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Abstract: In recent years, the concept of hybrid energy systems (HESs) is drawing more attention for
electrification of isolated or energy-deficient areas. When optimally designed, HESs prove to be more
reliable and economical than single energy source systems. This study examines the feasibility of a
combined dispatch (CD) control strategy for a photovoltaic (PV)/diesel /battery HES by combining
the load following (LF) strategy and cycle charging (CC) strategy. HOMER software is used as a
tool for optimization analysis by investigating the techno-economic and environmental performance
of the proposed system under the LF strategy, CC strategy, and combined dispatch CD strategy.
The simulation results reveal that the CD strategy has a net present cost (NPC) and cost of energy
(COE) values of $110,191 and $0.21/kWh, which are 20.6% and 4.8% lower than those of systems
utilizing the LF and CC strategies, respectively. From an environmental point of view, the CD
strategy also offers the best performance, with CO, emissions of 27,678 kg/year. Moreover, the results
show that variations in critical parameters, such as battery minimum state of charge, time step,
solar radiation, diesel price, and load growth, exert considerable effects on the performance of the
proposed system.

Keywords: combined dispatch (CD) strategy; optimization; HOMER; net present cost (NPC);
sensitivity analysis

1. Introduction

Progressive energy demand growth and rapid depletion of fossil fuels have raised concerns
of future energy supplies [1]. Moreover, the utilization of conventional energy sources from fossil
fuels has resulted in tremendous increases in CO, emissions, which are the primary cause of global
warming [2,3]. The atmospheric CO, concentration has increased by approximately 40% compared
with that at the beginning of the industrial revolution [4]. These issues have led to the determination
of alternative energy sources with the potential to reduce pollution and produce a sustainable energy
supply [5]. The utilization of renewable energy sources (RESs) has grown exponentially over the last
few years. By the end of 2017, approximately 26.5% of the total global electricity produced came
from RES, as shown in Figure 1 [6]. RESs, such as solar, wind, hydropower, geothermal, and biomass,
are easily replenished and environmentally friendly. However, the major drawback of RESs is the
unpredictable and intermittent nature of power generation. This issue can be overcome by integrating
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different energy sources to produce a hybrid energy system (HES), which can solve reliability problems
and provide an environmentally friendly solution [7-9]. Various power sources and storages, such as
diesel generators, batteries, and supercapacitors, should be integrated into HESs to improve system
stability and smooth out fluctuations [10,11].

73.5%
Non-renewable
electricity

5.6% Wind power

16.4%

Hydropower

2.2% Bio-power

1.9% Solar PV

0.4% Ocean, CSP and
geothermal power

Figure 1. Energy mix of the global electricity generation by the end of 2017 [6].

The optimal design of HESs requires appropriate sizing of the components and a feasible energy
management strategy. Selection of a suitable energy management strategy is critical because it
determines the behavior of the system by controlling the flow of energy and deciding the priority
of each component in the system [12]. The proper energy management strategy is therefore able
to improve the power system stability, ensure the continuity of power supply, minimize the cost of
energy (COE), and protect components against damage due to overloads. Moreover, in grid-connected
systems, the energy management strategy is vital to control the flow of energy from and to the grid
and for metering purposes [13,14]. Depending on the system configuration and the optimization
objectives, different energy management strategies are performed based on various technical and
economic criterions. These strategies can be less or more complicated, requiring the utilization of less
or more complicated optimization algorithms [15].

The energy management strategy is conducted by selecting, installing, and programming a central
controller to manage the flow of energy according to an optimized strategy. Various mathematical
programs and optimization techniques are employed to design and plan energy management strategies.
These strategies include off-grid and grid-connected HESs as presented in Figure 2 [14].

Energy Management Strategies

Standalone Grid-connected Smart Grid
Linear Artificial Linear Artificial
Programming Intelligence Programming Intelligence SCADA ZigBee
Approach Approach Approach Approach
Fuzzy Logic Fuzzy Logic
Controller Controller

Figure 2. Commonly used approaches for energy management strategies [14].
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Although the non-dispatchable RESs necessitate complex systems modeling, they are themselves
simple to model without the need for control logic, in which the power is merely produced in direct
response to the available renewable energy resources. On the other hand, the dispatchable components,
such as the generator and battery, are more difficult to model because they must be controlled
to achieve matching of demand and supply properly, and to compensate for the intermittency of
the non-dispatchable RESs [16,17]. “Should a generator charge the battery or should excess solar
production be responsible for charging the battery only and the generator used only to satisfy the
load?” This question has led to some rules that manage the operation of generator and battery energy
storage. The load following (LF) and cycle charging (CC) dispatch strategies are used to control
generator operation and battery energy storage. Under the LF strategy, a generator produces only
enough power to satisfy the load demand and does not charge the batteries. Batteries are charged
only by excess electricity from RESs. Under the CC strategy, the generator operates at its maximum
rated capacity whenever it is switched on to feed the load and charge the battery bank by the excess
power [18,19]. In the CC strategy, a setpoint state-of-charge (SOC) can be applied. When a certain
setpoint is selected, the system does not stop charging the battery until it reaches the specified
setpoint [20-22]. The chosen dispatch strategies are applied only when dispatchable components such
as generator and battery are operating simultaneously during a time step [23].

