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ABSTRACT: Hydrogen, as an energy storage medium, is considered a promising solution to overcome the limitation of
intermittent renewable energy sources. In this paper, a residential scale solar-hydrogen based stand-alone energy system is
designed, modelled and the simulated system performance under real end-use load, representative of standard European
domestic electrical energy consumption, and meteorological conditions is analyzed. The sun is the primary energy source
of the system and a fuel cell-electrolyzer combination is used as a backup and a long-term storage system. A battery bank
is also used as energy buffer and for short time storage. Matlab/Simulink® is used for the overall system modelling and
simulation. The results show that the designed solar-hydrogen system is in principle capable of operating autonomously and
in a sustainable manner. The designed system is able to convert 7.6% of the total energy irradiated in one year.

Keywords: Solar hydrogen, stand-alone system, modelling, energy management, system sizing.

RESUMO: O hidrogénio, como um meio de armazenamento de energia, ¢ considerado uma solucdo promissora para
superar a limitacdo da intermitencia das fontes de energia renovdveis. Neste trabalho é dimensionado e modelado um
sistema de energia solar-hidrogénio isolado da rede de distribuicao de energia eléctrica e a escala residencial. Sdo analisados
os resultados da simulag@o do seu desempenho sob condicdes climatéricas e de carga, esta tltima representativa do padrao
de consumo de energia eléctrica no sector residencial na Europa. O sol € a fonte primdria de energia do sistema e uma
combinacdo pilha de combustivel-electrolisador € usada como um sistema de apoio e como um sistema de armazenamento
de longo prazo. E também usado um banco de baterias como reserva de energia e de armazenamento de curto prazo.
O Matlab / Simulink® € utilizado para a modelacdo e simulag@o de todo o sistema. Os resultados mostram que o sistema
solar-hidrogénio projetado €, em principio, capaz de operar autonomamente e de forma sustentavel. O sistema projectado é
capaz de converter 7,6% do total de energia irradiada num ano.

Palavras chave: Hidrogénio solar, sistema autonomo, modelacdo, gestdo de energia, dimensionamento do sistema.

NOMENCLATURE Symbols
A A area (m?)
cronyms B slope of Tafel line (V)
AC alternating current C equivalent capacitance (F)
DC direct current D constant in the mass transfer term (V)
MPPT maximum power point tracker gog gayshoffazFon}i)my
t
PEMFC proton exchange membrane fuel cell © epth o dusenarge
. E energy (kWh)

PHOEBUS  PHOtovoltaik-Elektrolyse-Brennstoffzelle 1, parameter related to Faraday efficiency

Und Systemtecknik (mAZcm)
PV photovoltaic £, parameter related to Faraday efficiency
RE renewable energy 1i current (A)
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K thermal correction factor (£2°C™)

M number of moles (mol)

MH metal hydride

n diode quality factor

N number of cells or modules

P power (W)

r parameter related to ohmic resistance of
electrolyte (Q2m?)

R resistance (€2)

s coefficient for overvoltage on electrodes (V)

t coefficient for overvoltage on electrodes
(A'm?)

T temperature (°C)

U,u voltage (V)

Vv volume (m?)

nn molar flow rate (mols™)

a ratio between the current irradiance and
the irradiance at standard rating conditions

n efficiency

Subscripts

BAT battery bank

BUS DC-bus

BUS-BAT from DC-bus to battery bank

BUS-EZ from DC-bus to electrolyzer

BUS-EZ_MAX electrolyzer maximum input seen from the
DC-bus

BUS-EZ_MIN electrolyzer minimum input seen from the
DC-bus

BUS-LOAD  from DC-bus to end-use load

CELL cell

DAI daily average solar irradiation

DAL daily average end-use load

EZ electrolyzer

EZR electrolyzer rated

EZ EL electrolyzer electrode

EZ_H2 hydrogen produced by the electrolyzer

EZ_OFF limit for electrolyzer operation

EZ_ON level to activate electrolyzer

EZ REF electrolyzer reference

EZ R electrolyzer reversible

F Faraday

FC fuel cell

FCR fuel cell rated

FC-BUS from fuel cell to DC-bus

FC-BUS_MAX fuel cell maximum output seen from the
DC-bus

FC_H2 hydrogen consumed by the fuel cell
FC_L fuel cell limiting

FC N fuel cell internal

FC_O fuel cell exchange

FC_OFF limit for fuel cell operation
FC_ON level to activate fuel cell
FC_REF fuel cell reference

