AL
(s

International Conference on Renewable Energies and Power Quality (ICREPQ’1
Cordoba (Spain),'8to 10" April, 2014
(/()I;//(’//’(lé/(‘ r(fglllﬂf/lly (/////f/;/}/’(‘/ Q){/{//Ij/yi/(//"’llrl’ﬂf// (RE&PQJ)
ISSN 2172-038 X, No.12, April 2014

sz

A

Employing Hydrogen Fuel Cell in Hybrid Energy Systemsfor Stand-Alone, Off-
Grid Remote Sitesin UAE

Ensiyeh Keshtkaran, Abbas A. Fardoun and Hassan Noura

Department of Electrical Engineering
United Arab Emirates University
P.O. Box 15551, Al-Ain, UAE

E-mail: Ensiyeh.ksht@yahoo.com, afardoun@uaeu.ac.ae, hnoura@uaeu.ac.ae

Abstract. In this paper, the economic feasibility of Proton
Exchange Membrane Fuel Cell (PEMFC) as part of a stand-
alone renewable energy system for a remote application in UAE
is examined and investigated.

HOMER (computer software simulation tool) was used to
conduct the analysis for sizing and optimization. The study
takes into account the load requirement variations, capital cost
(FC, PV and diesel generator cost) and running cost (Hydrogen,
PV cleaning, and diesel cost). The costs are based on the
location of interest. In addition, equivalent circuit model of the
fuel cell system is developed based on experimental data.
Simulated results matches the experimental data very well at
steady state conditions.
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1. Introduction

The reverberating cadence of diesel generators producing
electricity is a familiar sound to UAE people who have
experience in desert (safari) camps which are scattered
around the country’s wasteland. Less familiar is the sight
of hybrid energy systems, typically characterized by
swirl turbine blades and very large photovoltaic panels.
But renewable energy installations are beginning to take
root in UAE, characterized with long hours of sunshine
throughout the year. These hybrid systems are starting to
supplement or even replace diesel generators.

In a hybrid energy system, PV panel is used to provide
the primary power source, but because energy from solar
irradiation and sunshine is of an intermittent nature,

energy must be supplied by other sources during the time
that PV has low efficiency. In current systems, diesel

generators supply the required electricity for the night

activities in the desert camp.
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Although a diesel generator may seem relatively
inexpensive to purchase, it is expensive to operate and
maintain, and it has poor efficiency [1, 2, 3]. Diesel
generators emit greenhouse gases, and leaks from fuel
storage tanks can contaminate soil and potable water
supplies. Changes in landscape of the desert’s sand dunes
due to diesel generator’s operation voice and vibration, is
another adverse effect of diesel generators. In addition,
isolated safari camps in UAE, like the one shown in
figure 1, incur increased diesel fuel costs as a result of
long transport distances and are often located in very
hostile environments [4].

Fig. 1 Isolated Desert (Safari) Camp in UAE

Hydrogen fuel cell system represents one of the most
promising solutions for solving the intermittency in
electricity generation that is produced by renewable
resources such as solar energy and wind. Recent studies
have suggested that a potential solution to provide
backup for an unreliable power source, is to use
independent renewable energy resources, hence hydrogen
fuel cell system. Hybrid energy systems diminish the risk
of diesel-related environmental damage and related
remediation costs [5]. Despite these environmental
benefits, hybrid energy system utilization in remote safari
camps is not without challenges. Desert safari activities
typically takes place in limited hours and their power
needs are proportionately small relative to densely
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populated community. This creates challenges v
attempting to gain cost advantages from economie
scale.

Various combinations of PV panels,edel generators,
batteries, power converters, and fuel cell system

simulated in an effort to find the most cost effec

system tosatisfy the given electrical load requireme

This study focuseson the feasibility of utilizing

combination of P\Vfuel cell system in place of a die-

battery system to produce energyrigure 2 present

prototype set up to provide power for a remote arei

UAE.
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Fig. 2 Experimental Renewable Energy Based Sy

There are two sections to this studly.the first section
the equivalent circuit parameters of the 3KW fuel ce
performed based on current loading technicand
developed modetompared to experimental da

In the second sectiorthe economic feasibility of th
renewable energy systenshown in figure 2 is
investigated. HOMER (computer software simulatic
tool) was used to conduct the analysis for sizing
optimization. load requirement variations, capital c
(FC, PV and diesel generator cost) and running
(Hydrogen, PV cleaningand diesel cos has been taken
into account at this section.

