — Profiles of water concentration at the anode side of
the membrane (cy, ), membrane conductivity (s.,) and
current density (j ). PEM input data as by Table 2.
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Fig. 5 — Measured power load of a computer file server (HP
EX490 MediaSmart Server).

a constant fuel utilization factor of 85%; the other (J) regulates
the power supplied to the air fan motor, thus varying the
cathode air inlet mass flow to control the outlet temperature
of the cathode stream. In fact, given the rather small size of
the present fuel cell system, the heat can be removed by
passing excess air over the air cathode avoiding any external
cooling fluid. An auxiliary battery (K) is included into the
system to supply electricity to the auxiliaries, leaving the fuel
cell to provide only the power requested by the load. It also
supplies the required power during fuel cell start up.

The fuel cell system shown in Fig. 6 is designed with
reference to the nominal conditions, corresponding to the
average power requested by the load of 68 W and for an
operating time of 48 h. A preliminary design of the fuel cell
and the main BoP components is given in the following. All the
data are then summarized in Table 3.

MASS FLOW ———

ELECTRICITY ----=-----
CONTROL - = — -
SENSOR © i

AIR

:
, BatFery

\ :

I

K

80°C 80°C
—O————AAA

A

Fig. 6 — PEM system layout: (A) lithium hydride hydrogen
storage, (B) fuel heater and humidifier, (C) liquid water
storage, (D) fuel valve, (E) outlet fuel valve, (F) air fan, (G) air
fan motor, (H) heat recovery air preheater, (I) fuel valve PID
controller, (J) fan motor PID controller, (K) auxiliary battery,
(L) current sensor, (M) H2 flow meter, (N) temperature
sensor. Temperature data reported in the figure refer to
nominal conditions.

Table 3 — Design data of the components of the PEM

system. Data refers to the average load power of 68 W and
to operating time of 48 h.

Fuel cell stack

Current density 5000 A-m 2

Fuel utilization 85%

Fuel flow 2.36 x 100 ® m3s !
(H, with 100% RH)

Air flow 822 x 107 m?s7?

(ambient air)
Anode input temperature 75 °C
Cathode input temperature 50 °C
Number of channels?® 170
Resulting singe cell voltage 0.73V

Hydrogen storage

Technology Lithium Hydride
Hydrolysis [31]
Mass of lithium hydride 0.8 kg
Mass of water — 1.8 kg
no water recovered from FC
Mass of water — 0.9 kg

50% water recovered from FC

Volume of fuel 1.3 lit (packed

powder [31],)

Energy content 6.6 kWh
Heater/humidifier
Mass of water consumed — 1.10 kg

no water recovered from FC
Mass of water consumed — 0.55 kg

50% water recovered from FC
Gross energy consumption 772 Wh
Heat recovered from the cathode outlet 466 Wh
Net energy consumption 306 Wh
Air fan
Air volume flow 82 x10*m3s?t
Rotational speed 8824 rpm
Power 0.511 W
Overall energy consumption 25 Wh

Auxiliary battery

Technology Lithium ion

Mass energy density 140 Wh kg*
Volume energy density 350 Wh lit*
Energy required to run the auxiliaries 330 Wh
Mass 2.4 kg
Volume 0.94 lit

a Channel dimensions are as by Table 2.

4.1. Fuel cell

The PEM nominal condition are set at 5000 A/m? with a fuel
utilization of 85% (i.e. 15% of the H, supplied is eventually
vented through the outlet valve). The single unit PEM channel
considered in the model domain produces in these conditions
a power of about 0.4 W. Thus a stack of 170 channels that can
be arranged in 10 layers with 17 channels each, will provide
the average power required by the load of 68 W. The PEM in
these conditions operates with a hydrogen to electricity
conversion efficiency of 49%, consistent with values that can
be obtained in PEMs employed in similar applications [9—16].
The temperature profiles obtained in nominal conditions are
reported in Fig. 7. It can be seen that the temperature of the
cathodic air (T.) progressively increases form 50 °C to 90 °C due
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Fig. 7 — Temperature distribution along the anode channel
(Ta) cathode channel (T.) and solid structure (T;) in case of
PEM operated in nominal conditions of 5000 A/m? and fuel
utilization of 85%.