FC_R fuel cell reversible

M membrane and contact

MAI month average solar irradiation
MAL month average end-use load
MAX maximum acceptable

MH metal hydride

MH_I initial hydrogen content in the metal hydride

MHT total hydrogen capacity in the metal hydride

MIN minimum acceptable

NET production minus consumption

PV photovoltaic

PV-BUS from photovoltaic array to DC-bus

PV_L photocurrent

PV_MINO minimum initial photovoltaic array

PV_MINI minimum photovoltaic array

PV _O photovoltaic module reverse saturation

PV_STC photovoltaic module electrical values under
standard test conditions

REF at standard rating conditions

S series

SH shunt

SocC state of charge

SOC_MAX  maximum state of charge

SOC_MIN minimum state of charge

YAI yearly average solar irradiation

Constants

F Faraday constant (F=96485Cmol)

LHV low heating value of hydrogen
(LHV=3kWhm)

z number of electrons transferred per reaction
(z=2

1. INTRODUCTION

The combined effect of the rising prices of fossil fuels and the
growing awareness of the impact of environmental pollution
has stimulated great interest in alternative and clean energy
sources, such as solar and wind. They produce little or no
environmental pollution, are unlimited and available almost
everywhere on the earth. However, their inherent intermit-
tency and variability renders storage of energy indispensable
for fitting time-varying load demand.

A hydrogen system comprising a hydrogen producing unit
(electrolyzer), a hydrogen storage unit and a hydrogen uti-
lizing unit (fuel cell) is considered a promising solution for
renewable energy storage. Compared to commonly used bat-
tery storage, hydrogen storage has higher storage density and
lesser environmental effect. During the past decade, the inter-
est on the concept of integrating renewable energy sources
with hydrogen storage systems for stand-alone applications
has increased. Experimental results of prototype or actual
systems have been reported by several researchers [1-6] fo-
cusing on system performance and viability. Many simulation
studies focusing on system energy management and control
strategies [7-10], sizing [11-15] and modeling [16-19] are
also available in the literature.

The integrated system unit-sizing and energy flow control
are two major research challenges because of their interde-
pendence, the temporal mismatch between energy supply and
demand, the non-linear characteristics of the individual units
of the system and the high number of variables and param-
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eters. To properly size the integrated system units, research-
ers [11,12] used the “yearly average monthly” method in
which the unit-sizing is conducted by considering the yearly
averaged monthly values of meteorological and load demand
data. When the goal is to find the optimum unit-size and/or
the control strategy for the integrated system, researchers
[13-15]used time-series simulation coupled with optimiza-
tion methods. In most studies, the energy flow is controlled
through the state of charge of the battery bank, which is com-
monly used for short-term energy storage. Due to their inher-
ent characteristics (poor dynamic response of fuel cells and
intermittent nature of RE sources), stand-alone RE hydrogen
systems must include a short-term response energy storage
device.

The focus of this paper is to examine the performance of a
stand-alone solar-hydrogen system for residential applica-
tions in terms of the final amount of hydrogen in the storage
unit, the level of utilization and operating pattern of battery
bank, electrolyzer and fuel cell. Starting with a description of
the system to be investigated, the dynamic model of each unit
is briefly described. The major equations are provided and the
key model parameters are given. Simulation results obtained
using Matlab/Simulink® are then presented and analyzed.

2. SYSTEM DESCRIPTION

2.1. Configuration

Fig. 1 shows the schematic diagram of the considered system,
which consists of a photovoltaic (PV) array for solar energy
conversion, an alkaline water electrolyzer for hydrogen pro-
duction, a metal-hydride for hydrogen storage, a proton ex-
change membrane fuel cell (PEMFC) for hydrogen energy
conversion and a battery bank for energy buffering. All the
units are linked via a common DC-bus, which allows energy
to be managed between sources, storages and end-use load.
The battery bank is directly connected to the DC-bus, while
the PV generator, the electrolyzer and the PEMFC are cou-
pled to the DC-bus via boost-based maximum power point
tracker (MPPT), buck and boost converters, respectively. The
end-use load is powered by the DC-bus through a DC-AC
converter (inverter).

