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In these present days, the electricity consumption of buildings represents 43% of the total
energy produced by fossil fuels in Algeria. This issue could be greatly reduced by using
renewable energy to generate the required electricity. However, a bigger challenge facing
electricity coming from renewable energy systems are the irregular existence of these sources,
as well as the issues of storage and transport. In order to solve these problems, this paper
proposes a model of an efficient hybrid system consisting of photovoltaic panels (PV), wind
turbines (WT) and fuel cell (FC) elements which will be able to meet the demand for a typical
off-grid house located in the Adrar region (Algeria) in a sustainable way. The mathematical
model used considers the sub-models of each component of this hybrid system, the reliability
criteria. Afterward, the optimal configuration is determined on the basis of the minimum total
annual cost TAC. The results of the optimization suggest that, relative to hybrid PV/FC or
WT/FC, a PV /WT/FC configuration is more economically feasible for the Adrar site

(Algeria).

1. INTRODUCTION

Global energy demand has risen throughout all sectors
worldwide [1], and it is estimated to increase by 53% in 2035
[2]. Actually, more than 80% of the energy used in different
sectors is coming from traditional energy sources. Which will
result in air pollution and global warming. Moreover, the
availability of fossil fuels is 70 years at the current rate of use
[3]. So, the biggest problem is how to sustainably handle and
satisfy the growing demand?

The move towards renewable energy seems to be a
promising option [4, 5]. Among all types of renewable
energies, solar and wind energies are the best solution for
producing clean electrical power for off-grid houses [6].
However, the common disadvantages of these energies are
their stochastic nature and their variations that may not
correspond to the hourly requirement of the load. Thus, an
energy storage device is required to avoid these drawbacks of
a solar /wind power system. Various types of storage systems
have been proposed such as battery bank [7], and hydraulic
storage system [8]. Recent researchers work has focused on
hydrogen to store the overproduction of electricity [9, 10].

The integration of a PV panels, wind turbines and fuel cell
lead to get a reliable power system. In this system, the excess
electric power of the PV and WT generators is used to supply
the electrolyzer for producing hydrogen; this hydrogen
production would be considered as another source and can
then be used to supply a FC when the demand is high.

To use the hybrid system efficiently and economically, an
optimum configuration is needed. In this way, various
optimization techniques have been developed such as a
graphical construction method, linear programming,
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probabilistic approach, iterative, and heuristic technique. In
the previous works, the system reliability studies have taken
into account only one kind of technological reliability such as
the energy deficiency. While in the present study, the system
reliability takes in consideration the relative excess of power
generated (REPG) and the losses of power supply probability
(LPSP) during the dynamic operation of the hybrid power
system.

In this study, the iterative optimization approach based on
technical reliability criteria, as well as, the total annual cost
TAC was used to obtain the optimal configuration of the
hybrid power system proposed, and to satisfy the energy load
requirements of an off-grid home situated in the Adrar region
(Algeria). The originality aspects of the proposed systems are:
investigating the feasibility of the combination between PV
panels, wind turbines and hydrogen for the development of a
new energy system. In addition, analyzing and comparing the
energy behavior of each system, testing the use of
(FCl/electrolyzer/H; tank) as a backup storage system.

2. HYBRID SYSTEM DESCRIPTION

The PV/ WT/FC hybrid system configuration considered is
presented in Figure 1. This configuration includes a
monocrystalline-type PV subsystem (PVs), a horizontal-axis
wind turbine generator (WTG), a PEM fuel cell subsystem
(FC), an electrolyzer, a hydrogen tank, four dedicated grid
converters (DC/DC), and an inverter (DC/AC). The PEM
electrolyzer operates at 1.2 bar, while most PEM electrolyzer
operate at 30 bar and do not use a compressor [11, 12]. In
addition, the PEM electrolyzer becomes an attractive option,


https://crossmark.crossref.org/dialog/?doi=10.18280/ijsdp.160118&domain=pdf

especially in the case where hydrogen requires a storage
system [13]. In this article, the electrolyzer is directly
connected to a hydrogen storage tank. The system operation
mode is as follows: The power generated by PV and WT feeds
the load, and when their power generated is more than the load
demand, the power is directed towards the electrolyzer for
hydrogen storage in H, tanks. In the case of a power
production deficit, the FC resumes the production of energy
using the hydrogen from the tank and when the state of charge
of the hydrogen tank reaches its maximum value, the control
system stops the charging process.