to the heat removed from the fuel cell. As a result the
temperature of the membrane (T;) is maintained close to its
optimum operating range. Fig. 8 shows the PEM electrical
performance. The Voc decrease as a consequence of the
progressive reactant consumption according to Eq. (29). The
contribution of ohmic, concentration and activation polari-
zations (Eq. (28)) are evidenced. The resulting operating cell
voltage Ve is about 0.73 V. Finally Table 4 reports a sensitivity
analysis of the effect of the heat transfer coefficients (Ui,
Umn,v, Urv,v, Uing) on the PEM results. In this preliminary study
they are fixed to 250 m~2s K, based on reference literature
data [23—25]. It is shown that a variation from 100 to
400 ] m~%s 'K 'results in a decrease of the operating voltage
form 0.79 to 0.67 V (second column of Table 4) and in a corre-
sponding reduction of the PEM efficiency from 54% to 45%
(third column). This in turn determines a progressive increase
of the air mass flow (fourth column) necessary to remove the
higher heat produced by the PEM. Given the significant influ-
ence on the PEM performances evidenced in this analysis, the
flow channel dimensions, the gas velocities and their effect on
the heat transfer coefficients need to be carefully evaluated in
the design of the system.
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Fig. 8 — Open circuit potential Voc, and polarization losses

distribution in case of PEM operated in nominal conditions
of 5000 A/m? and fuel utilization of 85%.

Table 4 — Influence of the assumed convective heat
exchange transfer coefficients (Uyu, Uny,rv, Urv,v, Uing) ON

the PEM model results. Reference case, as by Table 3, is in
bold.

UI,II; UIII,IVy UIV,Vy PEM PEM PEM air
Uinp, Jm 257 'K~ voltage, V efficiency, % flow, m®s™?
100 0.793 53.8 7.24 x 107%
150 0.774 52.5 7.53 x 107%*
200 0.751 50.9 7.88 x 107%
250 0.728 49.4 8.22 x 107 %
300 0.706 47.9 8.54 x 107%
350 0.686 46.5 8.85 x 107%
400 0.666 45.2 9.13 x 107%
4.2.  Air fan

The air fan was selected among commonly available market
products. Datasheet reference conditions are: volume flow
Viet = 6.5 x 10~* m%/s, rotational speed wef = 7000 rpm and net
power consumed Wyes = 0.255 W [29]. In nominal conditions
the air volume flow required to fix the cathode exit stream to
90 °C is V = 8.2 x 10~* m%s. The corresponding rotational
speed w = 8824 rpm and power consumed W = 0.511 W are
obtained following the rules of similitude for turbomachinery

Y%
_ _ 31
) wrefvm (31)
o \3
W:w,ef< ) (32)
Wref

As shown in the system layout (Fig. 6), the fan motor PID
controller (J) varies the power supplied to the inverter-fed
motor that drives the air fan, thus changing the rotational
speed and the air mass flow to maintain the outlet tempera-
ture, measured by sensor N (Fig. 6), close to 90 °C.

From the power balance on the air fan shaft he have

Winotor W
w w

ow
}E = (33)
where Wpyotor is the power supplied by the electric motor that
drives the fan (PID controller output), W is the power neces-
sary to drive the fan at a given speed according to Eq. (32) and ]
is the momentum of inertia.
Thus the dynamic equation of the air fan speed is obtained
by substituting Eq. (32) into Eq. (33):
0w Wmotor Wref 2
—C _ motor | TTrel 34
J dt I3 w3, a) (34)
Given mass and dimensions of the air fan [29] the
momentum of inertia was estimated to be 5 x 10~” kg m>.

4.3. Fuel reservoir

Different solution can be adopted for H, storage. These
include high pressure bottles, various types of hydrogen
chemical carriers (methanol, ammonia) reversible and non-
reversible metal hydride [30]. The solution considered here
is the hydrolysis of lithium hydride (a non reversible or
chemical release metal hydride), as this option shows
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significant mass savings compared to compressed hydrogen
[31]. This option produces hydrogen on demand through
hydrolysis of lithium hydride and water according to the
chemical reaction [31]:

LiH + H,0 — LiOH + H,

The reaction is shown to be relatively simple to design,
construct and control. In an earlier analysis carried out by the
co-author [31] it was shown experimentally that by adopting
an active feedback control system it is possible to control the
lithium hydride release and maintain the lithium hydride
chamber at a fixed pressure of 1.1 + 0.01 bar. It is assumed that
a similar apparatus is employed here so that from a modeling
point of view the H, storage can be simulated as a tank kept at
the fixed pressure of 1.1 bar.