Photovoltaic Panels Stand-alone

Fower Supply
Mgy I I I I

Meveiuis =

|
ocsus | 0 T
[ T

-
louser =

Neg-pus -l

Hydrogen Sub-system

Mez Mre

Fig. 1. Layout of the considered solar-hydrogen stand-alone system.

2.2. Energy management and control strategy

The main requirements of the designed energy management
strategy for the stand-alone solar-hydrogen system are to sat-
isfy the end-use load under variable meteorological condi-
tions and to manage the energy flow while ensuring efficient
operation of the different system units. The PV-generated en-
ergy is primarily used to meet the end-use load. Any excess
of energy is used to charge the battery bank or to produce
hydrogen through water electrolysis. Any shortage of energy
is met by the PEMFC and/or the battery bank. The inherent
variability in the solar generation produces variability in the
operation of the PEMFC and the water electrolyzer. Since sta-
ble operation of these energy systems is vital for efficiency,
lifetime and cost, the management strategy uses the battery
bank to mitigate the effects of energy fluctuations on their
operating pattern. In this implementation, a double hysteresis
loop control strategy is used for this purpose, see Fig. 2. The
on/off switching actions of the PEMFC and the water electro-
lyzer are determined by DC-bus voltage, u,, ., where U, .,
U U and U

BUS’
are the key decision parameters.

EZ_OFF, ~ FC_ON FC_OFF
| Batteries Usage for |
I EnergyFluctuations _|
< 2
| | |
| | |
Run | Stop | Stop | Run
Fuel Cell]  Fuel Cell |Electrolyzer|Electrolyzer
| | |
| | |
Fuel Cell : : : Electrolyzer
Operation ! [ | Operation
. | D | .
Unain Uec on Urc_orr Uez on Upax  Uaus
Uz o

Fig. 2. Representation of the operation of the considered solar-hydrogen
stand-alone system.

To apply the energy management strategy easily, all quanti-
ties of the energy conversion units (PV array, PEMFC and
water electrolyzer) and the end-use load are referred into the
DC-bus by taking the losses associated with the power con-
version units into consideration. Control flow is shown in Fig.
3 and is based on the following instantaneous current balance
equation at the DC-bus:

. — s ]
lNET lBUS-EZ lFC-BUS - lBUS-BAT(

A) ey

where i, is the PV-generated current, i minus the end-

use load current, i, ..

PV-BUS’

Basically, at any given time, any excess PV-generated energy
(i, > 0) is supplied to the battery bank to charge it or to the
water electrolyzer to produce hydrogen. The electrolyzer is
activated wher.l MHSOC < MHSOC*MAX, Uy o >= I{EZ*ON andi,  >=
(a minimum electrolyzer threshold input current has

IBUS-EZ?MI}\{ .
peen as51g1.1ed fqr safety reasons). If 0 <7, < IBUS_E.LM,N and
in the previous time step the electrolyzer was operating, then
the electrolyzer is not disconnected and the deficit current,
Iver = Lyys.ez anye 18 Provided by the battery bank. On the other
hand, if i, .>1 then the electrolyzer utilizes current
vs.ez wax @nd the surplus current, iy, — Lo 000

NET BUS-EZ_MAX’
equal to 1,
is used to charge the battery bank without exceeding U, .
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Fig. 3. Control logic flow chart.

to avoid overcharging. The electrolyzer on/off state from the

previous time step is maintained unaltered for U, .. <=,
< UEZfON‘
When there is a deficit in PV-generated energy (i, < 0), the

deficit is covered by the battery bank and/or the PEMFC. The

PEMEC is activated when MHSOC > MHsoc,an and Ugys <=
Ifli,, <1

Urc on ve-sus waxe then the PEMFC is set to provide
the deficit current and to charge the battery bank without ex-
ceeding its charging current limit. On the other hand, if li, | >

L e sus may- then the remaining current deficit is covered by the
battery bank. The PEMFC on/off state from the previous time

step is maintained unaltered for U, . , <u,,  <=U

C_ON FC_OFF*

In the range U, ,, < uy, < U, ,, and provided that neither
the electrolyzer nor the PEMFC are operating, the battery
bank is charged (i, > 0) or discharged (i, < 0) depending

on the net current level.

