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capacitors (SCs) was studied with the worst case of 10 minutes and eight hours of
interruption per day. A power management system was established to control the FC and
the SCs in order to extract the hybridization benefits with a comparison between a Proton
exchange membrane FC (PEMFC) working alone and another combined with SCs.

Moreover, possible FC degradations were discussed. The start/stop cycling, the high-power
loads and load changes degradations were taken into consideration in order to estimate the
FC lifetime span using a prediction formula. Besides, the FC costs were studied to estimate
the best average cost. Finally, the SCs filter constant time and their charging currents were

revealed.

Uninterruptible Power Supply.

ABREVIATION
UPS Uninterruptible power supply
SC, SCs Super-capacitor, super-capacitors
FC Fuel cell
N s s Number of SCs series elements
N b sc Number of parallel SCs pack branches
N, fe Number of FC series elements
N b fe Number of parallel FC branches
P, Super-capacitors pack power
P e Fuel cell power
P, Load power
U.. Super-capacitors pack voltage
U, Fuel cell voltage
UM Maximum SCs pack voltage
Um Minimum SCs pack voltage
SoH State of Health
i oh Super-capacitors charging current
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Fuel cell with Proton Exchange

PEMFC Membrane
EoL End of Life
Tau Filter constant time
€ Euro
Electrochemical Impedance
EIS
Spectroscopy

1. Introduction

UPS have reached mature levels in term of electrical power
quality provided to sensitive loads despite power disturbances and
outages. It is available on the market in a wide range depending on
their ratings; from 300VA to provide back up for a computer to
several megawatts for an entire building.

Most backup power systems technologies involve engine-
generator sets and lead-acid battery either with SCs systems or
without such systems. Although the engine-generator sets are
reliable and last for long runtime, they depend on the availability
of fuel, require excessive maintenance and cause a lot of pollution.
Besides, batteries are unsuitable for long runtime; they last for
limited life span, are very sensitive to temperature and have got
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power fluctuations which lead to lifetime and capacity uncertainty
but they involve low capital investment.

Further improvement FC technology will be a real boost for
UPS for low and high-power applications. They are emerging as a
valuable alternative to engine generator sets and lead-acid batteries
in backup power systems. FC have high specific energy and
reliability and present no pollution to the environment. PEMFC are
the most common thanks to their relatively fast response and low
operating temperature.

The FC lifetime can vary significantly from an application to
another, ranging from 4.000 h approximately for intermittent
operation to 40.000 h for stationary applications [1]. But the most
common drawback of FC is their high cost which is an important
criterion for any project.

The FC durability is defined by the end of life (EoL) concept
related to the inability to guarantee a minimum performance or to
ensure basic operations. Thus, the FC EoL can be defined by the
observation of a failure or a certain loss in performances. In case
of failure, the user needs a complex and unexpected maintenance
in order to bring the system back to its normal operational
conditions. Failure is the most undesired situation; it should be
prevented in advance by detecting these events. On the other hand,
the loss in performances leads to a degraded mode implying
reduction of power capacity or overconsumption. It has been
proved that the aging effect causes the cell degradation in
performances, which means that an old stack needs a higher
amount of hydrogen than a new one to provide the same power [2].
In fact, the FC loss in voltage is related to the stack power
reduction and so its inability to accomplish some technical
requirements.

FC need an auxiliary power source to overcome fast transients
such as SCs. In fact, UPS systems depending on the FC combined
with the SCs are not that extensively investigated. Thanks to
hybridization more advanced UPS systems are expected. This will
allow FC functionalities enhancing the global system life
expectancy and minimizing stresses caused by load currents [3].

Today, SCs can provide the required energy in a short time
despite their low energy density. For high voltage applications,
SCs cells can be connected in series and deliver higher power of a
similar-sized battery [4]. However, SCs voltage drops sharply
while discharging.