DC bus

Dump
WTG > DC/DC 3 10ad
PVs | —» DC/DC »| DC/AC
FC —»| DC/DC _'H l

Load
7y
H, tank
’Tan DC/DC

Electrolyzer

A

Figure 1. PV/WT/FC hybrid system configuration

3. MODELING THE SYSTEM COMPONENTS
3.1 Wind turbine model

For a typical wind turbine and at wind speed F(¢), the output
power Pyrcan be simulated by [14].

0 \ (t) <Vin
V2 (t)-V?2
I:’r # cht—in SV (t) SVr
RPur (t)=1 = V"=V, (1)
r Vr < V(t) < cht—out
V (t) >cht—0ut

where, Veuin=2.5m/s, V,:=11m/s, Veyrow=13m/s, P,=1kW are
the starting, nominal, cut-off wind speeds and nominal power
respectively.

3.2 PV generator model

At a solar radiation G (W/m?), the power (Ppy) produced by
the tilted plane module is given by [15]:
_Tr j}

G(t

ﬁ 1+F (T, +
GI’

where, P, is the rated power under the reference radiation G-

equals 1000W/m?, and the reference temperature 7, equals

25°C, Fis -3,6.10°%(1/°C), and Ty, is the ambient temperature.
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3.3 Fuel cell (FC)/electrolyzer

The equivalent hydrogen energy is taken from the
electrolyzer and stored in the hydrogen tank. When the energy
recorded by the system (WT/PV) exceeds the load demand at
time ¢, the production of the electrolyzer will be directed to
storage, which is described by Eq. (3).

E, (1) =E, (t-1)+[E, ()~ Eues (8)/ 1 ] 0 3)
where, Es(?) and Es(t-1) are the energy stored in the form of
hydrogen at times ¢ and #-1 respectively, Ejaq is the energy
required by the load, 7y is the inverter efficiency, 7. is the
efficiency of the electrolyzer and E4(?) is the energy generated
by Npy panels (Epy) and Ny turbines (Ew) at time ¢, and it is
given by:

E, (t) = Np Epy (t)+ Ny E, (1) (4)

The FC provides the load when the demand is greater than
the energy supplied by the WT/PV system. In this case, the
energy equivalent the quantity of hydrogen in the tank is
obtained by:

Est (t) = Es1 (t _1)_[ELoad (t)/ninv - Eg (t):l/ Tec (5)
where, 77rc represents the overall performance of the FC and
its DC/DC converter. When the energy produced by the PV
systems and the wind turbines is greater than the load demand.
As well as, the state of tank reaches a maximum value Esmax,
the control system ends the charging process. Therefore, there
will be no energy provided by the FC. In addition, there will
be no energy deficit in this case. However, the energy to be
discharged equals the difference between the energy generated
by the PV/WT system and the load demand, the induced
excess power generation (EPG) can be calculated as follows:

EPG (t) = Eg (t)_ ELoad (t)/ninv +(Es1max - Est (t _1))/ T (6)
when the H, tank is at its minimum level Egin, the control
system disconnects the load. Then this deficit, called lost
power supply (LPS) at time 7 can be calculated by:

LPS (t) = ELoad (t) - (Eg (t) + (Est (t _1) - Est min )UFC )ninv @)
The mass of hydrogen my, stored is calculated by [11]
m, (t) = E, (t)/ HHV,, (8)

where, the higher hydrogen heating value (HHVy2) is
equivalent to 39.7 kWh/kg.

4. RELIABILITY CRITERIA

The system’s reliability of this work is determined in terms
of (LPSP) and (REPG), that can be defined as follows [12]:

REPG(t) = i EPG(t) i Epoa (1) 9)



LPSP = i LPS(t) i Epoaa (1) (10)

t=1

5. ECONOMIC ANALYSIS

The primary aim of this section is to minimize the total
annual cost (TAC) of the system, which consists of the annual
investment cost (Cac), annual replacement cost (Carep), and
annual maintenance cost (Cogwm). S0, the TAC is given by the
following equation:

TAC =Cyc +Cpp +Cogn (8/y1) (11)

The annual investment cost (Cac) of the system is defined
by [13].

i(1+i)°

CAC = CIC CRF = CIC m

(12)

where, i (5%) is the annual interest rate and n denotes the
system’s lifetime (20 years), Cic represents the primary
investment cost of the system which includes the price of each
component plus 20% of components price for the civil works,
and connection cables. In addition, during the project lifetime,
the annual maintenance cost of each element is assumed to be
constant (see Table 1).