NET

2.3. Unit-Sizing

The solar-hydrogen stand-alone system is assumed to be in-
stalled in a house located near Lisbon, Portugal (Lat.: 38.84;
Long.: -9.12). Local hourly averaged solar irradiation inten-
sity on a surface tilted at 38.8 degrees and ambient tempera-
ture profiles are used for modeling the performance of the
PV generator. These data are derived from the measured data
available in Ref. [20]. The end-use load is taken from Ref.
[21] and it represents standard European domestic electri-
cal energy consumption. The data is from a mother and two
children dwelling, averaged over a 5 minute time interval.
The monthly averaged solar irradiation on the tilted plane
and end-use load energies for the time period spanned by the
simulation run (one year) are shown in Fig. 4. The key data
are listed in Table 1.
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Fig. 4. Monthly averaged (a) solar irradiation on the tilted plane and (b) end-
use load energies.

Table 1. End-use load and solar irradiation.

End-use load

Daily average energy £, (kWhday") 8

Yearly average energy (kWhm? per year) 252

Total energy consumption (kWh) 3029
Solar irradiation

Daily average energy E, (kWhday™) 4

Yearly average energy E,, (kWhm™ per year) 121

Total energy usable (kWhm) 1453

Based on the designed energy management strategy and on
the yearly solar irradiation and end-use load energies profiles
just characterized, the following unit-sizing procedure is used
to determine the size of the battery bank, the PEMFC, the PV
array, the alkaline water electrolyzer and the metal-hydride.
In this study, the assumed efficiencies of the main system
units are as follows: battery bank (7,,,), 85%; PEMFC (nFC),
35%; PV array (17,,), 14%; alkaline water electrolyzer (7,,),
75%; DC-DC converters (1, zu60 Npusez A9 Mpepus)» 95%;
DC-AC converter (#,,¢, oup)» 90%.

The battery bank energy capacity £, is determined by:

E,, =—Lou DoA iy
Nsus-LoapMsar DoD (2)

BAT

where E,,, is the daily average end-use load energy (kWh-

day"), DoA is the days of autonomy (one day of autonomy
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is considered here) and DoD is the depth of discharge of the
battery bank (U, U in this case).

Z ON ~ FC_ON

The PEMEFC is also sized for the daily average end-use load
energy and its rated power is determined by:

P = EDAL (W)

FCR Nsus-roapMrc-sus 24h (3)

A safety margin of 25% is added to the calculated values of the
battery bank energy capacity and the PEMFC rated power.

The PV array size is determined through the following steps:

* In order to assure the autonomy of the system, the daily
average end-use load energy must come directly from the
PV array. Hence, the minimum initial area of the PV array
is determined by:

(m)

A = E[)AL
par v ey _susMsus-Loap )

PV _MIND
E

* However, due to the mismatch between energy genera-
tion and consumption, there are additional energy losses
in the hydrogen loop. Based on the initial area, A, , .
of the PV array, the monthly average mismatch between
solar energy and end-user load energy is shown in Fig.
5. In this case, we use monthly averages to simplify the
calculations. From March to September, the system pro-
duces more energy than the load demand. The excess of
energy can be used to produce hydrogen. From October to
February, there is a deficit of energy and the system needs
to consume hydrogen in order to cover the load demand.
The minimum PV array area required to accommodate the
energy losses in the hydrogen loop can be calculated by:
A =A +

PV MIN1 PV MINO

(1 - nBUSfEZ’YIEZnFCTIFC‘fBUS)
12 months

X
nBUS—EZ T’EZ nFC T’FC—BUS

September
EM‘mh (EMAIT’PV”PV—BUS - EMAL /nBUS—LOAD )(m2 ) (5)

150
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= s

=

=
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Fig. 5. PV-generated energy minus the end-use load energy (net energy),
referred into the DC-bus.

The electrolyzer should be able to handle the maximal power
of the PV array. The maximum possible rated power of the
electrolyzer is given by:
=N, P

vl pvsre = Npv ~ susMus-ez

(W) (6)

PE ZR

However, due to the inherent intermittency and variability of
solar irradiation, the power supplied to the electrolyzer would
be below the PV maximum power output most of the time.
In addition, an electrolyzer with a higher power rating means
also a higher minimum operation threshold and thus lower
operation time. Hence, a more economical option may be to
size the electrolyzer at a power lower than the PV maximum
power output (typically between 60 and 80% [15]). In this
case, a percentage value of 70% is applied.

