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ABSTRACT This research work aims to provide detailed feasibility, a techno-economic evaluation, and
energy management of stand-alone hybrid photovoltaic-diesel-battery (PV/DG/B) system. The proposed
system can be applied to supply a specific load that is far away from the utility grid (UG) connection, and
it is located in Minya city, Egypt, as a real case study. The daily required desalinated water is 250 m>. The
total brackish water demands are 350-500 m> and 250-300 m3 of water in summer and winter seasons,
respectively. Two different sizes of reverse osmosis (RO) units; RO-250 and RO-500, two energy control
dispatch strategies; load following (LF) and cycle charging (CC); two sizes of DG; 5 kW and 10 kW are
considered in the case study. The cost of energy, renewable fraction, environmental impact, and breakeven
grid extension distance are the main criteria that have been considered to determine the optimal size
of PV/DG/B to supply the load demand. HOMER® software is used to perform the simulation and
optimization. For this case study, the minimum cost of energy and the minimum total present cost are
0.074 $/kWh and 207676 $, respectively. This is achieved by using a RO-500 unit and a LF dispatch control
strategy. The related sizes to the best option of PV/DG/B are 120 kW PV array, 10 kW DG, 64 batteries,
and 50 kW converter. A comparison with grid extension and installing stand-alone diesel generation is also
carried out. The results of comparison have confirmed that the grid connection is better than all considered
options using the RO-250 unit. However, for the RO-500 unit, all options of hybrid PV/DG/B are more
economically feasible compared with grid connection, and the best cost-effective option is the one including
LF strategy with 10 kW DG. Stand-alone diesel generator produces 119110 kg/year and 117677 kg/year of
CO,, respectively for RO-250 and RO-500.

INDEX TERMS Energy management, energy efficiency, water pumping, desalination, hybrid system.

I. INTRODUCTION

Egypt’s Vision 2030 depends on using renewable energy
sources to minimize, or eliminate, the CO; emissions to
reduce the effect of Global Warming [1]. Egypt is one of the
largest producers of Oil in Africa outside of the OPEC (Orga-
nization of the Petroleum Exporting Countries) and the third
large producer of Natural Gas. Also, the Suez Canal plays
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the main role in the international energy market [1]. Egypt
is one of the populous countries in the Middle East and faces
energy demand due to rapid population growth and overcome
our growing needs. This makes a great challenge to supply
energy. Using renewable energy sources can help Egypt to
achieve its demand for energy and create a lot of jobs with
the achievement of objectives of sustainable development [2].
Global Warming is one of the biggest challenges that is facing
humanity on Earth [3]. Harmful effects of using fossil fuels
to generate electricity should be reduced, if not eliminated.
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FIGURE 1. Generated renewable energy sources in Egypt, GW.

One of the important keys to solve the problems of Global
Warming is to generate energy from renewable sources and
improve its efficiencies [4]. Egypt is very rich with sources of
renewable energy like hydropower, wind, solar PV, concen-
trating solar power (CPS), and biomass energy sources. The
Egyptian government started programs of using renewable
energy sources since the 1970s. It depends on its resources
and also on co-operation with other countries, including Ger-
many, France, Italy, Spain, Denmark, Japan, and the United
States [5]. The Egyptian government focuses nowadays on
using wind energy and solar photovoltaic (PV) applications,
which include water pumping, cold stores, and desalination
plants [5]. Figure 1 shows the generated renewable energy
sources in Egypt up to 2035 in GW. The main planned PV
projects in Egypt up to 2023, with its capacity and name of
companies, are listed in Table 1 [5].

TABLE 1. Planned solar PV system projects in Egypt up to 2023.

Project name Status Capacity
Kom Ombo 1 Binding 200 MW
Kom Ombo 2 Under development 26 MW
Kom Ombo 3 Under development 50 MW
West Nile 1 Binding 600 MW
West Nile 2 Binding 200 MW
West Nile 3 Binding 600 MW
FIT 1 Operational 50 MW
FIT 2 Under development 1415 MW
Hurghada Tendering 20 MW
Zaafarana Under development 50 MW

Water desalination is the process of converting high salt-
water to freshwater by removing salt particles. This water
can be drinkable for humans or used for irrigation. Deferent
desalination processes are used in industrial and commercial
applications. With improvements in technology techniques,
desalination processes are becoming cost-competitive and
more efficient rather than other methods of producing fresh-
water to overcome our growing needs [6]-[8]. However,
the total cost of water desalination is still high by using
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conventional methods of energy source. So, the new trend
now of Egypt’s governments is using renewable energy sys-
tems, which will decrease the total cost to reasonable values,
which will decrease the cost of energy compared with grid
extension and diesel generation systems. In addition to the
cost of treatment of environmental effects of using fossil fuel
is so high for the long term; CO, emissions which an effect
on Global Warming [9]-[12].

Using renewable energy systems for supplying desalina-
tion plants is increased. There are about 130 desalination
plants around the world opened in the last few years [13].
Table 2 lists some of them with focusing on the name of
desalination plant, its location, kind of technology if it is
multi-effects distillation (MED) or reverse osmosis (RO),
the capacity of the plant, and kind of renewable energy used.

TABLE 2. Selected renewable energy systems supplies desalination
plants around the world.

Desalinati  Desalinatio Capacit Renewable
Country on plant n (m?/ da })] Energy
name technology Y Systems
Greece Kimolos MED 200 Geothermal
Japan l.(eloA MED 100 Solar Thermal
University
Concentrating
Spain PSA MED 72 solar power
(CSP)
Greece Ydriada RO 80 Wind turbine
Morocco Morocco RO 12-24 Solar PV cells
Scotland Oyster RO na Wave energy

The energy management strategies (EMS) are the
process of selecting, presenting, and programming a
central-controller to manage the flow of energy according to
an optimal-strategy. The central-controller can be a micro-
controller, microprocessor, PLC, or any other type of suitable
controller [14].