4.4. Fuel valve

The fuel valve reduces the H, pressure to 1.02 bar at anode
channel inlet. The model assumes that the pressure drop AP
across the valve is related to hydrogen mole flow My, and the
flow coefficient C, according to the following general
equation:

My, = C,X+/pAP (35)

where X is the degree of opening of the valve (X = 0 when the
valve is closed, X = 1 when full opened). The fuel valve PID
controller operates on the valve opening position X to main-
tain the fuel utilization to 85%. The fuel utilization is
defined as

i
_ 2F
Uy = 35100 (36)
where the fuel mole flow My, and the cell current i are
measured by sensors M and L respectively (Fig. 6). Any inertia

of the valve mechanism is neglected so that the valve opening
reaches instantly the opening value X set by the PID.

4.5. Heater-humidifier

To maintain the membrane well hydrated the fuel inlet flow is
fed into the anode channel in condition of 100% RH at 75 °C.
Liquid water for humidification is assumed to be supplied
from an external source and is then injected into the H, flow
and evaporated through the heater/humidifier. The heat
required for the H,O evaporation is provided through elec-
tricity supplied by the auxiliary battery. Thus to reduce the
size of the auxiliary battery, part of the requested heat is
recovered by cooling the cathode exit stream from 90 °C to
80 °C (in nominal conditions). It is worth to note that part of
the water necessary for the fuel humidification as well as for
the hydrolysis of lithium hydride can also be recovered from
the cell outlet streams. This option, with a slight complication
of the BoP, carries the advantage of a reduced size of the H,O
storage which however results to be a secondary aspect in the
present application.

Table 5 — PIDs tuning parameters.

Variable Fan motor Fuel valve
PID controller PID controller
Proportional gain 3.2 20
Integral time 5 1
Derivative time 0 0.5

4.6.  Auxiliary battery

An overall energy of 330 Wh is necessary to run the auxiliary
components of the system for 48 h. The resulting battery
based on Li-ion technology has mass and volume of 2.4 kg and
0.94 lit respectively. It is worth noting that about 93% of the
BoP energy consumption is due to the heater/humidifier.

5. Results and discussion

Numerical simulations of the system layout shown in Fig. 6 are
carried out by applying to the fuel cell the load profile shown in
Fig. 5. The aim of this analysis is to determine an effective
control strategy that allows the fuel cell to operate under load
changes in optimized conditions with fuel utilization of 85%
and with the cathode outlet temperature close to the nominal
value of 90 °C. To this purpose the controllers parameters re-
ported in Table 5 have been determined by manual tuning. The
manual tuning method used to obtain values for the controller
uses Ziegler—Nichols tuning method as a starting point.
However there are key differences in the controller processes
that require additional modifications. Initially all tuning
parameters for the fan controller are set to zero and the ulti-
mate gain is determined to calculate K, (proportional gain) and
K; (integral time), using a PI controller as per the Zie-
gler—Nichols method. However for this study, there is frequent
source of external disturbance due to the stochastic, high and
varying power demands, that in turn results in unacceptably
high temperature oscillations in the system. This requires
increasing the K; value much higher than Ziegler—Nichols
would suggests to eliminate or further reduce the steady-state
errors caused by external disturbances quickly. Under ideal
conditions where there is no external disturbance, increasing
K; further would eliminate steady state errors, however in this
situation, this will only minimize error due to accumulated

Table 6 — Sensitivity analysis on the effect of the number
of fuel cell intervals on the accuracy of the results. Cell

voltages refers to the steady-state nominal conditions as
by Table 3.