Different combination topologies of FC/SCs have been studied.
Among these combinations the parallel topology using two
choppers seems to be the most efficient and flexible [5]. Fuel
Cells and SCs can be directly connected to the DC bus without a
converter which allows the DC bus voltage to be maintained
around the desired value. Meanwhile, the high charging and
discharging cycles cause high power losses of the bidirectional
converter and reduces the power efficiency of the entire system [6].
Besides, the load power is filtered during the UPS autonomous
operation by a low-pass filter. The SCs absorb high power
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demands and prevent the FC to face them. The FC supply the
smoothed power and can recharge the SCs when power demand is
low [5].

In [7], the author estimated the FC lifetime relying on the
Electrochemical Impedance Spectroscopy (EIS) measurements
which consequently could help predict the FC maintenance
planning.

In [8], the author gave a mathematical equation of expected FC
lifetime taking into account the on/off cycles, load changes, high
power load, idling, and air pollution factor. They proved that the
FC reached its end when its voltage decreased by 10% at a constant
current.

In [9], the author uses a Stochastic Dynamic Programming in
order to decrease the total cost of the FC and increase its lifetime
by 14% while increasing the fuel consumption by only 3.5%. This
programming reduced significantly the FC transient load.

In [10], the author used two energy management strategies by a
dual-stack FC system in order to improve the fuel economy of a
vehicle and make the driving range longer. They kept the FC’s
on/off frequency at a reasonable range.

In [11], the author studied an analysis of life-cycle cost of five
trams and took into account the initial infrastructure cost, the tram’
power, the mode of operation and the replacement cost. They
proved that using a FC hybrid tram cost 16.6% to 19.1% lower than
a tram using an electric network.

The objective of this paper was to extract the best amortized
lifetime cost of the hybrid system, considering power dissipation
and the FC and SCs cost based on the amount of energy supplied.
The cost of the hybrid system for the UPS was compared to that of
an independent FC. The FC/SCs hybridization in backup systems
for UPS was considered using an optimal energy management
control in order to improve the lifetime of the hybrid system and
reduce its overall cost.

2. Presentation of the UPS
2.1.  UPS specification

The studied UPS is a 500 kVA rated power which main
specifications are:

e Backup time: T =10 min;

e Nominal FC power: Py =480 kW;

e DC-bus voltage: V,;. =400V,

e Power factor: FP =0.9;

e FC nominal voltage: Ufc,om =650 V.

e Nominal SCs pack voltage: Ug- =300 V.
e Total efficiency: n=95%;

The studied UPS is a system with an Online/Double-
Conversion. It interferes in grid failures before the generators start
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up. The maintenance has to be applied each time the FC falls up;
the study was limited to twenty cycles of failure. In order to
estimate the cost, the first cycle of autonomy was considered. The
worst case of autonomy has been chosen in this work with two long
interruptions per day: 10 minutes of interruption and 8 hours one.

2.2.  Sizing and Modeling Supercpacitors
The SCs must deliver all the power rating Py =480kW in 10 s,

with a delivered energy around 4.8 MJ. The simplified circuit is
shown in figure 1.

Losses Main cell Slow cell
i R, R,
i: .

| -
C1 = :
Vel {Rf Co+Cy.v4 2 C, T Va2

Figure 1: Super-capacitor simplified circuit.

The energy Esc stored in the SCs at the voltage Ug. is written
as [5]:

N, ..
ES’C = l CC‘ USL’Z = l = CSL’USCZ (1)
o2 2N

s_sc

Where: C eq 1s the equivalent capacity of the SCs, Np <c arethe

parallel branches of the SCs NS are the series connections of
SCs and Csc is the SC capacitance.