Several optimization programs and mathematical tech-
niques are used to plan and design energy management strate-
gies [15], which include stand-alone or Utility-connection
systems, as concluded in Figure 2. HOMER®)software

[ Energy Management Strategies (EMS) J

Smarionesyeme

Artificial Intelligence Approach
(Fuzzy Logic Control)

Systems connected to
the grid

SCADA

Linear Programming Approach ’

FIGURE 2. Energy management strategies (EMS) approaches commonly
used.
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TABLE 3. Summary of literature review.

Authors Year Hybrid Configuration Control strategies
Bizon et al. [24] 2020 PV/Wind/ Fuel Cell RTO: A“‘EE\V; and Fuel-
Rezk et al. [25] 2020 PV/FC/Battery Linear programming

Krishan et al. [26] 2020 PV/Wind/Supercapacitor/Utility OPAL-RT
Aziz et al. [27] 2019 PV/Hydro/DG/Battery Linear programming
Aziz et al. [28] 2019 PV/DG/Battery Linear programming
Zhou et al. [29] 2019 Wind/Biomass/DG/Battery Parallel double-mode
optimal operation strategy
Das et al. [15] 2017 PV/ Battery/ICE (DG) Genetic Algorithm (GA)
Nasri et al. [30] 2016 PV/Fuel Cell/Ultra-Capacitor Linear programming
PSO
Upadhyay et al. [31] 2016 PV/Wind/DG/Battery Genetic algorithm
Biogeography
Athari et al. [32] 2016 PV/Wind/Battery/Utility Fuzzy logic
Pascual et al. [33] 2015 PV/Wind/Battery/Utility Linear programming
Barrazouane et al. [34] 2014 PV/DG/Battery Cuckoo sea.rch algorithm
Fuzzy logic controller
Karami et al. [35] 2014 PV/Battery/Super-Capacitor/Fuel Cell/Utility Linear programming
Ismail et al. [36] 2013 PV/Battery/DG Linear programming
Dahmane et al. [37] 2013 PV/Wind/DG/Battery Linear programming
Feroldi et al. [38] 2013 PV/Wind/Bioethanol reformer State machine approach
Chen et al. [39] 2013 PV/Wind/Battery Fuzzy logic
Robyns et al. [40] 2013 PV/Wind/Battery/Utility Fuzzy logic
Basnet et al. [41] 2020 PV/Hydrogen/Fuel cell/Grid P2G Technology
Mayer et al. [42] 2020 PV/Wind/Grid/DG Genetic Algorithm
Tutkun et al. [43] 2016 PV/Wind/Battery Neural networks

is an optimizing program that can optimize several tech-
niques [16], [17], which are used throughout many studies
to investigate the optimal design of the proposed renew-
able energy system based on LF [18]-[20] or CC strate-
gies [21]-[23]. Table 3 summarizes the literature review of
renewable energy systems based on hybrid configuration and
simulation tools of control strategies.

In this paper, the authors’ contribution is to evaluate a
proposed stand-alone PV/DG/B system that supplies a real
load in Al-Minya city, Egypt. The used simulation tool is
HOMER® software to get the optimal size and best energy
management strategy for this case study. A comparison of the
proposed system with grid extension and also with installing
stand-alone diesel generation has been carried out. Using
PV/DG/B can significantly minimize the amount of CO;
emissions generated in the case of a stand-alone diesel system
and helps to treat Global Warming. Also, this research work is
aimed to help policymakers in Egypt, location of case study,
to develop and integrate the effective policy for energy-water
nexus and energy-water-food security by achieving strict
and fast rules of renewable energy systems for freshwater
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production through desalination plants and agriculture pur-
poses, respectively. Using renewable energy in desalination
water will help the economy to grow and supply sustainable
water sources.

Il. LOCATION AND LOAD DATA

The case study represents a flat 70 acres (283280 m?) located
in Minya city, Egypt, at the latitude of 28° N and longitude
of 30° E. The site under study is positioned 12 km far
away from UG connection. Minia city is characterized by
a good level of solar radiation. The average daily horizon-
tal solar radiation is around 5.97 kWh/m?. The mean daily
solar radiation level and clearance index during the year are
shown in Figure 3 [44]. The highest daily irradiance level of
8.056 kWh/m? is collected in June. Whereas the least daily
irradiance level of 3.555 kWh/m? is received in December.
Figure 4 shows the solar atlas of Egypt [45], which is a
sun-belt and high solar radiation country. The duration of
sunshine is about 9 to 11 hours per day all year except a few
cloudy days.
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FIGURE 3. Mean daily solar radiation level and clearance index during the year.
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FIGURE 4. Solar atlas of Egypt (https://globalsolaratlas.info/ ).

In the location of the case study, there is a 150 m depth
well with a 40 m static level of water, which produces 120 m3
per hour of brackish water with a salinity of 2500 mg/1. It is
planned to cultivate the land with some crops which can use
the raw brackish water, whereas a large part of the land will be
cultivated with other crops such as Wheat, which needs water
with salinity less than 800 mg/l. The daily required desali-
nated water is 250 m>. The total brackish water demands are
350-500 m? and 250-300 m> of water in summer and winter
seasons, respectively.

The electric power necessary to pump the required water
can be estimated by the following relation [46], [47];

2.725Q0H
Ppump = 10007 W
where Pp,,p denotes the power of the pump (kW); H denotes
the water head of the pump (m), and n denotes the pump.