The annualized replacement cost Curp can be defined as
follow [13]:

C T
(1+i)" -1

C

arep

(13)

where, nr is the lifetime of the replaced component.
The economic data of the components used in the present
study is given in Table 1.

Table 1. Description data of selected components

_— . Life span

Description Price (%) Coem (year)
PV Panel 480.00 0 $/year 20
WT 4.10 2% of price 20
FC 19.41 10$/kW/year 5
Electrolyzer 20 10$/kW/year 5
H2 tank 2 0 $/year 20
Converter/inverter 2 0 $/year 10

6. CASE STUDY

The proposed model was applied to design a hybrid
PV/WT/FC system, designed to generate electricity for
residential households situated in the Adrar province of
Algeria. Figure 2 shows the geographical location of Adrar
region. As well as the annual average of the global horizontal
solar irradiation and the annual average of wind speed. It also
shows that this region has a considerable solar and wind
energies, particularly wind energy. The data from which the
optimization problem solved are obtained from the database of
METEONORM software (from 1983 to 2015), it consists of
the hourly average data of solar radiation on the horizontal
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plane surface and the hourly average speed of wind at the
height of 10 m as shown in Figure 3. The originality of the load
profile data presented in the Figure 4 is studied by Blal et al.
[16], For all days of the year this profile is considered the same
and corresponds to the load profile that usually found in the
regions located in the south of Algeria.
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Figure 2. Annual average of the global horizontal solar
irradiation and Annual average of wind speed of Algeria —
cordinates of Adrar (latitude: 27,90, longitude: -0,20) [16]
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Figure 3. Annual average hourly renewable resources in
Adrar site
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Figure 4. Annual average hourly load in Adrar site

7. RESULTS and DISCUSSIONS

To evaluate the performance of the proposed approach, a
program developed in FORTRAN language to determine the
optimal size of each configuration's components. In this
program, all configurations of PV/WT/FC-based hybrid
system which satisfy the rate of 0% of LPSP and 0% of REPG
are retained. However, only one optimal configuration is
predicted on the basis of the minimum cost. In this study,
PV/FC and WT/FC are also considered for investigation. The
minimum and maximum number of each component is defined
on the interval [0 - 100]. In addition, at the initial moment, the
hydrogen tank state is 30% of its maximum capacity.

After the technical process, the optimal hybrid system size
for zero Lost Power Supply Probability and zero Excess Power
Generation Probability are given in Table 2. These
configurations are considered as the optimal one that meet the
required system reliability condition for the lowest TAC.

Table 2. Optimal dimensioning of the hybrid systems

Descri ption Nev  Nw  Ntank Ninv (;)2(;’0
Wind/PV/FC 3 14 22 5 13221.4
PV/FC 86 0 94 4 22750.62
FC/Wind 0 15 23 4 13410.85

On the other hand, the examination of Table 2 shows that
the lowest TAC is found when the capacity of storage takes a
minimum value because H; tank is much more expensive.

The total annual cost (TAC) presented in Table 2
demonstrates that the lower cost is given by PV/WT/FC
system and the higher one is given by PV/FC system, because
it needs a high capacity of storage (94 tank of Hy). In addition,
Table 2 shows that there is a bit difference between the TAC
of WT/FC and the PV/WT/FC system. Moreover, Figure 5b
shows that for the PV/FC system, the cost of H; tank is 12257
$/yr. Whereas, Figure 5a-5¢ shows that the cost of H; tank of
WT/FC and PV/WT/FC systems are 2868.67 $/yr and 2999.07
$/yr respectively. Consequently, the combination between the
WTs and the hydrogen storage system is more benefic than
PV/hydrogen combination.

As shown in Figure 5, the annual cost of the FC and the
electrolyzer are the same for the three systems. Thus, the
breakdown of the yearly overall expense ($/yr) of the
components of each system shows that the component which
has the highest cost for the three systems is the H, tank,
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especially, in the case of PV/FC system where the cost of
storage system represents more than 50% of TAC.

inv/conv;
194,26

PV;30,91

(a). Total annual cost: 13221,435/yr

inv/conv;
155,41

PV; 886

H2 tank;
12257

(b). Total annual cost: 22750,625/yr

inv/conv;
155,41

FC;3928,62

(C). Total annual cost: 13410,855/yr

Figure 5. Breakdown of the yearly overall expense ($/yr). (a)
WT /PV [Fuel cell; (b) PV/Fuel cell; (c) WT/Fuel cell

The hourly energy balance of the optimal hybrid power
systems studied above is illustrated in Figure 6. The negative
sign corresponding to the curve of the hydrogen tank means
that the electrolyzer is in “ON” position and that the tank stores
the excess power generated by the supply system. While the
positive sign means that the hydrogen tank supplies the power
deficit of the load, it means also that the power generated (Eg)
by the supply system cannot fulfil the load. Thus, the fuel cell
begins to operate in order to meet the load demand.
Furthermore, Figure 6 illustrates a good matching between the
load demand, electrolyzer, PV/WT generation and FC. As a
summary to the analysis of the three systems shown in Figure
6, the energy balances of the first and the third one are quasi
similar. Whereas, the second one is different from them.