HOMER software that was developed by National Renewable Energy Laboratory (NREL),
United States, is considered one of the most powerful tools for the optimization of HESs through
performing a techno-economic analysis of the system with a project lifetime of a certain number of
years [24]. Different technologies, such as PV, wind turbine, hydrokinetic, hydropower, biomass,
conventional generator, battery, flywheel, supercapacitor, and fuel cell, can be addressed with HOMER.
HOMER can model both the LF strategy and CC strategy to control the generator and energy storage
operation. Both of these strategies make economic dispatch decisions; they choose the most economical
way to serve the load at each time step. HOMER simulates hundreds or even thousands of all possible
combinations of the energy system and then ranks the results according to the least-cost options that
meet the load requirements [25-27].

Many studies throughout the world have used HOMER software to investigate the optimal design
of proposed HESs using LF or CC strategies. Halabi et al. [28], Ansong et al. [29], Sigarchian et al. [30],
Rezzouk and Mellit [31], and Madziga et al. [32] used the LF strategy to analyze the performance
of suggested HESs to find the optimal configurations. Each study proposed certain components
that differed from others and the simulation was conducted for a specific area. On the other hand,
the authors in [9,33-37] carried out techno-economic analysis to investigate the optimum HES using
the CC strategy in which different setpoints SOC were suggested.

Other studies have been conducted to investigate the optimum HES using both the LF strategy
and the CC strategy to find the best one for the proposed HESs. Kansara and Parekh [38] performed
dispatch analysis of a stand-alone wind/diesel/battery energy system and found that the system
achieved better performance for high renewable penetration under the LF strategy; for low renewable
penetration, the CC strategy was preferable. The optimal size of the PV /diesel/battery power system
under the LF and CC control strategies was investigated in [39], and results showed that the optimum
design for the CC strategy had a smaller COE than that of the LF strategy. The authors in [40] presented
a techno-economic analysis of the PV /diesel/battery system and concluded that the LF provided
better economic performance compared to the CC strategy. A comparison of the LF and CC control
strategies for two different HESs was studied in [41], and it was found that for the PV /diesel HES,
the CC strategy provided better performance in terms of net present cost (NPC), COE, and greenhouse
gas (GHG) emissions, but not in terms of renewable penetration. For a wind/diesel system, the LF
dispatch strategy demonstrated better techno-economic and environmental performance than the
CC strategy. The authors in [42] investigated the best energy management strategy for HESs in
three different places in India and found that the LF strategy achieved better techno-economic and
environmental performance than the CC strategy for all locations. The optimum planning and design
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of the PV /diesel/battery for a school, a small dispensary, and 25 households using both LF and CC
control strategies was examined by Fodhil et al. [43], who showed that the LF strategy was more cost
effective for the dispensary, while the CC strategy was more cost effective for both the school and
households. Moreover, the LF strategy had more PV penetration and less GHG emissions than the CC
strategy in all cases. Shoeb and Shafiullah [44] investigated the performance of a PV /diesel/battery
HES for standalone electrification of a rural area in southern Bangladesh. They showed that the CC
strategy was more economical than the LF strategy. Ghenai and Bettayeb [45] analyzed the feasibility
of different off-grid HESs using PV, diesel, battery, and fuel cell to supply electricity for a building
in the University of Sharjah, UAE. They reported that for all cases, the use of the CC strategy for
power generation was preferable to the LF strategy. Maatallah et al. [46] studied the techno-economic
feasibility of a PV /wind/diesel /battery hybrid system for a case study in Bizerte, Tunisia and found
that the LF strategy was more cost-effective than the CC strategy. The system under the LF strategy
was able to save more than $27,000 during the project lifetime. A study on the viability of supplying
electricity through an HES consisting of a PV, diesel generator, biomass plant, and batteries to rural
areas in the northern region of Bangladesh was presented in [47]. It was found that the CC strategy
was more economical than the LF strategy and it was capable of saving around $12,450 during the
project lifetime. On the other hand, the LF strategy caused the cost of energy (COE) to increase from
$0.188/kWh to $0.189/kWh.

From the previous works, it has been found that the optimum dispatch strategy is affected by
various parameters, such as fuel price, fuel conversion efficiency of the generator, operation and
maintenance (O&M) costs, renewable penetration, and battery and generator capacity. Moreover,
LF and CC strategies are found to be simple and effective tools for the control of HESs, but they have
some drawbacks. By using a generator to charge batteries during operation, the CC dispatch strategy
provides more energy to the batteries. This approach shuts down the generator during the low-load
period, which results in a reduction of the total operating time of the generator. However, the sequence
of the battery charging/discharging process may damage or ruin the battery, which leads to increased
replacement costs. On the other hand, when the generator satisfies the load demand without charging
the batteries, the LF dispatch strategy ensures that the batteries remain charged by the RES output
power only, and this maximizes the use of available renewable energy. Furthermore, in the LF strategy,
the utilization of the battery is limited. Hence, a longer life of the battery can be achieved. However,
the main drawback of the LF strategy is that for most of the time, the generator works at part load,
and this increases the variable cost due to the lower off-design efficiency. In many cases, the system
performance under one of these dispatch strategies is much better than that of the other. However,
predicting the best strategy before running the model is difficult.