Based on the relation (1), the estimated daily electri-

cal demand power to pump the water from well is around
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110 kWh with a maximum of 15 kW. The seasonal load
profile of the AC pump is illustrated in Figure 5-a. To desali-
nate the brackish water, it is planned to use reverse osmo-
sis (RO) desalination system. There are different sizes of
RO units; 50 m?, 100 m?, 150 m?, 250 m3, 500 m?, and
1000 m3. The power consumption for each unit are 4.1 kW,
7.7 kW, 10.5 kW, 15 kW, 29.5 kW and 52 kW respec-
tively for RO-50, RO-100, RO-150, RO-250, RO-500 and
RO-1000 [48]. As the required desalinated water is 250 m3,
the three sizes, RO-50, RO-100, and RO-150, are not appli-
cable to the study. The two sizes, RO-250 and RO-500, are
compared in this research work to investigate and identify
the economical option to desalinate the required quantity.
RO-250 will operate 24 hours every day to get 250 m?,
whereas RO-500 needs only 12 hours to desalinate the same
amount. It is planned to operate RO-500 from 6:00 AM to
6:00 PM. The seasonal load profiles of RO-500 and RO-250
are displayed in Figure 5-b and Figure 5-c, respectively. RO
unit components’ schematic diagram is shown in Figure 6.

Ill. MATHEMATICAL MODELING OF DIFFERENT
COMPONENTS OF THE PROPOSED SYSTEM

Figure 7 shows a schematic diagram of the proposed renew-
able energy system, which consists of solar PV cells,
diesel generator, converter, and batteries. The input techno-
economic parameters for all components in the proposed
renewable energy system are listed in Table 4 [25], [49], [50],
which is used to find the optimal sizes for the proposed
system using HOMER® software [51], [52].

A. MODELLING OF SOLAR PV CELLS

The output power (Ppy) from solar PV cells at any time (¢)
is affected by several factors such as solar radiation (R),
PV array area (Aarny), the efficiency of the converter (1),
the efficiency of the PV cells (1py) and environmental factors
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FIGURE 6. Schematic diagram of RO unit components.

such as ambient temperature, wind velocity [25], [53].
Ppy = R X npy X n¢ X Aarray 2

The output of the PV cells is affected by the ambient
temperature. So, the temperature of PV cell (7,) depends on
effective transmittance absorbance of the solar PV array («),
the coefficient of heat transfer (T ) and the efficiency of the
PV cells (npy) which are expressed as follows:

T =T, +R. (Ti> (1- 1) 3)

H o

102516

dosing pump

The net present cost (NPCpy) of the solar PV cells is
calculated by using the capital cost (Cpy), operation, and
maintenance (Coy.PV) costs per year as expresses by the
following equation:

NPCpy = Cpy + Com .pv 4
Cpy = npy -Aarray (5)
n i
148
Com.pv = Aarray- Z <1_+r> (6)

i=1
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H. Rezk et al.: Optimization and Energy Management of Hybrid PV-Diesel-Battery System to Pump and Desalinate Water

IEEE Access

Diesel generator (DG)

AC Bus

/" RO-250 / RO-500 ACwater pump

\_ Agricultural Land  Brackish water reservoir,/

FIGURE 7. Schematic diagram of the proposed renewable energy system.

(.

Converter + Controller

DC Bus

PV array

Batteries

TABLE 4. Summary of proposed renewable energy system components.

Component Specification
Solar PV cells
Model name Generic flat plate PV
Peak power 1 kW
Slop 280
Ground reflection 27%
Operating temperature 460
Efficiency 14.7%
Capital cost $1000
Replacement cost $1000
O&M cost $5/year
Life time 25 years
Batteries (BS)
Model name Trojan L16P

Nominal capacity
capital cost
cost of replacement

360 Ah, 2.16 kWh
175 $/one unit
175 $/one unit

O&M cost 5 $/year
Converter
Capital cost 500 $/kW
Replacement cost 450 $/kW
O&M cost $5/year
Lifetime 15 years
Efficiency 90%
Diesel Generator (DG)
Capital cost 230 $/kW
Replacement cost 230 $/kW
O&M cost 0.1 $/hour
fuel price 0.428%/L
Diesel generator lifetime 15000 h

where, (r) is the interest, and () is the escalation rates; these
economic aspects have been considered in the optimization
process.

B. MODELLING OF THE BATTERY SYSTEM

The authors have used lead-acid batteries in this study to store
the excess energy generated from the solar PV cells and DG.
The battery power (Pp) can be calculated by the following

VOLUME 8, 2020

equation [25], [53]:
t

05 = O + /O Vadp.dt ™

where QOp_; is the initial battery charge; Vp and Ip are voltage
and current rating of the battery, respectively. The battery
state of charge (Bs,c) can be expressed as:

% 100 (%) ®)

B—max

Bsoc =

where Op_qx 1s the maximum charge of the battery. The
capacity of a battery (Cwy) can be calculated from the fol-
lowing formula [25]:

Cwin = (PL x Ag)/(nc x nps X Dg) 9

where Pr: load demand energy, kWh/day; Ad: BS autonomy
per day; Dg: discharge depth; nps and n¢ are the efficiency
of battery and converter, respectively.

C. MODELING OF DIESEL GENERATOR

The electrical power output (Pp¢) from the diesel generator is
AC power and depend on the fuel consumption from the DG.
The fuel curve assumed a straight line in HOMER modeling
for simplicity. Rate of fuel consumption (F') is calculated for
electricity production [50]:

F =A1.Cpg +A2.PpG (10)

where; A1 is coefficient of the fuel curve, A is the slope of
fuel curve, which its values are obtained from the manufac-
turer’s datasheet which equal to 0.246 L/kWh and 0.08145
L/kWh, respectively, Cpg is the diesel generator capacity, and
Ppg is the electrical power output from DG. This equation
can be applied when the DG is running, while the DG is at
rest, the fuel consumption rate (F) is zero. The replacement
cost of DG is calculated to depend on the number of operating
hours.