For maximum SCs voltage Uy = 300 V, we can recover 75%
of the total energy initially stored if the voltage after discharge is
in the range of U,;, = 150 V. The efficiency coefficient k is equal
to 0.9 in the worst case [12]. The energy delivered by the SCs is
expressed as:

1

P,At = k%(CeqUMz —EC()quz) 2

The calculation gives the equivalent capacitance C, eq=158 F.
The SCs studied in this paper are the Maxwell/ BCAP3000 type,
rated 3000 F, 2.7 V. The number of components in series NSg.is

determined by the initial voltage of the pack in the charged state
(300 V). We finally get Nsgc = 112 and Np_. = 6.

In order to model the SC, we refer to the simplified model with
two branches that describes faithfully the electrical behavior of an

SC element. This model was developed by Bonert and Zubieta [13].

It contains two parts in which the capacity of the main branch is
nonlinear and varies depending on the voltage as shown in figure
1.

The main capacitance € consists of a constant capacity CO (F)
and a parameter denoted by C,, (in F/V) and it is written as: C1 =
Co + Cy =V, where C,, is a constant and V1 is the voltage
across Cq. The equivalent circuit parameters are detailed in [5].
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e R;=0.360mQ;

e (y=2100F;

e (,=0623F/V;

e R, =192Q;

e (,=172F.
The SCs voltage is described as following:
Ue =V x Ny =N x( + R *i,) ©)
Uy = N X0+ R 1) 5

p-sc

Where Uy, and Isc are the super-capacitors bank voltage and
current respectively, Vg, and iy, are the elementary SC voltage
and current respectively.

The voltage v, at the terminals of the capacity C is given by:
Sl 11 (5)

The current i1 is expressed as:

. do, dv, dv,
= =C =(C,+CJV, (6)
h dt U dt (Co r dt
Where:
Q1 = Co’  + ;Cvl 12 (7)

From this, we have:

v C, ++/C," +2C,0, ®)

C

v

Taking into account the variation of the SC capacitance as a
voltage function, the energy E . of the SC is given by:

1 1
Esc, = Ns—sc * Np—sc * (E COVSCZ + g Cvl/vscs) (9)
The SCs pack sizing meets the energy of 4.8 MJ specified initially.
Furthermore, in [5] the simulated SCs circuit was validated by an
experimental charge/discharge test at constant currents which
showed good agreement with the developed model.

2.3. Fuel cell Sizing and Modeling:

The studied FC is a PEMFC simulated by MATLAB/SIMULINK
using the datasheet of Nexa™ power module. The FC model
should be rescaled to make it fit for UPS applications and suitable
for the power demand. The Nexa™ FC stack provides1.2 kW of
net output power and a voltage ranging from 43V to 26 V at full
load.

The equations for calculating the variation of the voltage can be
found in several works [14]. This model is described using a
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combination of basic laws and empirical models. The FC voltage
is described as follows:

V.

cell :E _AV

f (10)

fe

Where: Ef. is the open circuit voltage and AV g, the sum of
activation losses (due to the start-up electrochemical reactions at
the cathode), ohmic losses (caused by the resistance imposed by
the bipolar plates and the electrodes) and concentration losses (by
the variation of the reactants concentrations). We can write E¢,
according to [14] using the cell temperature Tf., the partial
pressure of hydrogen PH;, and oxygen PO as:

E, =1229-85410"4(T, —298)+ 4308410 *T *Ln(P,*P,,07 ) (11)

AV ¢.Can be defined as:

AV, = A Ln() v, j, + B Ln(l——£—) (12)
' ' Jo o ' Jlim- fe

Where A fc and jo are the losses activation parameter, By is the
modeling constant (V), jg, is the current density of the stack
(A/em2), 1'g¢ are the ohmic losses parameter and ji, fe is the

maximum current density of the FC (A/cm?2).

The total electric power of the stack is calculated by the following
equation:

Pfc = Ns—fc X Vfc Xifc (13)

Where V. and ifc are the voltage and current of the FC and
Ny is the series fuel cells number.

The FC parameters are summarized in Table 1. The results were
verified by comparing the operating conditions with the datasheet
provided by the manufacturer and given in Figure 2.