Based on the literature review and the research gap discussed above, the objective of this paper is
to examine the techno-economic and environmental performance of an off-grid PV /diesel/battery
HES supplying electricity to a small remote village in Iraq using a combined dispatch (CD) strategy.
Combining the LF and CC dispatch strategies may help improve the system performance by allowing
more efficient utilization of the generator and batteries. The system performance under this strategy
is compared with the existing dispatch strategies (LF and CC), and HOMER software is utilized
for analysis of the proposed systems. To the best knowledge of the authors, this is the first study
investigating the techno-economic and environmental performance of an HES using the CD strategy.

The rest of the paper is organized as follows. Section 2 presents the methodology, which
provides the assessment of site specifications, load profile, metrological data, system components,
mathematical representation, and the control strategy. Section 3 presents the results obtained, including
the optimization and sensitivity analysis. Finally, the conclusion is given in Section 4.
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2. Methodology

Successful evaluation of any renewable energy project requires appropriate criteria to be applied
in the selected area to ensure that the operational behavior of different scenarios can be analyzed
accurately. The following analysis frameworks are adopted in the current work:

e  Selected site specifications and load demand data

e  Metrological data (solar radiation and temperature)
e  Hybrid power system components

e  Mathematical representation

e  System operational control

2.1. Specification and Load Profile of the Selected Site

The remote rural village selected as a case study in this research is located at Muqdadiyah
District, Diyala, Iraq. The village consists of 40 households with total number of people of around 150.
Water-wells and hand pumps are the primary sources of water in the area. The village does not have
access to grid power, and this situation may open new opportunities for utilization of stand-alone
HESs to provide electricity for the area. Similar to most remote rural areas, the residential units of the
village require a low electricity supply for electrical appliances and lighting. Figure 3 shows the total
daily load profile of the village’s households [48]. A 5% random variability is considered for time step
to time step and day-to-day analyses to provide better reliability. During the first hours of the day
(00:00-06:00), the power consumption is low since the people are asleep. From 06:00-07:00, the load
profile shows an increase since most of the people get ready either to leave for schools or their work.
Then the load profile decreases again, as most of the family members are outside, and continue until
14:00 when people come back to their homes. Starting from 14:00 the load profile shows a continues
increment and the maximum is recorded from 19:00-21:00 since most people are present in their
homes; then, the load decreases, which refers to the start of sleep time. A daily total energy demand of
145 kWh/day, a daily average of 6.04 kW, and power peak load of 18.29 kW are found.

Daily Profile

0 6 12 18 24
Hour

Figure 3. The total daily load profile of the village’s households [49].
2.2. Solar Resource and Temperature

Solar radiation and ambient temperature are the two parameters with the most profound effects on
the output PV power. In this framework, HOMER software uses the monthly average global horizontal
radiation and ambient temperature as input parameters. Section 2.4 provides the mathematical
expression of the effects of these parameters on the output PV power. The following points explain
the solar radiation and ambient temperature data in the selected site, which were obtained from the
NASA website [49].

e  The solar radiation and clearance index data for the selected village (33° N latitude and 44° E
longitude) are presented in Figure 4. The annual average solar radiation is 5.02 kWh/m?/day,
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maximum solar radiation (7.56 kWh/m?/ day) is recorded in June, and the minimum solar
radiation (2.62 kWh/m?/day) is recorded in December. The amount of solar radiation received
by the area is relatively high, which indicates that the solar energy system is an attractive
power source.

e  The ambient temperature plays a vital role in the performance of PV modules. Therefore, accurate
measurement of ambient temperature data is essential. The monthly average ambient temperature
for the chosen area is illustrated in Figure 5. The summer season shows the highest ambient
temperature, at 36.15 °C in July, and the winter season records the lowest ambient temperature,
at 9.77 °C in January. In HOMER software, the ambient temperature is taken into consideration
when calculating the output PV power.

Global Horizontal Radiation
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Figure 4. Monthly average solar global radiation and clearance index of the village.
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Figure 5. Monthly average temperature of the village.

2.3. System Components

In this research, the proposed HES consists of four components, i.e., the PV system, diesel
generator, converter, and batteries. A schematic diagram of the proposed HES is illustrated in Figure 6.
The techno-economic input parameters for all components in the HES are explained in detail in
Table 1. Note that the technical parameters and costs of the components were obtained from several
references [28,50-52]. Regarding the capacity, the optimizer lets HOMER find the optimal sizes for
system components.
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Figure 6. Schematic diagram of PV /diesel/battery hybrid energy system (HES).

Table 1. Input parameters and costs of different components.

Reference Description Specification
[50] 1. PV system
Tracking system Fixed
Nominal operating cell temperature 47 °C
Temperature coefficient —0.4%/°C
Efficiency at standard test condition 18%
Derating factor 80%
Capital cost $640/kW
Operating and maintenance cost $10/kW /year
Cost of replacement $640/kW
Lifetime 25 years
[28] 2. Diesel generator
Cost of capital $220/kW
Cost of operating and maintenance $0.03/kW /hour
Cost of replacement $200/kW
Lifetime 15,000 h
[51] 3. Batteries
Model Iron Edison Nickel Iron
Nominal capacity 200 Ah (0.24 kWh)
Nominal voltage 12V
Capital cost $130
Operating and maintenance cost $1/year
Replacement cost $100
[52] 4. Converter
Efficiency 90% for inverter, 85% for rectifier
Cost of capital $550/kW
Cost of operating and maintenance $5/kW /year
Cost of replacement $450/kW
Lifetime 15 years