The hydrogen capacity of the metal hydride is determined by:

T’BUS—EZT’EZ
y susrzlez o
M LHV

October
EFebmary (EMAInPVT’PV—BUS - EMAL /T)BUS—LOAD )(m3) (7)
where LHV is the lower heating value of hydrogen (3kWhm®).
The bounds of summation in the above expression represent
the months for which there is an excess of energy. These new
bounds are a result of increased PV array area. In order to
accommodate the metal hydride state of charge initial level
and seasonal fluctuation, a factor of two is applied to the cal-
culated value.

Following the unit-sizing procedure described in this section,
the sizes of the battery bank, the PEMFC, the PV array, the al-
kaline water electrolyzer and the metal-hydride are estimated
and listed in Table 2.

Table 2. System unit-sizing.

Battery bank

Energy capacity £, (kWh) 339
PEMFC

Rated power P, (W) 500
PV array

Area A, . (M%) 274
Electrolyzeri

Rated power P, (W) 2432
Metal hydride

Hydrogen capacity V,  (m’*) 1113

The PV array, battery bank and electrolyzer unit sizes used in
the simulation are 28.1m?, 38.4kWh and 2500W, respectively.
The sizes of the PV array and battery bank were chosen based
on commercially available units, while the size of the electro-
lyzer was chosen to be a scaled-down proportion of an elec-
trolyzer whose empirical model is reported in the literature
and used in this study. The sizes of all the other units used
in the simulation are those listed in the above table. Further
information is contained in the next section.

3. SYSTEM’S MODEL

3.1. PV Array’s and Boost-based MPPT Converter’s
Model

The model of the PV array refers to the electrical model
with one diode. The current-voltage characteristic curve is
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described by the following five-parameter implicit equation
[22]:

Ly =0y, | =y o

( ((1[11,:\/+Ki,,v(7'—7',«f)]+ip\/k‘)/nn1' 1)

. d[u,, +ki, (T-T,,)]+i, R

PV ts

(A)
R, (8)

Table 3 lists the values of the empirical parameters obtained
for the PV module Kyocera KC175GHT-2 [23] with a peak
power of 175W in standard conditions, using the procedure
reported in [22].

The maximum power output of the PV array varies with tem-
perature and solar irradiation. Therefore, designing efficient
PV systems heavily emphasizes to track the maximum power
operating point. In this study, a classic perturb and observe
(P&O) tracking algorithm is used involving the model of the
nonlinear current-voltage characteristic of the PV module.

By taking into proper account the boost-based MPPT conver-
sion efficiency, 17,,, .- the current to the DC-bus is given by:

. _ npvfﬂusinqu (A)

Lpv_pus =
Ugys 9)

Table 3. PV model parameters.

a=1; T=25°C
1,,, (A) 8.0923
Ly o (A) 9.6024x1012
n (V/IK) 3.5897x103
R, (Q) 99.158
R (Q) 0.282
a=1; 25-75°C
K (Q°C") 1.1218x10°
a=0.2; T=25°C
1, ,(A) 1.4356x10"

A total number of 22 modules are needed to cover the PV ar-
ray area determined in the previous section (see Table 2).

3.2. Hydrogen Loop Model

Hydrogen loop is the set of units converting electrical energy
into chemical energy via water electrolysis, storing it and
converting it back to electrical energy by using a fuel cell.

Based on the working conditions, the energy flow controller
produces a current reference for the electrolyzer or the PEM-

The model of the electrolyzer is developed for a scaled-down
version (2.5kW) of the PHOEBUS electrolyzer (26kW, 21
cells, 7 bar) reported in [24]. This unit is an advanced type
of alkaline electrolyzer having low voltage-high current re-
lationship. The current-voltage characteristic of the electro-
lyzer is expressed as:

2
Uegy = Uz g+ Ty iEZ st Lty 4Ty iEZ -
_ V)
EZ_EL AEZ,EL (
Up, =Nty (V) (12)

The values of the empirical parameters are listed in Table 4
and were obtained from measurements performed at an oper-
ating temperature of 80°C.

The model of the PEMFC developed is based on the empirical
current-voltage equation reported in [25] and is expressed as:

I +1
. . rc Tlre N
Upe =Upe g~ (lFC Tl )RM -B, .
lec_o

+ DIn| 1=l oy

FC_L (1 3)
Table 5 lists the values of the empirical parameters obtained
for a S00W PEMFC stack under a stack temperature of 55°C, a
humidifier temperature of 45°C, and a use of hydrogen and air,
respectively, of 50 and 25% at atmospheric pressure [26].