2.  Methodology
A. Experimental Data

Several experiments were conducted on the
ElectraGefR" fuel cell system which iset up in UAE
university renewable energy laboratoryAl-Ain, shown
in figure 3. The systernses a combination of a Prot
Exchange Membrane (PEM) fuel cell and energy sta
devices (batteries or capacitors) to prowp to +24 volt
uninterrupted DC backup powerThe system is
connected to a 3 kW load consistiofy30 lamps (100V
each) for the experiment purposmd the data we
collected using a data acquisition system basec
LabView.

Experimentes performedbased on current loadir
technique. Incurrent loading test a no load PEMFC
suddenly turned orto full load (3kW to obtain the
waveform of the transient terminal volta
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Equivalent circuit model of the fuel cell system
developed based on experimental . Proposed model
has been simulated inSPICE and results have been
compared to experiméal values detected via curre
loading technique.

Figure 3UAE“L']niversity Renewable Energy Laborat
B. Proposed Renewable Energy Based Solution

PV panels ar@ised to provide the primary power sot
in a hybrid energy systenowever, energy from solar
irradiation and sunshine is of an intermittent nat
henceenergy must be supplied by other sources dt
the time that PV has low efficiency due to dera
factors such as: cloud, high temperature, high
concentration, shadow, midity, etc. 6]. In current
systems, diesel generators supply the required elect
for the night activities in the desert cal In the second
part of this study, it hasbeen investigated if diesel
generator can be replaced by fuel cell system it
efficient way during these perioc

HOMER, a computer model developed by the Un
StatesNational Renewable Energy Laboratory (NRE
has been used @malyze the feasibility of possible hyb
energy systems.This model incorporates both t
physical performanceof the system and its lifecyc
costs. The lifezycle cost is the total cost of installing &
operating the system over its expected life. It inclt
costs for capital, replacement, operation
maintenance, fuel, and intere

To obtain theinput data utlized by HOMER i
modelling the various hybrid systems, data was colle
from the following sources: academic and professi
journals, writtenreports, websites, government agenc
various service providers, and personal communici
with representatives from component equipn
manufacturers.

Critical independent variables (hereinafter referred to
sensitivity analysis) are proposed to fuel cell capital
cost and fdrogen prices. Each of these variat
simulated and tested rfawithin the following specifiec
range: Fuel cell capital cost 100% to 10% hydrogen
prices $1.9 to $3.5 per liter. This ene the study to
identify the effects that a change in one of these varii
has on the feasibility of the overall syste

C. PEMFC Equivalent Circuit Model and Parameter
Estimation

The circuit which is needed to perform the cur

loading technique is shown ifigure 4. During the
current loading test, a no load PEM Fuel Cell is sudd
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turned on and the terminal voltage of PEM fuel cell will
gradually reach the steady state [7].

The main properties that can be procured using current
loading technique are the ohmic resistance obtained from
the instantaneous change in terminal voltage and
activation loss calculated from the gradual change in
terminal voltage to a steady state value.

In fuel cell, the layer of charge on or near the electrode—
electrolyte interface is a store of electrical charge and
energy, and as such behaves much like an electrical
capacitor. If the current changes, it will take some time
for this charge and its associated voltage to dissipate (if
the current reduces) or to build up (if there is a current
increase) [8]. Hence the activation overvoltage does not
immediately follow the current in the way that the ohmic
voltage drop does. The result is that if the current
suddenly changes, the operating voltage shows an
immediate change due to the internal resistance, but
moves fairly slowly to its final equilibrium value. One
way of modeling this is to represent the charge double
layer by an electrical capacitor [9] as shown in figure 4.

Load
resistor

Equivalent circuit
of PEMFC

Fig. 4 Circuit for Testing PEMFC under Current Loading
Technique

The ohmic losses are represented through the resistor
(R;) which expresses the internal resistance of the PEM
Fuel Cell, such as the resistance of electrodes, the
resistance of conductive plates, and the resistance of
proton which is transferring through the membrane.