Number of intervals

Cell voltage, V. Expected error, %

4 0.863 18.9
5 0.833 14.7
6 0.814 121
10 0.799 10.1
15 0.773 6.5
20 0.760 4.7
50 0.738 1.7
100 0.731 0.7
200 0.728 0.3
400 0.726 =
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Fig. 9 — Fuel cell power (a), current density (b) and voltage (c) time profiles.

external disturbances. Tuning of both these parameters was
sufficient to meet the fan controller control goal of +/— 3 °C
most of the time. A similar process was followed for obtaining
afuelvalve controller. First the gain was set to the ultimate gain
and all other parameters were zeroed to determine K, and K;
according to Ziegler—Nichols for a PI controller. Using the
Ziegler—Nichols values for a PI control it was observed caused
some instability during our testing. Therefore, the K4 (deriva-
tive time) value was tuned until the observed instability was
eliminated. While both manual tuning approaches show
acceptable controller performance for the given study, these
parameters are subject to change if there is a substantial
difference in the disturbance profile (i.e. oscillations in input
load). However once a different disturbance profile is identi-
fied, then the process is straightforward to once again tune the
controller parameters. In fact the ease with which these
controllers can be tuned suggests, this could be implemented
as an online algorithm that would perform automatic adjust-
ment of the controller parameters, particularly K; (integral
time) and K4 (derivative time) when the fan temperatures
oscillates above the +/— 3 °C.

Table 6 reports the accuracy of the simulations as a func-
tion of the number of intervals in which the fuel cell domain is
divided in the axial direction (i.e. along the cell).? Although
a high number of intervals is beneficial to the accuracy of the
calculation, a trade off is necessary to achieve an acceptable
computational time. In the present analysis it was chosen to

! Previous steady state calculations (results in Figs. 2—4, 7 and 8)
are carried out considering the unit cell divided into 250 intervals.
A further increase of the number of intervals has negligible
effects on the accuracy of the results.

use 10 intervals in order to keep below 50 h the computational
time required for the 0.5 h real time simulation.? An Euler
implicit integrator method with variable time step was
adopted. According to Table 6 the expected error on the fuel
cell voltage and power is about 10%.

Results of the simulations are reported in Figs. 9—11 sug-
gesting the following comments:

- the current profile (Fig. 9b) follows the varying load power
(Fig. 9a) with maximum and minimum value of 7300 and
4100 A/m? respectively. As expected, the voltage under-
shoots and overshoots (Fig. 9c) are opposite to those of the
current. Notably the voltage drops below 0.7 V only for a few
seconds, maintaining its value in a desirable operating
range, as far as the degradation of the cell is concerned.

- the valve opening regulated by the PID fuel valve (Fig. 10b)
allows the fuel utilization to vary within +1% of the set point
value of 85% (Fig. 10a).

- similarly, Fig. 11a shows that the cathodic outlet tempera-
ture is effectively controlled by varying the power supplied to
the air fan (controller output of the fan motor PID, Fig. 11b)
thus regulating the rotational speed (Fig. 11c) and the
cathodic air flow according to Egs. (31)—(33). This results in
avariation within +3 °C of the set point value of 90 °C for most
of the time. The only exception occurs at sec 1530 where the
load abruptly decreases from 84 to 65 W in 4 s resulting in
a drop of temperature to a minimum value of 83 °C. As
a consequence the controller acts with a rapid reduction of
the power supplied to the air fan (Fig. 11b) causing a reduc-
tion of its speed (Fig. 11c). This in turn determines a peak of

2 All runs were performed on a PC with 2.4 GHz and 2 GB RAM.
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Fig. 10 — Effect of the fuel valve opening (b) (controller output of the fuel valve PID) on the PEM fuel utilization (a).

97 °C,in correspondence to the subsequentincrease of power
load. Nonetheless, after the two temperature peaks, the set
point temperature of 90 °C is reached in about 18 s and the
overall period where the temperature exceeds the limit of
+3 °C of the nominal value is less than 50 s.

5.1. Expected fuel cell life and comparison with battery
back up power supply

The backup power supply considered in this study, under the
stated operating conditions could, according to co-author’s

100.0

e °C

FC Tout cathod

model on PEM fuel cell catalyst degradation [32], operate for
approximately 13,000 h of continuous operation. However it is
expected that a backup power supply would be used very
infrequently, with a worst case of 48 h of continuous usage at
a time. Assuming the fuel cells have to be started and stopped
every time, then the net fuel cell start/stop cycle life is ex-
pected to be about 200 [33], with 48 h of operating time during
each cycle, giving an operational life of 9600 h over 200 start/
stop cycles.