There is an agreement with the datasheet polarization curve and
the polarization curve of the FC potential despite minor differences
due to the estimation of some parameters affecting the activation
regions. This difference is tolerable considering the neglect of
some physical processes like water flooding at the cathode and
anode drying.

From this comparison, we can say that the developed model is
accurate and can be used to simulate the FC performances.

The consumption model uses an optimization algorithm that
transforms the electric power and FC auxiliaries into a hydrogen
consumption rate. The instantaneous hydrogen consumption rate
depends on i, and can be expressed as: [15]
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Table 1: Fuel Cell parameters

Ay 120cm® P2 2 atm
ch 0.027 Po> 1.9 atm
s 60° Jtim- fe 2A/cm”

Ns fe 18 e 0.5Qcm?
No_fe 18 Jo 2 ud/cm’
50 -
— Simulation
o

45 = = —manufacturer

a0 |

35 |

voltage in V

30 |

25 L L L L L L I I |
0 5 10 15 20 25 30 35 40 a5

currentin A

Figure 2: Polarization curves of the FC according to the proposed model and the
datasheet

0.0337* N, *i,+0.0112
60

(8/s) (14)

CONS ;y, =

The lifecycle cost can be approximated since the power source
degradation in a backup system can be predicted. This is a priority
objective of many researchers who try to make it as minimum as
possible. Indeed, the degradation is not caused perforce by
operation conditions but mainly by aging.

The FC couldn’t compete with the internal combustion engine with
a price over 47€/kW at the transport domain [16, 17]. In fact the
lifecycle cost depends on the FC cost, the fuel efficiency, the
method of hydrogen production, the production capacity and the
social cost [18]. Besides at stationary domain the FC cost is around
3000€/kW [19]. However, when the power needed increases, the
FC cost decreases.

Few studies focused on the PEMFC lifetime and cost. If the
researcher is seeking for prolonging the FC lifetime, he will always
face cost problems. Thus to reduce the cost, the lifetime will be
shortened. In fact the FC cost could be reduced by using small
stacks at a higher power; however this will reduce the efficiency
and increase the degradation and decrease the system lifetime [9].

The total FC cost ( Cto:) takes into account the FC stack
manufacture cost (Cgzqck), the hydrogen consumption cost (Cpz)
and the maintenance cost (Cyqint)-
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600

Cot = Cru + [ Cippdt +C (15)
0

tot maint

In another hand, In order to estimate the FC lifetime, one should
determine the FC degradations and its EOL. In fact, the FC EOL
indicates a loss of about 20% of the active surface area, and the
voltage value drops by 10% compared to what it was for a total

surface area (120 em? ) [20, 8].

Lifetime can be expressed as:

T, =5 (16)

Where: 74 presents the FC performance decay rate and Ay is the
decreased value of FC performance from the beginning of its
lifetime to its end.

We can express g as follows:

r, =nV, +n,V, +t,V’ a7

Where n; is the average start-stop cycles per hour, V;is the
start-stop cycle degradation value, n,is the average load change
cycles per hour, V,is the load change cycles degradation value, t,
is the average high power load operation time per hour, V; is the
high power load degradation value.

Generally, lifetime loss can be expressed as:

T A (18)

— v
DN AR

Where n; is the operating cycles of condition i per hour, V; is the
average degradation value in condition i, t; is the average
operating time of condition j per hour and V; is the average
degradation value in condition j.

This formula can be used for any FC at any condition. But in
our case with the Nexa module, zero output voltage degradation
was witnessed under dynamic load test conditions according to the
manufacturer. Therefore, we focused on on/off cycling and the
high power load degradations.

3. Fuel cell/Super-capacitor combination
3.1.  The UPS system design

The power sharing control is elaborated in order to benefit the SCs
rapid charge and discharge ability and reduce the FC stress caused
by instantaneous power load demands. The main goal of this
combination is that the SCs support the power transients and to
sleek the FC high-power demands.