The total energy consumed by the load is the same in the
three systems, and it is 35.53 kWh. Table 3 presents the total
energy produced by the three systems. As well as, the total
energy consumed by the electrolyzer, the energy supplied from
the FC, and the lost energy. For the same load (35.53 Kwh),
the energy produced by the second system is bigger than that
produced by the first and the second ones. In addition, the



same remark is observed concerning the energy consumed by
the electrolyzer and that produced by the FC. However, the
lost energy is almost the same for the three systems.
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Figure 6. Hourly energy balance for the optimal hybrid
systems. (a) WT /PV /Fuel cell; (b) PV/Fuel cell; (c)
WT/Fuel cell

Table 3. Hourly energy balance of the hybrid systems (kwWh)

Description Eg E:ectro- FC Lost
yzer energy

1-Wind/PV/FC 46 15.45 6.9 1.92

2-PVIFC 73.92 57.56 21 1.83

3-FC/Wind 46.5 15.42 6.32 1.87

Figure 7 presents the difference between the energy
produced and requested at the time t (AE(t)= E4(t)-Eioad(t)) of
the three optimized systems, the negative sign of AE indicates
that the energy generated by the PV/WT system is not enough
to supply the load. So, the storage system should be used to
meet the remaining load demand as shown in Figure 8. For
example, at 8: 00 p.m. AE is negative (Figure 7) in the three
systems. At this time, it is seen that the storage level of the
hydrogen tank is positive as shown in Figure 8. This means
that the storage device supplies the deficit power via the FC.
In addition, from Figure 7 and Figure 8 it can be seen that, the
curve of (WT/PV/FC) system and that of (WT/FC) are closely
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similar because the energy generated by the both comes
closely from the same source (wind energy) as presented by
the Table 2.
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8. CONCLUSIONS

The present study proposes a global methodology that
resulted in the optimal sizing of a stand-alone hybrid system
(PV/WT/FC) that can be used in rural electrification of remote
sites. The development of a technical-economic approach is
achieved using reliability models under the definition of total
deficit power (LPS) and the economic model centered on the
cost estimate. The combination of these two models leads to
the optimal configuration ensuring total autonomy of the most
cost-effective system. By applying this method, all
configurations that give the 0% rate for LPSP and REPG are
retained. This study shows that the PV/Wind/FC system is the
optimal solution for the Adrar site.
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NOMENCLATURE

Cac annual investment cost, $/year

Carep annual replacement cost, $/year

Coem operating and maintenance cost, $/year

Cic inicial investment cost, $/year

CRF capital recovery factor

Eload energy required by the load, kwWh

Epv energy generated by the PV panels, kwWh

Eq energy generated by PVs and WTs, kWh

Ew energy generated by the WTs, kWh

Es energy stored in the form of Hz, kWh

Ft constant, € !

G solar radiation, W.m?

Gr reference solar radiation, W.m2

HHV 12 higher heating value of H,, kWh.kg?

i annual interest rate, %

Mgt masse of Hy, kg

n system’s lifetime, year

nr lifetime of the replaced component, year

Ppv output power of the PV panel, kW

Prpv rated power of the PV panel, kW

Prwr rated power of the WT, kW

Pwr output power of the WT, kW

t time, hour

Ta ambiant temperature, °C

Tr reference temperature, °C

\% wind speed, m.s*

Veut-in cut-in wind speed, m.s*

Veut-out cut-out wind speed, m.s?

AV rated wind speed, m.s*

Greek symbols

MNel efficiency of the electrolyzer, %
Ninv efficiency of the inverter, %

nNrc efficiency of the fuel cell, %
Subscripts

AC alternative current

DC direct current

FC fuel cell

H> hydrogen

LPSP losses of power supply probability
Npv number of PV panels

Nw number of wind turbins

PV photovoltaic

REPG relative excess of power generation
WT, WTG wind turbine generator
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