Combining equations (10) and (12) yields an expression link-
ing the electrolyzer’s current to the buck converter’s output
power which is solved using the Newton-Raphson method.
The electrolyzer’s voltage is then obtained by substituting
the estimated value of the electrolyzer’s current in equation
(12). Similarly, from equations (11) and (13) we obtain the
PEMFC operating point i, .-u, .. The rates of hydrogen pro-
duction (electrolyzer) and consumption (PEMFC) can then
be computed using the following expressions:

EZ

NEz_n2 =1, i £z
F (mols™) (Hydrogen production rate) (14)
N,
Nrc_H2 = g FC
nZF (mols™) (Hydrogen consumption rate)(15)

The Faraday efficiency of the PEMFC was assumed constant
and equal to 0.9, while the Faraday efficiency of the electro-
lyzer is described by the following expression [24]:

(iEZ /AEZ EL)Z
————1,(0...1
K f] + (iEZ /AEZ_EL) fZ( )

FC. Current controlled power converters could then use these (16)
current references to control the electrolyzer/PEMFC current
input/output. In this study, each power converter is represented
putioutp Y p . . P Table 4. Electrolyzer model parameters [24].
by an ideal power source where the ratio from its output power
to its input power is dictated by its efficiency [8]. Hence, input/ A, ,, () 0.25 5 (V) 0.185
output power references can thus be determined by: f (1}1 Azcm"‘) 250 ¢ (m*A™) -1.002
1 1 .
o . f, (mAZem) 096 £, (m*CA") 8.424
P £z = Wiz Yez = Mpusez ez rerNsus (W) (10) ;,EZ 2 tj (m*C?A™) 2473
PFC - uFCiFC - Lrc_rerWpus (W) r, (Cm?) 8.05x10° Uy, ) 1.184
FC-BUS (11) r, (€@m>*C") -2.5x107
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Table 5. Fuel cell model parameters [26].

A(V) 135 i, (A) 6.54x10°
B(V) 119 R, (@ 42x10°
i, (A) 100 e V) 27.1

i, (A) 0.23

The metal hydride was modeled as a simple hydrogen sum-
mation unit as described by the following expression:

(0...1)

MH_T (17)

MMH ;t Jm;z szt - Jnl-'c szt
s0c - M -

3.3. Battery Bank Model

A simplified model of the lead-acid battery bank can be con-
structed by an ideal constant voltage source, U,,, ., in series with
an equivalent internal resistance, R, and an equivalent ca-
pacitance, C,, . [27]. Knowing the current, voltage is given by:
=U

u +|1

‘BA'I'RBA'I' + L f iBAT'dt nBA'I' (V)
Coar (18)

BAT BAT

Table 7. System control parameters.

The battery bank efficiency, 77, ., is considered to be equal to
0.85 (as defined in section 2.3) during charging and equal to
1 during discharging. An Autosil EE 2-800, 2V 800Ah [28],
was chosen in this study as base battery for building the bat-
tery bank. Table 6 lists the values of the parameters used in
the simulation for the battery bank.

Table 6. Battery bank model parameters.

Voltage source U, (V) 42
Capacitance C,,, (F) 218182
Internal resistance R (Q) 1.68x10°

4. SIMULATION RESULTS

A simulation in Matlab/Simulink® environment was conduct-
ed to evaluate the performance of the solar-hydrogen stand-
alone system over a one-year period under real end-use load
and meteorological data. Table 6 lists the values of the control
parameters used.

Electrolyzer
Minimum input current /¢ .. . (A)
Maximum input current I, ., ... (A)

Metal hydride

Initial state of charge (0...1)
©...1)
©...1)

Minimum limit of state of charge MH, . ..
Maximum limit of state of charge MH, 50; A
Battery bank i
Rated voltage (V)
Initial voltage (V)
Maximum charge current (A)
Maximum acceptable voltage level U, , (V)
Voltage level to activate the electrolyzer U, (V)
Voltage limit for electrolyzer U,, .. and PEMFC U

Voltage level to activate the PEMFC U, (V)
Minimum acceptable voltage level U, (V)