The activation losses are represented through the parallel
connection of a resistoR{) with a capacitor ;) that
models the double layer of charge at the interfaces

between the membrane and the electrodes. The resistor

(R,) models the activation overvoltage and the capacitor
‘smoothes’ any voltage drop across this resistor. The dc
voltage sourceR)) is the theoretical open circuit voltage
of the PEMFC.

At time t=1t, the switch S is closed. The terminal
voltage corresponding to time< t, can be expressed as
v(t <t,) = E,. The terminal voltage corresponding to
timet > t, can be obtained from the following equation:

Ry
Rp+Ra+Ry

RL_ o—(t-to)/t
e o)/TE
RL+R, 0

v(t) = 1)

(1— e -W/T)E, +

Where t is the time constant of the test circuit=
Co(RaR, + R R)/(R, + Ry, + Rp). The terminal voltage

https://doi.org/10.24084/repqj12.499 813

corresponding to timet =t{ where t{ is the time
immediately aftert,, is given as followsv(t =t{) =

RR+LR E,. The steady state terminal voltage after the

L T

switch is closed can be calculated ty = LEO.
RL+Rr+R,

The terminal voltage corresponding to tirme=ty + t
can be calculated by:

Ry
Rp+Ra+Ry

Ry

-1
(1 e )EO + RL+R,

e Eq (2)

vit=ty+1) =

The activation losses capacitéy can be derived from

. Ra+Rr+R
the time constart, = Ra(R—iRL)
a\Rr L

After the equivalent circuit parameters were measured,
equivalent circuit model has been simulated in PSPICE

and simulated results have been compared to
experimental results detected from current loading
technique.

D. Modelling the Hybrid Energy Systemin HOMER

The hybrid system components being considered are as
follows: diesel generators, PV panel, fuel cells, hydrogen
storage tanks, batteries, and power converters. Research
has been conducted to determine the costs (capital,
replacement, and operating and maintenance) of each of
these components. In addition, the number of units or
size of each component was considered to determine
what was needed to service the aforementioned electrical
load of 66kWh/d with a corresponding peak load of 7
kilowatts. This load is sufficient to be a backup power for
small remote desert camp. The research specific
schematic inputted into the HOMER simulation software
is shown in figure 5.

PV e d
Primamny Load
.

BE kiw'h./d
Fuel Cell

7 kW peak
e L

Converter
HEDD

]

Diesel Generator

AC DC
Resources Other
E Solar Resource @ E conamics
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M Hydrogen (3]
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@ Canstraints

Fig. 5 HOMER Model

It shall be noted that the load requirements at night hours
are provided from the combination of Fuel cell and
battery pack (figure 2).

Availability of energy from a PV panels is directly rated
to the consistency of the solar radiation and is affected by
derating factor. A PV solar power measurement system is
constructed in the UAEU renewable energy laboratory
with geographical location coordinates shown in figure 6.
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The SHARP ND-210 PV panels, with a rated capacity of
210 W are installed and chosen to service the electrical
load required for small remote desert camp.

The cost of the PV panel was set at $4000 while the
replacement costs were considered to be $3500. The
operating and maintenance costs were estimated to be
$10/yr.

To enable the HOMER simulation software to identify an
optimum system the number in the PV search space was
inputted at O to allow no PV to be chosen as well as at 5,
10, 15, 20 and 25.

Latitude: 24°11'6,34™N

Longitude:  55°42'19.568"E

ran

Fig 6 PV Installation Site coordinates
The daily electrical load profile of 66kWh/d with a
corresponding peak load of 7 kilowatts being used in this
study is shown in figure 7.

Load Profile (Synthesized Data)
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Fig. 7 Daily Load Profile for Desert (Safari) Camp

Table 1 shows the monthly average solar radiation in Al-
Ain [10] which has been uploaded into HOMER.

Table 1. Monthly Average Solar Radiation in Al-Ain Camp

Clearness Index | Average Radiation

Month
(kWh/mZ/day)

Jan 0.545 3.730
Feb 0.593 4710
Mar 0.561 5.220
Apr 0.817 6.440
May 0.859 7.270
Jun 0.665 7.440
Jul 0.619 6.860
Aug 0.630 6.680
Sep 0.638 6.160
Oct 0.645 5370
Nov 0.606 4290
Dec 0.530 3.440
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3. Resaults
A. Circuit Model and Parameter Estimation Results

Using the component models showed in figure 4, a
simulation system test bed for the PEM fuel cell system
under study has been developed using Pspice. In order to
verify the system performance and to validate the
proposed circuit model, several simulations have been
made and compared.