2.4. Mathematical Representation

2.4.1. Output PV Power

The output PV power is known to be profoundly affected by the amount of the solar radiation
available and the temperature. In this respect, the following expression is used in HOMER to compute

the output PV power [53,54]:

Gr

Ppy = YPVfPV<GT STC) (14 ap(Te — T s7c)] @

’
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where Ypy is the PV rated capacity under standard test conditions (kW), fpy is the derating factor of
PV, Gr is the solar radiation incident on the PV array in the current time step (kW/ m?), Grsrc is the
incident irradiance at standard test conditions (1 kW/m?), a, is the temperature coefficient of power
(%/°C), Tc is the temperature of the PV cell (°C) in the current time step, and T¢ s7c is the temperature
of the PV cell under standard test conditions (25 °C).

The PV cell temperature is calculated using the following expression:

G mp,sTc(1—apTesTC)
. Ta + (Te,voct — Ta,NocT) (GT NECT> {1 - %}
c pr—

@

Gt ) (’J‘pﬂmp,STC )

1+ (Te,noct — TanocT)( Gr,NoCT w

where T, is the ambient temperature (°C), Tc yocT is the nominal operating cell temperature (NOCT)
in (°C), Ta,yocT is the ambient temperature at which the NOCT is defined (20 °C), Grnocr is the solar
radiation at which the NOCT is defined (0.8 kW/m?), Nmp,sTC is the maximum power point efficiency
under standard test conditions (%), T is the solar transmittance of any cover over the PV array (%),
and o is the solar absorptance of the PV array (%).

2.4.2. Economic Model

Considering that the purpose of HOMER is to reduce the costs of system operation and determine
the optimum system configuration, economics play a crucial role in this simulation. The optimum
combination of the HES components is obtained on the basis of the NPC, which is the sum of all costs
and revenues that take place throughout the lifetime of a project. To calculate the total NPC of a system,
the following equation is used [55,56]:

Cann,tot
NPC = — =~ ®)
CRF(i, Ty)

where Cgp ot is the total annualized cost ($/year), i is the annual real interest rate (%), Tp is the project

lifetime (year), and CRF is the capital recovery factor, which is given by [55,56]:

. i(1+i6)"
CRF(i,n) = ——"— 4
() = @
where 7 is the number of years.

Salvage costs (SC), which are the residual values of the system components by the end of the

project lifetime, are taken into consideration in the NPC calculation. The following expression is
utilized to find the SC [54]:

©)

where Crc is the cost of replacement ($), Ty, represents the remaining life of the component (year),
and T refers to the component lifetime (year).
COE is the average cost per kWh of producing electricity, given by [53,56]:

COE = Cann,tot (6)
Eann,tot

where Egyp, 10t is the total electrical load served (kWh/year).

2.5. Control Strategy

The two control methods of the hybrid PV /diesel/battery system are the LF and CC dispatch
strategies. In this study, these two strategies are presented for PV /diesel /battery HES and compared
with the proposed combined strategy. The implementation of these strategies in practice can be done
using a suitable controller, such as microcontroller, PLC, FPGA, etc.
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2.5.1. Load Following Strategy

Figure 7 shows the flowchart of the LF dispatch strategy for the PV/diesel/battery HES.
The system operation of this model can be classified into three cases as follows:

> The first case is when the output PV power is equal to the load power. Here, the PV power meets
the load demand, the batteries do not draw any energy, and the generator stays off. In this case,
No excess power exists.

> The second case takes place when the output PV power is higher than the load power. The PV
feeds the load resulting in excess power. In this case, the excess power will be damped if the
battery is fully charged. In the case where the battery is not fully charged, the excess PV power is
used to charge the battery. The generator also does not work in this case.

> The last case is when the PV power is lower than the load power. The two possible subcases are
as follows:

o If SOC = SOCpin, the generator works to feed the net load (load minus renewable power).
The generator provides only enough power to satisfy the net load without charging the
battery. It is important to mention that if the minimum generator loading output power is
higher than the net load, the generator works to feed the load and the excess power from the
PV charges the battery.

o If SOC > SOCpin, a cost of discharging the battery is computed and compared with the
cost of turning on the generator that operates only to serve the net load. If the battery
discharging cost is higher than the cost of turning on a generator, then the battery would
not be discharged while the generator runs and produce enough power to meet the load
demand without charging the battery. Otherwise, the battery is discharged. The following
equations explain the cost of each decision:

e  The cost of discharging the batteries is calculated using the following equation [16,57]:

Cdisch = Cbatt,wear~ (7)

Chattwear is the battery wear cost ($/kWh), which is given by [16,57]:

Cbatt,rep

C = P 8
batt,wear Nbatthife it 8)

where Cpg rp is the battery replacement cost ($), Ny is the number of batteries in the
storage bank, Qi is the single battery throughput (kWh), and 7, is the battery round trip
efficiency (%).

The cost of turning on the generator ($/kWh), in which the generator operates only to serve the
net load, is calculated using the following expression [58]:

Feon Pprice Cgen,rep + Cgen,O&M

Cgen = I (9)

served Goutput Leervea G fetime Lserved
where F,p is the fuel consumption (L/hour), Fyic. is the fuel price ($/L), Lgereq is the total load to be
served, Goutput is the generator output (kW), Cgm,rgp is the replacement cost of the generator ($/kWh),
Giifetime 18 the generator lifetime, and Cge, 0om is the O&M cost of the generator.
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Figure 7. Load following (LF) dispatch strategy for the PV /diesel/battery HES.