The structure shown in figure 3 contains two ideal DC/DC
converters which are supposed with no losses. These converters
are two types two quadrants, reversible current for the SC and
unidirectional for the FC to avoid current return, and have a bus
voltage around 400 V.
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Figure 3: Topology of the controlled FC/SC combination with control system

The main goal of the management policy is to drive the FC only
in its high efficiency domain, away from its high and low power
regions. Thus, control strategies maintain the SOC of the SCs
within a specified range. It mitigates the FC stress and maximizes
its life span since it uses the energy stored in the SCs to absorb
high power peaks.

The UPS block diagram respects the topology of an
Online/Double-Conversion system. The backup autonomy
considers al0 minutes of interruption and another one of eight 8
hours.

The hybrid control system generates two current reference
signals if c},,s for the FC and iscy,, for the SCs with the following
constraints: FC current must be limited to a maximum value in
order to match the reactant delivery rate and the usage rate and a
minimum value. Besides, the SC pack must have a maximum value
of 300V and a minimum value of 150V to indicate the
charge/discharge cycle limits.

At the beginning, sudden power variations are diverted to the
SCs thanks to a low-pass filter which is activated each load change.
Then this filter is canceled and the FC supplies the full load power
Pload. After that, at a certain limit of the load power Py;;, , the FC
supplies the load and the SCs with energy. When fully charged, the
SCs pack can intervene in the same way in case of another power
demand and the filter activated again. When the SCs reach 75% of
discharge, their voltage drops until 150 V which is the minimum
limit set. The SCs pack role is inhibited and the FC handles up the
full power.

The equation of the FC power Py, is given by:

= B, [1—exp(——2)]+ B, (19)

au

Pfc

Where: Pj,,q1s the power load cycle, Py, is the starting FC
power and T,,, is the adjustable constant of the low-pass filter.

The chart in figure 4 explains the power distribution principle
between the FC and the SCs.

The power management is developed and gives the optimal
sizing of the FC and SCs according to the critical load profile
which corresponds to the typical load power with large power
impulses as illustrated in figure 5. It is delivered by an UPS relying
on batteries in information technology (IT).
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Figure 4: FC/SCs combination system chart
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-
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Figure 5: Load cycle profile

The energy management system has to be appropriate in order
to obtain the necessary size of the FC and the SCs. The two major
parameters of the power management system are the SCs current
charging (ich) and the filter time (Tau).

The SCs current charge i., was varied (100A, 200A et 400A)
for Tau=2 and the load charge variation of figure 5 in order to
extract the SCs power waveforms as shown in figure 6. This test
emphasized on the SCs rest time (P, = 0 ) which decreased while
increasing icy, thus the FC power varied too (since B, and Py,
are complementary) and so is its lifetime and the hydrogen
consumption. For i ;, = 400A the SCs are charged rapidly via the
FC in order to interfere in case another load variation occurs.
However, at low charge currents the SCs are not totally charged to
face the next power charge variation. Consequently the optimum
icn 1s 400A.

The second test aims to vary the filter constant Tau (1, 2, 3 et
10) at 400A of i, as indicted in figures 7 and 8 which present the
SCs (Py) power and the FC power ( Py ) variations
simultaneously. In fact, the waveforms of theses storage elements
vary for each Tau value. The filter dynamic could also affect the
FC and SCs lifetime; the optimal solution seems to opt for a Tau =
2s.

3.2, Simulation results:

The combination of the FC and SCs has to last for the whole
backup time needed by our UPS. For the rest of simulation the
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ich=400A and Tau=2 are adopted.