The net present cost of diesel generator (NPCpg) depends
on the capital cost of the diesel generator (Cpg), fuel cost (F),
operating and maintenance cost (Cop—pg) and the cost of the
replacement (Cr_pc) as expressed by the following equation:

NPCpc = Cpg + Com—pG + Cr—pc +F  (11)
CpG = npG-Ppc (12)
n i
1+8
Com—pG = trun- Y, ( o r) (13)

i=1

IV. ENERGY MANAGEMENT STRATEGIES

To determine the energy flows, the controller compares the
generated power value (Ppy) of Solar PV cells with the load
demand (Pr). If the renewable energy from solar PV cells
(Ppy) greater than load demand (P ), the excess power goes
to charge the batteries if its state of charge level is not reaching
its maximum value (Bsoc max)- If the load demand (Pr) is
lower than the renewable power (Ppy) and state of charge
of batteries not reach its minimum value (Bgyc_min), batteries
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FIGURE 8. Power management strategies (PMS) to supply the load; (a) Load following (LF) and (b) Cycle charging (CC) Strategies.
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TABLE 5. The optimal size of PV/DG/BS system and related costs with varying size of RO, control strategy and size of DG.

PV DG No of Converter Operating Renewable Initial cost NPC (5) COE
(kW) (kW) Batteries (kW) cost ($/yr.) Fraction (&3] ($/kWh)
RO-250
Only DG - 25 - - 27155 0.0 6250 604298 0.164
PV-B 120 - 384 35 13994 1.0 204316 512505 0.138
PV-B-DG - Load Following Control Strategy
DG, 5 kW 90 5 320 30 13295 0.87 161930 454729 0.123
DG, 10 kW 75 10 160 35 12737 0.75 122840 403356 0.109
PV-B-DG - Cycle Charging Control Strategy
DG, 5 kW 95 5 224 30 14875 0.84 150226 477812 0.129
DG, 10 kW 70 10 96 30 15664 0.67 104204 449181 0.121
RO-500
Only DG - 45 - - 28134 0.0 11250 630856 0.171
PV-B 120 - 160 35 5445 1.0 175340 295252 0.081
PV-B-DG - Load Following Control Strategy
DG, 5 kW 110 5 128 55 5546 0.97 161022 283168 0.077
DG, 10 kW 120 10 64 50 5087 0.95 158636 270676 0.074
PV-B-DG - Cycle Charging Control Strategy
DG, 5 kW 115 5 64 50 9549 0.88 152386 362691 0.099
DG, 10 kW 105 10 32 45 11774 0.81 135568 394873 0.108
(2) DG size-SkW & LF strategy oo =smmivion s - EIUU(b) DG size-10kW & LF strategy
250,000 &
200,000 fr— 150,000 - -
§1E-U,UUU .‘é'
5 8 100,000 T 1 )
§ 100,000 g
o £ s0,000 P - ——
= m_ ' EE=
| — :l 2 [ |
-50,000 Captal TeF ot Operaing Fael Savege =000 Capital Replacement Operating Fuel Salvage
(¢) DG size-SkW & CC strategy (d) DG size10kW& CC strategy
200,000
200,000
150,000
e Z 150,004 - |
5100‘000 5 5
= + 100,000 1 - ! I
: i
£ 50000 E = 50,000 E
z S :
-50,000 4 I
Operating Fuel

-50,000

Capital Replacement Operating Fuel Salvage

FIGURE 9. The total NPC for different system components with RO-250 unit.

can discharge its power (Pp) supplies to the load. If the state
of charge of batteries reaches its minimum value (Bsoc_min),
here the DG must start-up, and its power (Ppg) supplies the
load.

Figure 8 shows the Power Management Strategies (PMS),
which include two control dispatch strategies; load follow-
ing (LF) and cycle charging (CC). These dispatch strategies
are used to control DG operation and battery. With the LF
strategy, a DG generates only sufficient energy to meet the

Capital Replacement Salvage

Figure 8-a. With the CC strategy, the DG works at its max-
imum rating whenever it is switched on to supply load and
charge the battery bank by the surplus energy, Figure 8-b.

V. OPTIMIZATION PROBLEM FORMULATION

The optimum size of PV/DG/B has been determined based on
the minimum total net present cost (NPC) and the minimum
cost of energy (COE). The NPC can be estimated based on
the following relation;

required load and does not charge the battery bank. The NPC = Cann,to1 (14)
battery bank is charged only by surplus power by PV arrays CRF Ny
VOLUME 8, 2020 102519
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FIGURE 10. The total NPC for different system components with RO-500 unit.

TABLE 6. Related costs of different components for PV/DG/B system using RO-250.