In contrast, battery backup power supplies are limited
because they need to be constantly charged by external power
sources, until its used. Current silver zinc and lithium ion
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Fig. 11 — Effect of the air fan power (b) (controller output of the air fan PID) on the air fan speed (c) and on the PEM cathode

outlet temperature (a).
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batteries typically have to be replaced after 2—3 years,
regardless of whether it ever intervened and provided backup
power. In contrast, a fuel cell backup power supply in theory
has alife of 200 such interventions. Scenarios in which there is
short but frequent power cuts, a battery backup power supply
might be the best option. However when there is long but
infrequent power cuts, the fuel cell backup power supply
offers a better solution than conventional batteries.

6. Conclusions

This paper reports the study of a mobile power backup for
uninterruptable power units based on a PEM fuel cell. A
preliminary design of the main components is carried out in
view of an operating time of 48 h. In this system the fuel cell is
fed by pure hydrogen taken from a lithium hydride hydrogen
storage while ambient air is supplied to the cathode by an air
fan moved by the inverter-fed electric motor. A dynamic
model of the system including the PEM fuel cell and the rele-
vant component of the balance of plant is developed and
implemented in Aspen Custom Modeler. The fuel cell is
modeled through a finite difference approach where mass and
energy balance equations are applied locally together with the
pertinent equations of the electrochemical model yielding the
profiles of any relevant thermodynamic and electrochemical
cell variable.

The actual electricity load of a computer file server (HP
EX490 MediaSmart Server) was experimentally measured by
a power measurement device over a period of 0.5 h and
applied to the fuel cell model. Dynamic and control simula-
tions are carried out including use of two PIDs controllers in
the system: one acting on the fuel valve opening to maintain
a constant fuel utilization factor of 85% and the other regu-
lating the power supplied to the air fan motor, thus varying
the cathode air inlet mass flow to control the outlet temper-
ature of the cathode stream to the set point value of 90 °C.

Results of the simulations shows that with an appropriate
choice of the PID’s setting parameters, obtained through hand
tuning, we obtained a robust control system that maintains
the variables within the desired set point targets with
acceptable oscillations. In particular the valve opening regu-
lated by the PID fuel valve allows the fuel utilization to vary
within +1% of the set point value of 85% while the cathodic
outlet temperature is effectively controlled by varying the
power supplied to the air fan, resulting in a variation within
+3 °C of the set point value of 90 °C for most of the time.
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Notation

ax water activity in channel k

Meool, My
Nq

M;
Mvw,k
MEA
oCcVv

W, dry

molar concentration of componentiin sub-volume j,
mol m~3

specific heat capacity, J kg *-K™?

valve flow coefficient

water concentration at k interface of the membrane,
mol m~3

diffusion coefficient in diffusion layer, m? s~
intradiffusion coefficient of water in membrane, m? s~
diffusion coefficient of water in membrane, m? s*
specific internal energy of channel i, ] mol*
Faraday’s constant, C mol™*

height of sub-volume i, m

specific enthalpy of channel i, ] mol*

specific enthalpy of specie i at condition of channel j,
Jmol™?!

current, A

exchange current density, A m~
local current density A m ™
momentum of inertia, kg m?
water permeability, m?
length of the fuel cell, m
coolant mass flow, kg s~
electro-osmotic coefficient of water in membrane
(molecules/protons)

molar flow rate of species i, mol s
molar flow rate of water vapor in k channel, mol s~
Membrane Electrode Assemblies

Open Circuit Potential

pressure, bar

water partial pressure in channel k, bar

convective thermal power, kJ s~ *

gas constant, J mol * K !

relative humidity

time, s

membrane thickness, m

temperature, K

velocity, m s~*

heat transfer coefficient, Jm? s~ K!

fuel utilization

Uninterruptable Power Supply

open circuit potential in standard conditions, V
cell operating potential, V

open circuit potential, V

volume flow, m3 s?

axial coordinate

molar fraction of water in vapour phase in k channel
degree of fuel valve opening

power, W; width, m

membrane dry weight, kg kmol*

1
1

2

1

-1
1

Greek letters

o

w

Pm,dry

Om

ratio of water molecules per H* proton flux,
molecules/proton

diffusion layer thickness, m

thermal conductivity, Jm~*s K ?

water viscosity, kgm ™ s!
rotational speed, rad s~*
density, kg m 3

dry membrane density, kg m™
membrane conductivity, @ 'm"~

3
1
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Subscripts

a anode

av average

c cathode

el electric

inf surroundings
ref reference

s solid phase
Superscripts

0 cell inlet condition
sat saturation
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