15 X
D e O e o Uy Sy

05 1

-

Power in W

o ich=100A

ich=200A

v — = —ich=400A

. . . . . . ,
%0 92 94 9% 98 100 102 104 106 108 110
Timein

Figure 6: PSC for different values of Tau and current charge of the SCs
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Figure 7: SCs power evolution for different values of Tau versus Pload
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Figure 8: SCs power evolution for different values of Tau versus Pload

Figure 9 shows the FC voltage difference when it performs
alone and when it is accompanied with the SCs. Figure 10 gives
the SCs voltage and proves the optimum choice of Tau while
reaching 150V for just seconds before being charged up to 319V.
As for figures 11 and 12, they display the load power Pload versus
the FC power and versus SCs power respectively obtained.
Furthermore, figure 13 shows the FC current (if.) when the system
relies on only the FC and when the system is hybrid in order to
calculate the high power load operation period (while the FC
current increases 46A). Figure 14 depicts the instantaneous
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consumption of hydrogen with and without SCs which follows the
FC current shape.

900

e fC alone
850 |

- = = fCtsc

Voltage in v

Timeins

Figure 9: FC voltage

Voltage in v

0 100 200 300

Time ins

Figure 10: SCs voltage

= = = Pload

Power in w
&

Timeins

Figure 11: FC power versus load power with control system

At 550 s in figures 12 and 13, the FC is subjected to a sudden
power demand by the load. The low-pass filter is applied in order
to divert power variation to the SCs. At 558.83s, the FC supplies
the full power and then the filter is off. Then at 560s the FC
supplies the load and the SCs (in charging cycle) with energy.

At 570 s, another power demand arrives, the filter is activated
again and the SCs meet this sudden power requirement until
578.83 s when the filter is shut down and the FC continues
supplying the full power load: the same principle is repeated with
each load power demand. We notice that the SCs recharge process
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stops when their voltage reaches its maximum value (319V); this
avoids their deterioration.

= = = Pload

— Psc

Power in (w)

-
1
1
1
1
1
1
1
1
1

. ! k- [,

500 510 520 530 540 550 560 570 580 590 600

Time ins

Figure 12: SCs power versus load power with control system
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Figure 13: Single FC pack current

0035
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Hydrogen consumption(g/s)

[ A—
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Time(s)

Figure 14: Hydrogen instantaneous consumption with control system

As it’s clear, the SCs make a significant effect on Ug. since they
ensure the instant power changes only for a short period due to the
quick drop of its voltage and the FC fulfills the rest of the supplied
power until the 10 min are over.

In UPS applications, the FC is so efficient but the air supply
compressor, cooling pump and radiator could affect its
performance. Thus the air supply control strategy and resultant
transients have a significant impact on the UPS efficiency and
economy.
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3.3.  Gain in FC RMS Current and gain in FC Energy Losses:

In order to evaluate the FC/SCs association performance and to
verify the good choice of Tau as well as the number of branches of
SCs in parallel, two important criteria have been tested; the RMS
current in the FC as well as its energy losses.

Certainly the more the number of SCs increases and Tau is
greater the less the FC is solicited since SCs provide most of the
load power for a longer time. For this, these quantities were
calculated after each cycle and divided by the SCs cost.

The internal resistance of the FC can give an approximate image
of ohmic losses thanks to the RMS FC current (I,.,,s) which is
compared to the FC current when it acts without SCs pack
(Irms—ref) [5]. The chemical processes are neglected.

The gain in FC RMS current is expressed as:

7 -7
Gain gy (%) = _RMS_ref " RMS 100 (20)

IRMS _ref

Figure 15 (a) shows the RMS current gain of the FC while
varying the constant of the filter Tau (1, 2, 5, and 10) and the
number of parallel branches of SCs (6, 12, 18, 24, 30, 36, 42, 48,
54 and 60). It increases as the number of parallel SCs branches the
filter constant increase until an upper limit after what there is no
enhancement.

The gain in RMS current is divided by the cost of the SCs pack
as shown in figure 15 (b). It shows a maximum value about 214 %
per € of gain/cost at Tau=2s and Np,, =6 branches.