Simulation studies are carried out for power management
during peak load demand in desert camps. The load
demand kept the same during simulation.

Experiments were performed based on current loading
technique and conducted on the 3kW Electrd®enel

cell system which is set up in UAE university renewable

energy laboratory in Al-Ain. The system is connected to

a 3 kW load consisting of 30 lamps (100W each) for the
experiment purpose as shown in figure 8.

Based on current loading technique, a no load PEMFC is
suddenly turned on to full load (3kW) to obtain the

waveform of the transient terminal voltage. Data was
collected using a data acquisition system based on
LabView.

Experiments were conducted on the system in the UAE
in the summer at noon and relatively high ambient
temperatures ranging from 48°C to 54°C.

3 kW Load Fuel Cell System
Fig. 8 ElectraGen™ fuel cell system and the 3kW load

By applying the equations and equivalent circuit
discussed in section 2-C, model for a 3kwW
ElectraGenTM PEM fuel-cell stack were built in PSPICE
environments. A typical current loading testing result is
demonstrated below:

Eo, =35V, vit=t}) = 34V, Ve = 25V
R, =021Q, R, =6.186x1073Q, R,=0.07780Q
C, =17.449F

Figure 9 shows the experimental values detected from the
3kW ElectraGenTM PEMFC system under current load
technique test and PSPICE simulation results.

Note that the experimental results and Pspice model
responses agree with each other very well at steady state
conditions. The voltage drop at the beginning, shown in
figure 9 is due to activation losses.
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Fig. 9 The simulated and experimental waveform of vStack

This model will be used to further study for the whole
experimental set up under different loading conditions.

B. Homer Results

Total net present cost of possible system types at current
fuel cell cost is shown in figure 10.

The fuel cell system is not a cost competitive alternative
compared to the conventional PV diesel-battery systems.

FC Capital Multipher:
Max. Annual Capacity Shortage (£}

0.938
0,185 ¢

System type Total net present cost

PY/Ds Gn/Battery $146,579 _

P\V/FC/Ds Gr/Battery $147.853
PV/FC/Battery $153.076 [

Ds Gn/Battery $158,877 _

FC/Ds Gn/Battery $160.330 _

FC/Battery $172,165 —

FC/Ds Gn $175.618 _
PY/FC/Ds Gn $179.466 |:|

PVIFC $263630 [
FC s25359 |

Fig. 10 Total net present cost of possible system types at
current FC cell cost

However, with a reduction in fuel cell systems to about
50% of their current costs these systems begin to become
cost effective when coupled with a PV-diesel system or
being used as independent back-up generator along with
batteries (Figure 11).

0502
0.205 ¥

FC Capatal Multipher:
Max, Anrual Capacity Shortags [£)

System type Total reet presant cost

PY/FC/Battery $ 114,680 _
FC/Batlery s1z00z
PVIFC/D e Gn/Battery $ 122,688

FC/Ds Gn/Battery $124.49
FC/D2Gn s1z820 [
/D Gn/Battery $145.550
PY/FC/Ds Gn $ 150,564 ]:I

Dz Gr/Battery $ 158 694 _

e s100:5 |
PVAFC $182.475 _

Fig. 11 Total net present cost of possible system types with FC
capital cost equal to half of current cost
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In figure 12, the sensitivity of solar radiation in m/s was
plotted against diesel prices in $/litre. The third
sensitivity variable, fuel cell system capital cost
multiplier (faction of capital cost), was fixed at 1.

This model indicated that at current fuel cell system cost
(FC capital multiplier fixed at 1) the most economically

feasible solution for Solar radiation ranging from 3.5 to 6
kWh/m2/d and diesel prices ranging from $0.4 to

$1.0/litre is a diesel-battery system.

Considering the fuel cell system costs at present cost,
diesel prices to be $.85/litre, and the average solar
radiation to be 5kWw/m2/d the net present cost of the
system, capital cost, and the cost of energy was found to
be $146,843, $49,920 and $.474/kWh respectively.