2.5.2. Cycle Charging Strategy

10 of 26

The flowchart of the CC dispatch strategy for the PV /diesel /battery HES is shown in Figure 8.
The operating strategy of this system is identical to that of the system utilizing LF dispatch. However,
the strategy differs from the LF strategy in that when the generator is switched on, it runs at
its maximum rated capacity to supply the net load and charge the battery with excess energy.
The following equations explain the cost of each decision:

The cost of discharging the batteries is calculated using [16,57]:

Caisch = Chatt,weur + Cbatt,energy

(10)

Battery energy cost, Ciuttenergy ($/kWh) is calculated in time step n using the following

expression [57,58]:

Cbatt,energy,n =

n—1

Ccc,i

It

i
1

Ecc,i
1

2
I

(11)
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where C.; is the cost of cycle charging in time step i ($), and E,.; is the quantity of energy put into the

batteries in time step i (kWh).
The cost of running the generator at maximum capacity to meet the net load and charge the

battery is calculated using the following equation [58]:
Ceen,ch = Cgen + Cec — Chatt energy (12)
where C,. here refers to the cost of cycle charge in the current time step, which is calculated using [58]:
Cee = Cgen,marg + Chatt,wear- (13)

Cgen,marg is the marginal cost of the generator ($/kWh), which is calculated using the following
expression [58]:

C - FslopePprice (14)
genmarg — —
Hrt
where Fgjop, is the slope of fuel curve (L/kWh).
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Figure 8. Cycle charging (CC) dispatch strategy for PV /diesel /battery HES.
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2.5.3. Combined Dispatch Strategy

The decision of charging the battery by the diesel generator depends mainly on the future net
load, which is the difference between the load demand and the output power from renewable sources.
As predicting the future net load is challenging, the current net load is used in the CD strategy
as a proxy for the future net load to investigate whether to charge the battery from the generator.
This strategy tends to use the LF strategy when the net load is high and the CC strategy when the net
load is low. During a low net load period, the CC strategy avoids the use of the generator. On the
other hand, the LF strategy ensures continuous usage of the generator during high net load periods.
The flexibility of the CD strategy based on high and low loads makes this model capable of producing
better performance in the energy access scenarios compared with individual LF or CC strategies.
Figure 9 shows the flowchart of the PV /diesel/battery HES with the CD strategy. As shown in the
figure, three dispatch decisions are available in this strategy. At every time step, the CD strategy
calculates the cost of each possible decision to obtain the least costly choice. This cost includes expenses
in the current time step and the expected value of any change in the battery-stored energy, and a
decision is made according to the tradeoff between the marginal cost of operating the generator and
the battery wear cost. The details of the three cases are as follows:

> The first decision takes place when the generator provides only enough electricity to satisfy the
net load without charging the battery.

> In the second decision, the generator meets the net load and charges the battery with the
excess power.

> The third decision is feeding the net load by the battery alone.

The system operation of this model can be explained as follows:

> If the PV power is equal to or higher than the load demand, the power flow is the same for that
of LF and CC strategies.
> If the PV power is less than the load power, the two possible subcases are as follows:

o If SOC = SOCyin, the controller compares the cost of running the generator to produce only
enough power to feed the net load without charging the battery with the cost of running
the generator at its maximum capacity to serve the net load and charge the battery with the
excess electricity. A decision is made based on the least cost dispatch decision.

e If SOC > SOCpin, three decision costs are compared with each other, which are: the cost
of turning on the generator that operates only to serve the net load without charging the
battery, the cost of running the generator at its maximum capacity to serve the net load and
charge the battery, and the cost of discharging the battery. The power flow solution is taken
place according to the minimum cost decision.

3. Results and Discussion

The simulation results are presented and analyzed in this section. The HES was simulated under
the three different dispatch strategies. First, the technical feasibility was examined to investigate the
ability of the available energy to satisfy electric load demand throughout the year. Then, the economic
viability and environmental effects of the proposed systems were investigated. Finally, a sensitivity
analysis was performed to determine the impact of some critical parameters on the system performance.
The simulation was performed using an annual discount rate of 7.8% and a 20-year project lifetime.
Moreover, the system performance was set at a maximum capacity shortage of 1% and a battery
minimum SOC of 25%.
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Figure 9. Combined dispatch (CD) strategy for PV /diesel /battery HES.

3.1. Optimization Results

A feasible system is one that can meet the load demands. In HOMER, the infeasible systems
were excluded, while the feasible ones were filtered and presented by their NPC. A comparison of
the optimized PV /diesel/battery systems under different dispatch strategies is provided in Table 2.
The results show that best optimal combination of PV /diesel/battery HES under the CD strategy
consisted of a 19.4 kW PV, a diesel generator with a 21 kW capacity, 220 batteries, and an 8.05 kW
power converter. The system yielded an NPC of $110,191 and COE of $0.21/kWh, which were 20.6%
and 4.8% lower than those of systems utilizing the LF and CC strategies, respectively. These results
can be interpreted by the fact that the CD strategy obtained the most economical cost dispatch decision
between LF and CC at every time step.