Capital ($) Replacement ($) O&M (%) Fuel ($) Salvage ($) Total ($)
Load Following Control Strategy
Size of DG - 5kW
PV array 90,000 0 9,910 0 0 99,910
DG 1,250 8,831 11,703 63,814 -140 85,459
Battery 55,680 192,044 35,237 0 -37,623 245,338
Converter 15,000 12,920 0 0 -3,899 24,021
System 161,930 213,795 56,851 63,814 -41,661 454,729
Size of DG - 10kW
PV array 75,000 0 8,259 0 0 83,259
DG 2,500 17,656 23,345 124,827 -325 168,003
Battery 27,840 96,209 17,619 0 -17,598 124,069
Converter 17,500 15,074 0 0 -4,549 28,025
System 122,840 128,939 49,222 124,827 -22,472 403,356
Cycle Charging Control Strategy
Size of DG - SkW
PV array 95,000 0 10,461 0 0 105,461
DG 1,250 15,437 19,292 87,070 -390 122,659
Battery 38,976 171,275 24,666 0 -9,246 225,671
Converter 15,000 12,920 0 0 -3,899 24,021
System 150,226 199,632 54,419 87,070 -13,535 477,812
Size of DG - 10kW
PV array 70,000 0 7,708 0 0 77,708
DG 2,500 30,874 38,585 167,737 -780 238,916
battery 16,704 87,838 10,571 0 -6,578 108,535
Converter 15,000 12,920 0 0 -3,899 24,021
System 104,204 131,632 56,864 167,737 -11,257 449,181
where Cgpp, 10 denotes total cost per year, i denotes yearly real where:

interest rate, N is project lifetime years), and CRF denotes the

capital recovery factor. CRF is calculated as follows;
i1+ iV

aQ+i-1

The total cost Cyann, 1o includes initial cost, operation, mainte-

nance, and replacement. The salvage value can be estimated
by the following relation:

CRF (i,N) = (15)

Rrem

Salvage = Cyep

(16)

9
comp
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Crep 1s the replacement cost of the components,
Ryem is the remaining life,

and Reopp is the project life span.

The COE can be calculated as follows:

Cann, tot

COE = )
Total energy demand

7)

VI. RESULTS AND DISCUSSION
This section presents the detailed feasibility and techno-
economic evaluation of the PV/DG/B system to supply the
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TABLE 7. Related costs of different components for PV/DG/B system using RO-500.

Capital ($) Replacement ($) O&M ($) Fuel ($) Salvage ($) Total ($)
Load Following Control Strategy
Size of DG - 5kW
PV array 110,000 0 12,113 0 0 122,113
DG 1,250 2,177 3,537 18,509 -315 25,158
Battery 22,272 58,727 14,095 0 -3,236 91,858
Converter 27,500 23,687 0 0 -7,148 44,039
System 161,022 84,591 29,744 18,509 -10,699 283,168
Size of DG - 10kW
PV array 120,000 0 13,214 0 0 133,214
DG 2,500 4,284 6,325 31,344 -1,183 43,271
Battery 11,136 39,035 7,047 0 -3,062 54,156
Converter 25,000 21,534 0 0 -6,498 40,036
System 158,636 64,852 26,586 31,344 -10,743 270,677
Cycle Charging Control Strategy
Size of DG - SkW
PV array 115,000 0 12,663 0 0 127,663
DG 1,250 15,433 19,253 80,818 -419 116,334
Battery 11,136 67,972 7,047 0 -7,498 78,657
Converter 25,000 21,534 0 0 -6,498 40,036
System 152,386 104,939 38,963 80,818 -14,415 362,691
Size of DG - 10kW
PV array 105,000 0 11,562 0 0 116,562
DG 2,500 30,870 38,545 123,932 -809 195,038
battery 5,568 39,273 3,524 0 -1,124 47,241
Converter 22,500 19,380 0 0 -5,848 36,032
System 135,568 89,524 53,631 123,932 -7,781 394,873

“@=LF & DG-5kW “#=LF & DG-10kW =8=CC & DG-5kW =@=CC & DG-10kW

500000
(%) (a)

450000
400000
350000
300000
250000
200000
150000 ©=

100000 &

20

25

“@=LF & DG-5kW =#=LF & DG-10kW =8=CC & DG-5kW =8=CC & DG-10kW

350000
300000
250000
200000

150000

100000
15 25

Year

FIGURE 11. The discounted cash flows of the PV/DG/B system with varying; (a) RO-250; (b) RO-500.

AC pump and RO unit. To identify the cost-effective and best
size of PV/DG/B system, two different sizes of RO units;
RO-250 and RO-500, two control dispatch; LF and CC; two
sizes of DG; 5 kW and 10 kW are considered in the case study.
Four main criteria; the cost of energy, renewable fraction,
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environmental impact, and breakeven grid extension distance
are used to identify the optimal size of PV/DG/B to supply
the load demand.

From the economic point of view, the cost of energy
varies from 0.108 $/kWh-0.074 $/kWh and from
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TABLE 8. Electrical energy production and consumption.

RO-250
Item Component Load Following Control Strategy Cycle Charging Control Strategy
Size of DG-5 KW 10 kW Size of DG-5 KW 10 kW
Electrical production PV 180398 (87%) 150324 (75%) 190410 (84%) 140302 (67%)
(kWh/yr.) DG 26221 (13%) 51232 (25%) 35344 (16%) 67905 (33%)
Total 206610 (100%) 201556 (100%) 225754 (100 %) 208207 (100%)
Consumption energy RO-250 128431 (76%) 129001 (77%) 128362 (76%) 128829 (76%)
(kWh/yr.) AC Pump 39536 (24%) 39067 (23%) 40017 (24%) 39723 (24%)
total 167967 (100%) 168068 (100%) 168397 (100%) 168553 (100%)
Excess electricity (KWh/yr.) 14209 (6.88%) 16101 (7.99%) 34048 (15.1%) 24145 (11.6%)
Unmet load (KWh/yr.) 2903 (1.7%) 2770 (1.62%) 2486 (1.5%) 2319 (1.4%)
Capacity shortage (KWh/yr.) 3451 (2.02%) 3436 (2.01 %) 2992 (1.8%) 3033 (1,A%)
RO-500
Load Following Control Strategy Cycle Charging Control Strategy
Electrical production Size of DG-5 kW 10 kW Size of DG-5 kW 10 kW
(KWhyr.)
PV 220475 (97%) 240518(95%) 230497 (88%) 210453 (81%)
DG 7587 (3%) 12804(5%) 32632 (12%) 48866 (19%)
Total 228062 (100%) 253322(100%) 263129 (100%) 259319 (100%)
Consumption energy RO-500 126313 (76%) 126511(76%) 127330 (77%) 126553 (76%)
(kWh/yr.) AC Pump 39920 (24%) 40080 (24%) 38726 (23%) 40222 (24%)
Total 166233 (100%) 166591 (100%) 166056 (100%) 166774 (100%)
Excess electricity (KWh/yr.) 40998 (18%) 67671 (26.7%) 74813 (28.5%) 75695 (29.2 %)
Unmet load (KWhyr.) 2371 (1.4%) 2024 (1.2%) 2599 (1.5%) 1927 (1.1%)
Capacity shortage (KWh/yr.) 3505 (2.1%) 3218 (1.9%) 3181 (1.9%) 3529 (2.1 %)