FC_OFF

95
55.7

0.5
03
0.9

48
48
80
55.2
52.5
operation (V) 499
473
42

Figs. 6, 7 and 8 show the metal hydride state of charge cor-
relation with the battery bank voltage, the power consumed
by the electrolyzer and the power supplied by the fuel cell,
respectively. We notice that, in accordance to the energy man-
agement strategy, the fluctuation in the metal hydride state of
charge and the operating pattern of the battery bank, electro-
lyzer and PEMFC reflect the fluctuation in the system’s net
energy. In fact, from February to October, the system pro-
duces more energy than the load demand and thus:

* the metal hydride state of charge increases;
* the battery bank voltage fluctuates mainly between U,

EZ_OFF
and U 7 ON

* the electrolyzer operates whenever the DC-bus voltage
constraint and device current limitation are satisfied;

* the PEMFC is always disconnected (except at the begin-
ning of February, when the PEMFC is operating and the
DC-bus voltage is below U

FC?OFF)'

In contrast, from November to January, there is a deficit of
energy and thus:

¢ the metal hydride state of charge decreases;

* the battery bank voltage fluctuates mainly between U,...
and UFC?OFF;

* the electrolyzer is always disconnected;

* the PEMFC operates whenever the DC-bus voltage con-

straints are satisfied.
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Fig. 6 shows that the battery bank is subject to many charge-
discharge partial cycles and to a long period of operation (the
period of deficit of energy) at voltages below U, .. (i.e., the
battery bank never reached a high recharging level), which
shorten its lifetime. The frequency of these charge-discharge
partial cycles is higher during the period of excess of ener-
gy than during the period of deficit of energy. This is due to
the use of the battery bank to maintain electrolyzer opera-
tion when the net current becomes lower than the minimum
electrolyzer threshold input current. Such an operating policy
prolongs the duration of the electrolyzer operation after each
activation, reducing the number of start and stops, which

is beneficial in terms of electrolyzer performance and life-
time [7, 29]. The control of the PEMFC operation is done to
achieve the same objective. Table 8 shows the performance
parameters of the electrolyzer and PEMFC.

In Fig 8, it can be seen that the PEMFC operates always at
rated output power. This is the result from setting the PEMFC
to provide the deficit current and to charge the battery bank.

Table 8. Electrolyzer and PEMFC performance parameters.

Electrolyzer PEMFC
Number of starts 170 28
Minimum operating time (h) 5.1 7.7
Minimum idling time (h) 6.5 11.7
Total operating time (h) 23523 860.0

On an energy basis, the designed system is able to power the
end-use-load continuously given the input energy available
from the renewable resource. The battery bank plays an im-
portant role in maintaining the energy flows and in extending
the electrolyzer operation, supplying approximately 49% of
the end-use load demand and 50% of the energy consumed
by the electrolyzer. But over the one year period, the system
is able to keep the battery bank voltage well above the mini-
mum acceptable limit (i.e., the system operated in a sustain-
able manner). The energy produced by the PV array is equal
to 5.22MWh. About 29% of this energy is supplied to the
end-use load, 17% is supplied to the electrolyzer and 54% is
used to charge the battery bank. The relatively low percent-
age of energy supplied to the end-use load is due to the tem-
poral mismatch between energy generation and consumption,
which emphasizes the need for energy storage. The differ-
ence between the percentages of PV-generated energy given
to the electrolyzer and to the battery bank is mainly a result of
the implemented energy management strategy. In fact, only
about 6% of the energy given to the battery bank is due to the
constraint placed by the minimum electrolyzer current input
requirement. The PEMFC provides 0.4MWh yearly energy.
About 45% of this energy is given to the end-use load and
55% is given to the battery bank. The final state of charge
of the metal hydride is 0.53, meaning that the system is in
principle capable of operating as a stand-alone unit. 7.4% and
0.2% of the total solar irradiation are found to be supplied to
the end-user and stored in the system, respectively, at the end
of the testing year.

5. CONCLUSIONS

The performance of a residential scale solar-hydrogen based
stand-alone energy system over a one-year period under real
end-use load and meteorological conditions was analyzed by
numerical simulation.

The results show that the designed system is able to service
the end-use load in a sustainable manner given the input ener-
gy available from the renewable resource. Moreover, the end
of period surplus hydrogen (+3%) shows that the designed
system is capable of stand-alone operation. However, these
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