In the LF dispatch strategy, better renewable source utilization could be attained because the
diesel generator contributed approximately 40.6% of the total energy production, the lowest compared
with that in other strategies. This condition led to greater dependency on renewable components,
which was in contrast to the CC dispatch strategy, wherein the generator produced a 73.8% share
of the total energy production. The renewable fractions of LF, CC, and CD strategies were 44.7%,
18.4%, and 35.6%, respectively. The monthly average electric production for the system under the three
dispatch strategies for one year is presented in Figure 10.

In terms of diesel generator performance, the diesel generator under the CD strategy yielded
2171 working hours; these values were lower than those of the LF and CC strategies, and, hence,
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the higher generator operation life was obtained under this strategy. The results show that the
operating lifespans of LF, CC, and CD strategies were 4.08 years, 4.58 years, and 6.91 years, respectively.
Moreover, it was found that the generator under the CD strategy consumed the lowest amount of
diesel with 10,574 L/year, which was 1.7% and 23% lower than the system under the LF and CC
strategies, respectively. Figure 11 shows the fuel consumption duration curve for the system under
the three dispatch strategies for the entire year. It is evident that despite the fact that the generator
working hours of the LF strategy were more than those of the CC strategy, the fuel consumption of the
LF strategy was lower than that of the CC strategy. This is because the generator under the LF strategy
produced only enough power to feed the load, in contrast to the CC strategy, in which the generator
operated at its maximum rated capacity to supply the load and charge the battery; hence, more diesel
would be consumed.

Battery energy storage is a critical component of standalone HESs because this parameter affects
the reliability of meeting loads. Battery throughput (kWh/year) is a performance measure defined
as the amount of energy that cycles through the storage bank in one year. Battery throughput affects
the battery operational lifetime; the lower the annual battery throughput (lower charge/discharge
cycles per year), the higher the battery lifetime [59]. Figure 12 shows the battery input/output energies
under the three different strategies. Since the use of the battery in the LF strategy was limited, the LF
strategy presented the lowest amount of input/output energy, followed by the CD strategy and the CC
strategy, which showed the highest amount of input/output energy. These results show the LF strategy
presented the lowest annual battery throughput, which was estimated to be 54.15 kWh, in contrast
to the CC strategy, which had a yearly throughput of 79.9 kWh. The annual throughput of CD was
calculated to be 70.76 kWh.

Battery autonomy refers to the number of hours a battery can support the critical load without
charging during the main failure. Achieving some battery autonomy is necessary, especially during
the rainy season when the output PV power cannot meet the load demand [60]. The simulation results
indicate that the battery autonomy of the LF strategy was 8.94 h, which was the highest among those
of other strategies. This result is due to the high nominal capacity of the system under this strategy.
The battery autonomy values of the CC and CD strategies were 4.17 and 6.55 h, respectively.

Table 2. Optimization results of the HES for different dispatch strategies. NPC is net present cost; COE
is cost of energy.

Item Unit Load Following  Cycle Charging C];ir;lsal:lcid
14 kW 28.5 10.2 19.4
Battery - 300 140 220
Diesel generator kW 21 21 21
Converter kW 5.28 5.78 8.05
NPC $ 138,704 115,722 110,191
COE $/kWh 0.264 0.22 0.21
Renewable fraction Y% 447 184 35.6
PV production kWh/year 42,884 15,314 29,116
Diesel generator production kWh/year 29,255 43,187 34,080
Total production kWh/year 72,139 58,501 63,196
Excess electricity Y% 19 0.774 6.74
Generator number of starts start/year 567 494 498
Generator operating hours hour/year 3675 3277 2171
Generator operation life year 4.08 4.58 6.91
Fuel consumption L/year 10,757 13,887 10,574
Batteries throughput kWh/year/battery 54.15 79.9 70.76
Batteries nominal capacity kWh 72 33.6 52.8

Batteries autonomy hour 8.94 4.17 6.55
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Figure 12. Input/output energy of battery for different dispatch strategies.

3.2. Economic Analysis of the System under the Three Dispatch Strategies

A cost summary of the system under all dispatch strategies is shown in Figure 13. The following

bullets describe the cost analysis for each configuration:

The lowest capital cost was achieved by using the CC strategy ($32,537), followed by the CD
strategy ($50,042). The system under CC had a capital cost of $64,779, which was the highest
among the systems compared, because of the large sizes of renewable components.

Once installed, the PV, converter, and batteries under all strategies were inexpensive to operate
and maintain compared with the diesel generator, which contributed most of the total O&M cost.
The CD strategy was found to have the lowest O&M cost, which was $18,172, i.e., 37.7% and
21.9% lower than those of LF and CC, respectively.

The replacement cost of the LF, CC, and CD strategies were $9005, $8457, and $5135, respectively.
The CD strategy had the lowest cost because it depended less on the diesel generator, which led
to making this strategy have the highest generator lifetime as compared to other strategies.

The fuel cost of the CD strategy was $42,016, which was lower than that of the other strategies,
because of the relatively low fuel consumption in this strategy. The fuel costs of the LF and CC
strategies were $42,742 and $55,182, respectively.

The salvage costs over the project lifetime of the LF, CC, and CD strategies were estimated to be
$-6974, $-3727, and $-5174, respectively; these costs originated from the remaining life of the
system components.
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Figure 13. Cost summary of PV/diesel /battery under different dispatch strategies. O&M is operation
and maintenance.