(a) DG size-5kW & LF strategy

(b) DG size-10kW & LF strategy

dan Feb Mar Apr May Jun

(¢) DG size-5kW & CC strategy
30

Jan Feb Mar Apr May Jun

Jul

Apr Wy Jun

(d) DG size10kW& CC strategy

Power (kW)

Jan Feb Mar

Apt

FIGURE 12. Mean produced electrical power with RO-250 unit varying control strategy and size of DG.

0.138 $/kWh-0.109 $/kWh respectively for RO-500 and
RO-250. This demonstrates that using RO-500 is cost-

effective compared with RO-250. The minimum cost of

energy and the minimum total present cost are 0.074 $/kWh
and 207676 $, respectively. This is achieved with RO-500
using load following dispatch control strategy. The related
sizes to the optimal configuration are 120 kW PV array,
10 kW DG, 64 batteries, and 50 kW converter. The opti-
mal size and related costs with varying sizes of RO,

102522

control strategy, and size of DG are shown in Table 5.
Using the LF strategy decreases the cost of energy with
RO-500 by 22.2% and 31.48%, respectively, for DG
size of SkW and 10 kW compared with the CC control

strategy.

Table 6 and Table 7 display the detailed related costs of dif-
ferent components for the PV/DG/B system for RO-250 and
RO-500, respectively, with varying the control strategy and
the size of DG. Whereas the total NPC for different system
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TABLE 9. The detailed performance of different components of PV/DG/B system using RO-250 with varying control strategy and size of DG.

PV/B/DG
Quantity units DG only PV/B LF Strategy CC Strategy
DG-5 kW DG-10 kW DG-5 kW DG-10 kW
PV array
Rated capacity kW - 120 90 75 95 70
Mean output kW - 27 20.6 17.2 21.7 16
Daily mean output kWh - 659 494 412 522 384
Capacity factor % - 229 229 229 229 229
Total production kWh/yr. - 240518 180389 150324 190410 140302
Maximum output kW - 123 922 76.8 97.3 71.7
PV penetration % - 184 138 115 146 107
Levelized cost $/kWh - 0.0251 0.0251 0. 0251 0.0251 0.0251
DG
Hours of operation hr./yr. 8760 - 5314 5300 8760 8760
Number of starts Starts/yr. 1 - 402 403 1 1
Operation life yr. 1.71 - 2.82 2.83 1.71 1.71
Capacity factor % 78.9 - 59.9 58.5 80.7 71.5
Total production kWh/yr. 172818 - 26221 51232 35344 67905
Mean electrical output kW 19.7 - 4.93 9.67 4.03 7.75
Min. electrical output kW 2.83 - 0.05 0.1 0.05 0.1
Max. electrical output kW 25 - 5 10 5 10
Fuel consumption Liyr. 45232 - 6770 13243 9237 17795
Specific fuel consumption L/kWh 0.262 - 0.258 0.258 0.261 0.262
Fuel electrical input KWh/yr. 445080 - 66618 130311 90895 175106
Mean electrical efficiency % 38.8 - 394 39.3 389 38.8
Battery
Number of strings - 12 10 5 7 3
Nominal capacity kWh - 829 691 346 484 207
Usable nominal capacity kWh - 581 484 242 339 145
autonomy hr. - 29.8 24.8 12.4 17.4 7.44
Lifetime throughout kWh - 412800 344000 172000 240800 103200
Energy in kWh/yr. - 90687 61121 30977 59121 28918
Energy output kWh/yr. - 77580 52737 26573 50580 24719
Losses kWh/yr. - 12612 8200 4162 8215 4062
Expected life VI. - 4.91 6.05 5.97 4.39 3.85
(a) DG size-5kW & LF strategy = (b) DG size-10kW & LF strategy
0 35.
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20 25
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FIGURE 13. Mean produced electrical power with RO-500 unit varying control strategy and size of DG.

components is shown in Figure 9 and Figure 10, respectively, 213795% (47%) that represents the main part of the total NPC
for RO-250 and RO-500. For RO-250 with 5 kW DG and LF flowed by the initial cost (13.62%). The key reason for the
strategy, the total NPC is 454729$. The replacement cost is high replacement cost is that the batteries need to be changed
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TABLE 10. The detailed performance of different components of the PV/DG/B system using RO-500 with varying control strategy and size of DG.