Gain-IRMS in % )

250

200

150

100

Gain-Wioss in % )

tau=1s

tau=2s

tau=5s

e tau=10s

Np-sc

tau=1s

tau=2s

tau=5s

tau=10s

(b)

Figure 15: Gain in RMS current versus Tau and /N ps
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c

In another hand, reducing the energy losses for any storage
element is the goal of any researcher in order to reduce its direct
effect on its longevity. These losses were calculated for the FC by
a comparison between FC losses (W, ) when the system is
hybrid and the FC losses while it is without SCs pack (W55 _ref)-

The gain is obtained as:

(%) — I/I/]ussfref _ ’/I/loss * 100 (21)

loss—ref

Ga in Wioss

es

Figure 16 (a) and (b) shows gain in FC energy losses and the
gain per cost with the same conditions of Tau and Npj, for the gain
in RMS current.

The gain in FC evolves as increasing Tau and Np,. until no
enhancement, but the gain per cost reaches 349.72 % per € for Tau
= 2s and Np,.= 6 branches.
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Figure 16: Gain in FC losses versus Tau and Np se

4. Lifetime cost evaluation

Some measurements may be available in order to evaluate the SOH
of the FC and indicate its EOL.

EIS measurements are either given by the manufacturer or
measured before the using the stack. However, these
measurements cannot be performed all the lifetime of an embedded
system [21].

The voltage decreases with time as presented in figure 17 which
indicates the evolution of degradation mechanisms inside the
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PEMFC; that’s why some papers use the voltage and the power to
evaluate the degradation rate of the system [22].

In order to evaluate the SOH of the FC, two thresholds can be
defined. The first one is a threshold to conform a mission which
decides if the FC can asset a given mission (the FC is not out of
use if we operate in degraded mode). The second one is the
definitive EoL; the FC is not able to deliver the power in safe
conditions (loss of 10% of voltage).

Figure 17 shows that the voltage drops from 795V for a new stack
to 791V for a stack at 90% of SoH and to 786V for a stack at EoL.
The FC won’t perform when the profile contain current variations
if the stack is aging. It’s clear that’s there are differences between
voltage at Beginning of Life (BOL) and voltage after a loss 0f 20%
of membrane.

The Beginning of degradations can be declared when the system
starts up. After only few hours the power decreases continuously.
Degradations could be a result of an increase in resistance of the
FC [23].

Figure 18 proves that aging FC consumes more Hydrogen than a
new FC stacks; the more the FC is aged, the more the cost grows.

900 - 100% SOH
90% SOH
e 80% SOH

voltage in V.
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N | . | ]
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time ins

Figure 17: FC voltage from the BOL to its EOL
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Figure 18. Hydrogen instantaneous consumption from the BOL to its EOL

The lifetime is calculated with (16) taking into account the high
power load, the load change and the start/stop cycles in this paper.
The FC degradation depends on the way the system operates.

Two interruptions occur per day, otherwise two start/stop cycles
for 8h and 10 min, thus we can deduce n, the average start-stop

WWwWw.astesj.com

cycles per hour. Furthermore, the load power period is 20s; for 10
min the load power makes 30 cycles and for 8h it makes 1440
cycles thus we can calculate the average load change cycles per
hourn, .

Besides, the high load power degradation is defined when the FC
operates at full power with a current that exceeds 46A. However
when the system operates with a current less than 35A the Nexa
module presents no degradation.

The degradation values are given in table 2. The high load power
period is obtained by calculating the periods while the FC current
exceeds 46A in seconds. After that, theses periods are expressed
according to the backup autonomy in min/h; they are about
9.3min/h when the storage system is hybrid and about 30 min/h
when the FC acts alone. In [24], the author gave FC degradation
causes, the interest of use of auxiliary system for the FC lifetime
and calculated the cost of the SCs and FC pack [24].