3.3. Environmental Assessment

Consumption of diesel has a negative impact on the environment and is harmful to human
health, since different kinds of gaseous pollutants are emitted during the process. These emissions
include nitrogen oxide (NOy), sulfur dioxide (SO,), particulate matter (PM), unburned hydrocarbon
(UHC), carbon monoxide (CO), and carbon dioxide (CO;) [61]. The HESs have positive effects on
the environment. Combining PV with the diesel and battery is capable of reducing the emissions
significantly [31]. The releasing of annual emissions for the HES under different control strategies has
been determined and demonstrated to compare the cases from the environmental standpoint. Table 3
presents the greenhouse emissions of PV /diesel /battery with LF, CC, and CD strategies. It is obvious
that the system with CD was the most environmentally friendly option by having the lowest amount
of CO, emissions (27,678 kg/year), in contrast to the system with the CC strategy, which had CO,
emissions of 36,352 kg/year. The CO, emissions of the system with the LF strategy were calculated to
be 28,157 kg /year. These results were achieved according to the resulting fuel consumption presented
in Table 2, which indicates that the diesel generator under the CD strategy yielded a fuel consumption
of 10,574 L/year, lower than that of the LF and CC strategies. As a result, minimum greenhouse
emissions were obtained under this strategy.

Table 3. Pollutant emissions for different control strategies. PM is particulate matter; UHC is
unburned hydrocarbon.

Pollutant Emissions (kg/year) LF CC CD
NOx 167 215 164

50, 68.9 89 67.8

PM 1.08 1.39 1.06

UHC 7.74 10 7.61

Cco 177 229 174

CO, 28,157 36,352 27,678
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3.4. Energy Balance of the Optimized Systems

In order to have a better understanding of the system operation, details of the system’s power

flow and the battery status during 24 h in April for LF, CC, and CD strategies are provided in this
section. The energy flow and the battery status for each strategy are explained in the following points:

LF strategy: Figure 14 shows the energy balance and battery SOC of the proposed HES under
LF strategy. At the start of the day (00:00-05:30), the battery discharged its power to supply
the load alone. At 05:30, the PV array began producing power, but it was not enough to meet
the load; therefore, the batteries continued to discharge their power for half an hour. At 06:00,
the batteries reached their minimum SOC, so the generator worked to meet the load while the
batteries were charged by the excess power from PV until 07:00. For the period between 07:00
and 13:30, PV power was sufficient to fulfill all demand and charge the battery. From 13:30 to
16:30 the generator restarted and worked together with the PV. From 16:30 to 18:30, the batteries
discharged to help the PV and the generator in satisfying the load. At 18:30, the PV power became
zero, and the load was met by the generator and the batteries for the rest of the day.

CC strategy: The energy balance and battery SOC of the proposed HES under CC strategy is
depicted in Figure 15. For the first few hours (00:00-05:30), the load was served by the battery,
similar to the LF strategy. From 05:30 to 07:00, both the PV and battery shared to satisfy the load.
From 07:00 to 10:00, the generator produced power so that both the PV and generator could serve
the load. Since it was a cycle-charging scheme, the excess power of the generator was used to
charge the battery. The load was satisfied by the PV, which also charged the batteries from 10:00
to 12:30. At 12:30, the PV output showed a decrease in its output power; therefore, the batteries
discharged their power to compensate for the required power and continued to do so until 15:30.
At 15:30, the generator worked with the PV to feed the load and charge the batteries. The PV
output fell to zero at 18:30 and the generator continued to feed the load for the remaining time of
the day.

CD strategy: Figure 16 presents the energy balance and battery SOC of the proposed HES under
CD strategy. As in the LF and CC strategies, the load was served by the battery alone from 00:00
until 05:30. From 05:30 until 15:30, the PV supplied the load and charged the battery during
the high solar radiation hours, while the batteries discharged their power to share with the
PV in satisfying the load during the low solar radiation hours. Around 15:30, the generator
operated at its maximum rated capacity to share in meeting the load with the PV and charged
the batteries by the excess power. This case represented the CC strategy, which continued until
18:30. After 18:30, the PV output became zero, and the generator produced only enough power to
satisfy the load without charging the battery. This case referred to the LF strategy and continued
until 19:30. The CC strategy took place again from 19:30 to 21:30. In the period from 21:30 to 22:00,
the generator and the batteries shared to feed the load. At 22:00, the generator turned off, and the
load was served by the batteries for the remaining time.
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Figure 16. Energy balance and battery SOC of PV /diesel/battery under CD strategy.
3.5. Sensitivity Analysis

In this part of the study, sensitivity analysis was conducted to investigate the effect of important
parameters on the system performance. The parameters considered for sensitivity analysis were battery
minimum SOC, time step, solar radiation, diesel price, and load growth.

3.5.1. Battery Minimum SOC

Battery SOCyin is the lowest acceptable battery charge level. The battery level is never drawn
below the SOC,in, which is given as a percentage of the total capacity. In this part, the impact of the
SOCpin on the system performance was investigated. The variations in SOCp,;, were set to 15%, 20%,
25%, 30%, 35%, and 40. Figure 17 shows a graph of the total NPC and CO, emissions cost as a function
of SOCyyin variation. As can be seen in the Figure, when the SOCy, increased from 15% to 40%, CO,
emissions increased from 25,468 kg/year to 34,159 kg/year. This result indicated that an increase in
SOCpin would increase the system’s dependence on the diesel generator to supply the load demand
and charge the battery, resulting in greater CO, emissions. Moreover, NPC increased from $107,637 to
$114,274. However, researchers have recommended that the SOCi, not be set to an extremely low
value to avoid damaging the storage bank by excessive discharge [62-65].