In figure 13 the diesel cost was plotted against the fuel
cell capital cost multiplier (faction of fuel cell system
capital cost). The third sensitivity variable, solar radiation
was fixed at 4.99kWh/m2. This model more clearly
indicates that when the average solar radiation exceeds
4.99kWh/m2 and the fuel cell systems reach 30% of their
current capital costs it was economically feasible to meet
the electrical load without the diesel generator
component. Furthermore, this model revealed that this
result was almost absolutely independent of the price of
diesel within the range of $.4 to $1.0/litre. Considering
the fuel cell system capital costs to be 30% of present
costs, diesel prices to be $.85/litre, and the average solar
radiation to be 4.99kWh/m2, the net present cost of the
system, capital cost, and the cost of energy (COE) was
found to be $95911, $37,170, and $.310/kW
respectively.

However, with a reduction in fuel cell systems to about
50% of their current costs these systems begin to become
cost effective when coupled with a PV-diesel system or
being used as independent back-up generator along with
batteries.

Figure 14 shows that with the Solar radiation fixed at
4.99kWh/m2, the diesel price fixed at $.85/litre, and the
fuel cell system capital multiplier fixed at 1 (current cost)
the most economically feasible system configuration is
5kW PV panel, 5kW diesel generator, 64 H600
batteries and a 5kW power converter.

The net present cost of this system, annual operating
costs, and annual cost of energy are $146,843, $7,582,
and $.474/kwWh. These numbers are specifically targeted
as they represent UAE’s current average solar radiation,
diesel price, and fuel cell system costs respectively with
the solar radiation fixed at 4.99kWh/m2, the diesel price
fixed at $.85/litre, and the fuel cell system capital
multiplier fixed at 0.4 of current costs.

The optimum system configuration in this scenario has

replaced the diesel generator with fuel cell system and

PV. The net present cost of this system, annual operating
costs, and annual cost of energy were $106,487, $5,548 ,
and $.344/kWh.
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Fig 14 Optimization Results with Solar, Diesel, and FC Capital Multiplier Fixed at (4.99, 0.85, 1)
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4. Conclusion

Homer model analyzes the options for providing power
to remote desert camp. The three possible sources of
power are photovoltaic, Hydrogen fuel cell and Diesel
generator. The possible storage media is battery bank.

Sensitivity has been performed on the cost of the
hydrogen subsystem. The optional system type graph in
figure 13, shows that the hydrogen subsystem must come
a long way down in price for it to be competitive with
diesel generator. Moreover most of the cases when
HOMER does recommend the hydrogen system, it also
recommends the battery bank. Only in one corner of the
sensitivity space where the hydrogen fuel cell system and
hydrogen tank are virtually free, does HOMER
recommend the hydrogen system unaccompanied by a
battery bank.

Remote location of the camps and difficulty of delivering
diesel and hydrogen tanks is another point that should
take into consideration. Pointing out that in most of the
cases, especially during the day time when the PV panels
are able to generate maximum power and consumption is
min, system produces more power than what is required
for load at a given time. This extra generated power can
be coupled with electrolyzer and used to generate and
store hydrogen for the fuel cell operation during the
night. Considering that water electrolysis technology has
the highest energy efficiency in non-fossil fuel based
hydrogen production, it is ideally suited for coupling with
PV field in order to use the surplus generated renewable
power to produce and store hydrogen at high efficiency.

The stored hydrogen in storage tank can be consumed
when required by the fuel cell. Such a standalone PV-
Hydrogen Fuel Cell System, diminish the risk of diesel-
related environmental damage and will reduce difficulties
and extra effort for supplying the Hydrogen source to the
middle of desert.

Despite these environmental benefits, hybrid energy
system utilization in remote safari camps is not without
challenges in addition to extra capital, maintenance and
operation costs of the hydrogen producer and Hydrogen
storage system.

An electrical equivalent circuit of the fuel cell has been

developed. The electrical circuit elements has been
calculated and estimated based on current loading test
and experimental results collected from ElectraGenTM

fuel cell under study. The model was used in the

simulation of the fuel cell. Simulation results revealed

that the model matches experimental data very well at
steady state conditions. The model will be used to

further study the whole experimental set up under

different loading conditions.
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