PV/B/DG
Quantity units DG only PV/B LF Strategy CC Strategy
DG-5 kW DG-10 kW DG-5 kW DG-10 kW
PV array
Rated capacity kW - 120 110 120 115 120
Mean output kW - 27 25 27 26 27
Daily mean output kWh - 659 604 659 631 659
Capacity factor % - 229 22.9 22.9 229 229
Total production kWh/yr. - 240518 220475 240518 230497 240518
Maximum output kW - 123 113 123 118 123
PV penetration % - 187 172 187 179 187
Levelized cost $/kWh - 0.0251 0.0251 0. 0251 0.0251 0.0251
DG
Hours of operation hr./yr. 5721 - 1606 1436 8742 8751
Number of starts Starts/yr. 1458 - 907 898 2 2
Operation life yr. 2.62 - 9.34 10.4 1.72 1.71
Capacity factor % 42.7 - 17.3 14.6 74.5 55.8
Total production kWh/yr 168379 - 7587 12804 32632 48866
Mean electrical output kW 29.4 - 4.72 8.92 3.73 5.58
Min. electrical output kW 7.98 - 0.05 0.1 0.05 0.1
Max. electrical output kW 45 - 5 10 5 10
Fuel consumption L/yr. 44688 - 1964 3325 8574 13148
Specific fuel consumption L/kWh 0.262 - 0.259 0.26 0.263 0.269
Fuel electrical input kWh/yr 439726 - 19323 32721 84368 129376
Mean electrical efficiency % 383 - 393 39.1 38.7 37.8
Battery
Number of strings - 5 4 2 2 1
Nominal capacity kWh - 346 276 138 138 69.1
Usable nominal capacity kWh - 242 194 96.8 96.8 48.4
Autonomy hr. - 12.6 10.1 5.03 5.03 2.51
Lifetime throughout kWh - 172000 137600 68800 68800 34400
Energy in kWh/yr. - 29201 22540 13764 21241 13003
Energy output kWh/yr. - 25207 19352 11791 18107 11089
Losses kWh/yr. - 3969 2994 1880 3082 1878
Expected life VI. - 6.34 6.56 5.38 3.5 2.86

many times throughout the project lifetime. The replacement
cost of batteries is 1920443, which represents 89.75% of the
total replacement cost. Whereas with 10 kW, approximately,
the capital, replacement, and fuel costs are very near. They
are 1228408, 128939%, and 1248278, respectively, for cap-
ital, replacement, and fuel costs. The fuel cost records the
maximum value of 167737$ with 10 kW of DG and CC
strategy. It increased by 92.65% compared with 5 kW of DG
and CC strategy. Considering Figure 10-b and Figure 10-d,
it can be seen that the cost of fuel is mainly influenced by the
dispatch control strategy. It is equal to 123932 $ and 313448,
respectively, for CC and LF strategies with the same size of
DG (10 kW). This means that the cost of fuel reduced in the
case of LF by 74.71% compared with the CC strategy.

The discounted cash flows related to PV/DG/B system with
varying size of RO, control strategy, and size of DG is dis-
played in Figure 11. As explained in Figure 11-a, the lowest
initial cost (104204$) is achieved with RO-250, CC strategy,
and 10 kW size of DG. However, due to the high fuel cost
(167737$) during the lifetime of the project, the total NPC has
reached to 449181 $. The minimum total NPC of 403356 $ is
achieved by using the load following strategy and 10 kW size
of DG. Figure 11-b illustrates the variation of NPC using the
RO-500 unit. It is clear from this figure that the maximum and

102524

minimum total NPC are 394873 $ and 270676 $ respectively
for CC and LF control strategies with the same size of DG
(10 kW).

Under the condition of using the best size of the PV/DG/B
system (RO-500, LF strategy, and 10 kW DG), the total yearly
generated energy is 253322 kWh. 95% (240518 kWh) of the
total produced energy is delivered by the PV system, and
the reminder part (12804 kWh) is powered by DG. With
this configuration, the total yearly consumption energy is
166591 kWh. The AC load pump consumed around 24%
(40080 kWh) of the total consumed energy, while the other
portion, 76% (126511 kWh), is used to feed the RO-500 unit.
The surplus energy is almost 67671 kWh (26.7%). This
surplus can be used for lighting and other not considered
loads, whereas the annual unmet load and capacity shortage
are 2024 kWh (1.2%) and 3218 kWh (1.9%), respectively.
From Table 8, the annual excess energy is very sensitive to
the size of RO. The minimum annual excess energy achieved
with RO-250 unit, LF strategy, and 5 kW DG. Table 9 and
Table 10 illustrate the detailed performance of different com-
ponents of PV/DG/B systems with varying size of RO, control
strategy and size of DG.

For RO-250, the rated capacities of the PV array are 90 kW,
75 kW, 95 kW, and 70 kW respectively for LF&SkW-DG,
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FIGURE 14. Statistics of battery SOC per month with RO-250 unit varying control strategy and size of DG.
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FIGURE 15. Statistics of battery SOC per month with RO-500 unit varying control strategy and size of DG.

LF&10kW-DG, CC&SkW-DG, and CC&10kW-DG. Subse-
quently, the mean PV output energy is 494 kWh, 412 kWh,
522 kWh, and 384 kWh, respectively, LF&SkW-DG,
LF&10kW-DG, CC&5kW-DG, and CC&10kW-DG. The
mean daily produced PV power for each month with
varying control strategy and the size of DG is illus-
trated in Figure 12 and Figure 13, respectively, for RO-250
and RO-500.

For RO-500, the nominal capacities of battery are
276 kWh, 138 kWh, 138 kWh, and 69.1 kWh respec-
tively for LF&S5kW-DG, LF& 10kW-DG, CC&5kW-DG, and
CC&10kW-DG. Whereas the values of the expected life of
the battery are 6.56 years, 5.38 years, 3.5 years, and 2.86 years
respectively, LE&SkW-DG, LF&10kW-DG, CC&S5kW-DG,
and CC&10kW-DG. This is confirmed that the expected
life of the battery is mainly influenced by the type of con-
trol strategy. The LF strategy increases the battery lifetime
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compared with the CC. The monthly statistics of battery SOC
are presented in Figure 14 and Figure 15, respectively, for
RO-250 and RO-500.