3.5.2. Time Step

The system operation was simulated by performing energy balance calculations in every time step
for 8760 h in a year. A comparison between the output power of the available energy sources and load
demand was conducted at every time step, and the flow of energy from and to every component in the
system was investigated. For a system that included a generator and a battery, a decision was made
at each time step on the operation of the generator and whether to charge or discharge the battery.
Sensitivity analysis was performed in this section to evaluate the effect of time step variations from
5 min to 1 h on the system performance. As shown in Figure 18, the best economic performance was
achieved by setting the time step to 5 min, which gave an NPC of $109,982. This can be explained
by the fact that reducing the time step led to an increase in the number of times of cost comparison,
which led to a minimum possible cost. At the same time, the most environmentally friendly system
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could also be obtained when the time step was set to 5 min; in such a case, the CO, emissions were
26,257 kg / year.
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Figure 17. Impact of battery minimum SOC on CO, emissions and NPC.
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Figure 18. Impact of time step on CO, emissions and NPC.

3.5.3. Solar Radiation

Global solar radiation intensity and the efficiency of the solar panels play a significant role in
the harvesting of solar energy in the HESs. The power produced by the PV panels increases when
the solar radiation increases and vice-versa; hence, the variation of solar radiation can significantly
affect the performance of the system. In this subsection, the annual average global solar radiation
was varied between 4 kWh/m?/day and 6 kWh/m?/day. Figure 19 shows the graph of NPC and
CO,, with the variation of solar radiation. The NPC and CO; of the system decreased from $113,792 to
$107,627 and from $35,038/kWh to $26,874/kWh, respectively, when solar radiation increased from
4 kWh/m? /day to 6 kWh/m?/day. The decrements of NPC and CO, occurred because the increase
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of solar radiation increased the output power of PV; hence, the generator operation hours and fuel
consumption were reduced.
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Figure 19. Impact of solar radiation on CO, emissions and NPC.
3.5.4. Diesel Fuel Price

It is well known that the fuel price fluctuates continuously. The fuel price fluctuations encourage
the use of renewable energy technologies, which offer stabilization of electricity costs [59]. The current
price of diesel in Iraq is about $0.4/L with some variability from time to time. To investigate the
effect of diesel fuel variation on the system performance, a sensitivity analysis was done by varying
the price between $0.25/L and $0.55/L. The impact of diesel price variation on the NPC and CO; is
depicted in Figure 20. It is obvious that with the rise in diesel fuel price from 0.25/L and $0.55/L,
CO; emissions decreased from 34,683 kg/year to 26,578 kg/year while NPC increased from $91,051
to $126,989. These results can be explained by the fact that a rise in diesel price led to making the
utilization of the diesel generator less competitive. Therefore, the generator working hours were
reduced, which affected the optimal power flow of the system.
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Figure 20. Impact of diesel price on CO, emissions and NPC.
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3.5.5. Load Consumption Growth

The output power of an energy system depends on the load requirements that should be satisfied
all the time. If the load consumption increases, the energy production should imperatively be
increased. The load demand is usually varied from time to time. In this subsection, different load
consumptions (145, 150, 155, 160, 165, 170, 175, and 180 kWh/day) were considered to investigate
their impact on the system performance. The effect of load consumption growth on the NPC and CO,
is presented in Figure 21. The results indicate that NPC and CO, of the system increased by 22.6%
and 52.3%, respectively, when the load consumption increased from 145 kWh/day to 180 kWh/day.
The increments of NPC and CO, were mainly due to the increase of the required capacity of the
different components of the system, including the diesel generator to increase the energy productions
of the system.
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Figure 21. Impact of load growth on CO; emissions and NPC.
4. Conclusions

Optimization of energy sources is a critical key in the assessment of the feasibility of HESs.
This study presents an optimal plan and design by providing a systematic techno-economic and
environmental evaluation of a PV/diesel/battery off-grid configuration for a rural area in Iraq.
Three different control strategies were proposed in this study, i.e., LF, CC, and CD. HOMER software
was used to evaluate the overall analyses, including the optimization and sensitivity. The cost analysis
results show that the combination of 19.4 kW PV, a diesel generator with a 21 kW capacity, 220 batteries,
and an 8.05 kW power converter with the CD strategy was the optimal solution for this case study by
having an NPC of $110,191 and a COE of 0.21 $/kWh, which were 20.6% and 4.8% less expensive than
the systems under the LF and CC strategies, respectively. Moreover, minimum fuel consumption made
the CD dispatch strategy the most suitable option for the environment, considering its CO, emissions
of 27,678, which were 1.7% and 23.9% lower than those of the LF and CC strategies, respectively.
Furthermore, sensitivity analysis showed that variations in some important parameters, such as battery
minimum SOC, time step, solar radiation, diesel price, and load growth, had significant effects on
system performance. This study could play a vital role in decision making towards better energy
management strategies.
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