Table 2: PEM Fuel cells voltage degradation rates [15]

Op crating Degradation rate Load Values
conditions voltage spectrum
Start-stop 1.1 mV/cycle n 0.245 cycles/h
Load change 0.4185uv/cycle 1y 180 cycles/h
High load 0.54 mV/h 4 9.3 min/h (for
powet Tau=2)

The study was limited to twenty cycles of FC failure. In order to
estimate the cost, the first cycle of maintenance was considered.

The cost of the FC is calculated with equation (15). The PEMFC
stack manufacture cost is estimated by 100 000€ [25] thus the first
maintenance cycle FC stack cost is SK€, the hydrogen cost is about
5€/kg and the maintenance cost is estimated by 20 000€.

A good modeling minimizes the SCs and FCs size. Consequently,
the mass and cost of the UPS will be reduced. However, the FC
hydrogen consumption and the power variations increased
compared to the full design. Subsequently, there is a compromise
between reducing the SC size and the FC lifetime [24].

Figures 19 and 20 are drawn in order to prove the optimum choice
of Tau with a less impact on the FC lifetime and cost. Tau =2
provides 1510.28h of autonomy and costs only 14.15€ for 10
minutes of autonomy.

The cost of the SCs is assumed to be 0.01€/Farad [5]. The total cost
of the SCs is 112*6*30=20k€. Their lifetime is about 1 million
cycles of charge/ discharge. The charge cycle lasts 10s and the
discharge cycle lasts 10s too which means the complete cycle
duration is 20s. For the two long interruptions with 10 minutes and
8 hours, the SCs operate 29400s per day otherwise 1470 cycles per
day. During 1510.28 h of the FC lifetime, the SCs operate
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92504.65 cycles. Consequently, the SCs cost for the first

maintenance cycle is 2K€.
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Figure 19: FC lifetime for different values of Tau

Hydrogen used cost in €

Tauins

Figure 20: Hydrogen cost in 10 minutes for different values of Tau

The energy is product of the mean load power charge ((480KVA
+ 48KV A)/2) and the FC lifetime duration and it is expressed by
KWh.

The comparison of using hybrid storage system relying on
FC/SCs and using only the FC is summarized in table 3.

Table 3: The first maintenance cycle FC’ lifetime cost.

PAC alone controlled  FC/SC
system
lifetime 11173 h 1510.28 h
The H2cost 97.57 k€ 129.63 k€
The FC stack cost 5ke 5ke
The maintenance cost 20 k€ 20k€
The SCs cost - 2K€
Energy 294 967.2 KWh 398 713.92KWh
The FC cost 0.4155 €/KWh 0.3928 €/KWh

Clearly, using SCs increases the FC lifetime since it lasts only
1117.3h when they are not used and also decreases the total FC
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cost per KWh.

The Gain in FC lifetime is not the only issue in the UPS. The
SCs lifetime should also be considered which explains the fact that
the power management decreases the SCs power and cost.
Therefore, a compromise between all performances has to be made
in order to decrease the cost of the whole UPS system and get a
better lifetime.

5. Conclusion

In this paper a 500-kVA rated UPS was presented. The system
included a FC standalone architecture and another where it is
coupled with SCs and simulated on Matlab-Simulink. Simulations
show that FC/SCs hybridization could reduce significantly the FC
peak current requirement and so the possibility of downsizing the
potential of the FC system. In fact, downsizing the FC can reduce
the system peak efficiency but improve the average system
efficiency. FC degradations were presented while taking into
account high load power, load change and start/stop degradations
in order to estimate its lifetime by a quick evaluation method. The
expression of the formula is suitable for all applications. The cell
voltage decreases of about 10% at a constant current at the EOL;
this percentage is not definite. In fact, to evaluate the future SoH
of the system it is crucial to know if the FC remains in a healthy
mode or it is already degraded. Furthermore, an evaluation method
of the FC economic lifetime was determined. It was based on cost
ratio and optimal benefits. Clearly, the fuel consumption increases
in degraded modes and with FCs use and aging.
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