VIl. COMPARISON WITH GRID EXTENSION AND
STAND-ALONE DIESEL GENERATOR

To prove the viability of the PV/FC/B system, a comparison
with grid extension along with a stand-alone diesel genera-
tor has been made. The initial cost of grid connection and
yearly maintenance costs are $10,000/km and $200/year/km,
respectively. The Energy consumption tariff, based on the
Egyptian Electricity Company, is $0.06/kWh [54]. Figure 16
illustrates a comparison among the NPC of PV/DG/B with
different conditions and NPC of the grid. Figure 17 displays
a comparison of the breakeven grid extension distance with
varying the RO size, control strategy, and size of DG. The
red line represents the distance between the location of the
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FIGURE 16. Breakeven grid extension distance for different systems. RO-500 unit varying control strategy and size of DG.

case study and the nearest utility grid point (12 km). From
Figure 17, it can be concluded that the grid connection is
better than all considered cases using the RO-250 unit. For the
RO-500 unit, all options of hybrid PV/DG/B are more eco-
nomically feasible compared with grid connection, and the
best cost-effective option is the one including load following
control strategy with 10 kW DG. The breakeven distance is
3.31 km.

The initial and replacement cost of the diesel generator is
assumed to be $230/kW. Whereas, the O&M cost is consid-
ered to be $0.1/h based on an operation lifetime of 15,000 h.
The diesel price in Egypt is $0.428/ [55]. However, this value
can be increased in the located far regions because of the
high transport fee. The optimization results confirmed that
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the best size of the DG is 25 kW and 45 kW, respectively,
for RO-250 and RO-500. The COE and NPC for DG only
with RO-250 are $0.164/kWh and $604298, respectively.
Whereas with RO-500, the COE and NPC are $0.171/kWh
and $630856, respectively.

From the environmental impact, the stand-alone diesel
generator produces 119110 kg/year and 117677 of CO;
respectively for RO-250 and RO-500. Such quantity can
be significantly reduced thanks to PV/DG/B system. Also,
the other pollutants were reduced compared to the DG sys-
tem. Table 11 shows the number of different pollutant emis-
sions by different options of PV/DG/B system compared
to DG. Consequently, along with the PV/DG/B system can
reduce the CO, emission, which affects Global Warming.
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FIGURE 17. Comparison of breakeven grid extension distance under different cases (a) RO-250; (b) RO-500 unit.

TABLE 11. Pollutants emission for different options of PV/DG/B system and stand-alone diesel generator.

DG- only PV/DG-B
RO-250 Unit
Pollutant (kg/year) LF Strategy CC Strategy
DG-5 kW DG-10 kW DG-5 kW DG-10kW
Carbon dioxide 119110 17828 8757 24325 46861
Carbon monoxide 294 44 21.6 60 116
Unburned hydrocarbons 32.6 4.87 2.39 6.65 12.8
Particulate matter 222 332 1.63 4.53 8.72
Sulfur dioxide 239 35.8 17.6 48.8 94.1
Nitrogen oxides 2623 39.9 193 536 1032
RO-500 Unit
LF Strategy CC Strategy
DG-5 kW DG-10 kW DG-5 kW DG-10kW
Carbon dioxide 117677 5171 8757 22578 34623
Carbon monoxide 290 12.8 21.6 55.7 85.5
Unburned hydrocarbons 322 1.41 2.39 6.17 9.47
Particulate matter 21.9 0.962 1.63 4.2 6.44
Sulfur dioxide 236 10.4 17.6 453 69.5
Nitrogen oxides 2592 114 193 497 763
VIIl. CONCLUSION o The fuel cost records the maximum value of 167737$

Optimization, feasibility, economic evaluation, and energy
management of hybrid photovoltaic-diesel-battery (PV/DG/B)
system to pump and desalinate water at isolated regions have

been done in this paper. The case study represents a flat o

70 acres (283280 m?) located in Minya city (Egypt). The
main findings can be summarized as follows;
« From the economic point of view, the minimum cost of

energy and the minimum total present cost are 0.074
$/kWh and 207676 $, respectively. This is achieved

with RO-500 using load following (LF) dispatch control .

strategy.

o The related sizes to the best option of PV/DG/B are .

120 kW PV array, 10 kW DG, 64 batteries, and 50 kW
converter.

o The load following strategy decreased the cost of energy
with RO-500 by 22.2% and 31.48% respectively for

DG size of SkW and 10 kW compared with the cycle .

charging (CC) control strategy.
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using RO-250 with 10 kW of DG and CC strategy.
It increased by 92.65% compared with 5 kW of DG and
CC strategy.

The cost of fuel is mainly influenced by the dispatch
control strategy. It is equal 123932 $ and 31344 $ respec-
tively for RO-500 with CC and LF strategies with the
same size of DG (10 kW). This means that the cost of
fuel reduced in the case of LF by 74.71% compared with
the CC strategy.

The grid connection is better than all considered options
when using the RO-250 unit.

For the RO-500 unit, all options of hybrid PV/DG/B
are more economically feasible compared with grid con-
nection, and the best cost-effective option is the one
including LF strategy with 10 kW DG. The breakeven
distance is 3.31 km.

From the environmental impact, the stand-alone diesel
generator produces 119110 kg/year and 117677 kg/year
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of CO; respectively for RO-250 and RO-500. This can
be significantly reduced thanks to PV/DG/B system.

o Along with the PV/DG/B system being more economi-

cal, the CO, emission, which affects Global Warming,
is reduced.
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