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Abstract: Access to potable water has always been a fundamental human need. However, climate changes and water
contamination are now exacerbating its scarcity. Consequently, the desalination of existing water sources has become
increasingly critical. A Reverse Osmosis (RO) treatment system was employed in this study due to its lower energy
consumption compared to other methods and its high effectiveness in removing lead from water. We aimed to provide
electricity for a water system serving the remote community of McCallum in Newfoundland and Labrador. McCallum
faces water shortages and lead contamination issues, and due to its isolated location, it remains disconnected from the
electricity grid. To address this, we designed a Hybrid Energy System (HES) capable of supplying the necessary electricity
for the water system. After conducting an economic analysis, we proposed the most optimal configuration using Homer
Pro software. This configuration includes 3.19 kW PV panels, a 2-kW wind turbine, a 3-kW diesel generator, and 32.3
kWh batteries. The optimized system has a Net Present Cost (NPC) of $44,382, which is 3.4 times less than that of the
diesel-only system with an NPC of $153,940. Additionally, we investigated the system’s sensitivity to changes in diesel
prices and the annual average load to observe its behavior. This paper offers a reliable and environmentally friendly HES
for the water system in McCallum.

Keywords: hybrid energy system, water desalination, reverse osmosis, economic analysis, HOMER Pro, PV/WT/diesel/battery
systems

1. Introduction

Potable water has always been a critical source all over the world. Even though about 70% of the earth is covered
by water, only 1% is accessible freshwater [1]. The demand for water continues to escalate owing to the growing needs
of diverse sectors like agriculture, industry, and municipality. The United Nations World Water Assessment Programme
(WWAP) has estimated that by 2030, only 60 percent of the global water requirement will be met. Additionally, the impact
of climate change and water contamination will serve as significant barriers to accessing potable water sources [2]. In 2010,
It was acknowledged by the United Nations General Assembly that access to water is the right of all human beings [2].
Due to its technical and financial feasibility, increasing demand and the limited resources for fresh water make desalination
a more reliable option for worldwide water supply [3].

Desalination is categorized into two main types- Seawater Desalination (SWD) or Brackish Water Desalination (BWD)
[4], Desalination technology needs a significant amount of energy that leads to an increase in energy demands [5]. Reverse
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Osmosis (RO) is currently the most prevalent desalination method worldwide [6]. Environmental Impacts (EIs) caused by the
desalination process are mainly because of discharges of brine water [7]. Furthermore, if the necessary energy is intended to
be provided by burning fossil fuels, increasing desalination systems capacity will lead to more Greenhouse Gases (GHG)
releases [8]. To avoid this, different Renewable Energy Sources (RES) have the potential to be combined with desalination
processes [7].

These RES-based desalination plants are typically established in decentralized locations where power supply from
public utility grids is not feasible. Often, these decentralized systems are hybrid integrated units, combining multiple
renewable energy sources such as wind and solar, solar and geothermal, or solar and biomass in conjunction with diesel
generators. Energy storage devices are added to guarantee an uninterrupted power supply [9].

Various papers have studied the configurations of hybrid energy sources supplying the required electricity for RO
systems. Table ?? and ?? in this paper compares features, analytical tools, and methods of different configurations for
hybrid energy systems, summarizing these studies. Novosel et al. studied the economic and environmental feasibility of
implementing wind and solar energies with an RO system in Jordan. The flexibility of the desalination system significantly
enhances the potential for integrating intermittent RES, thereby reducing total annual fuel consumption, overall system
costs, and CO; emissions [10]. Dawood et al. developed a solar-powered, battery-free RO plant in Egypt. It treats brackish
water with up to 25,000 TDS and produces 1,000 cubic meters of drinkable water per day at an estimated cost of $0.55 to
$0.63 per cubic meter. Using GIS technology, they selected an optimal location [11]. While economical, the drawback is
reliance on solar irradiance, affecting water production during low sunlight. Ajiwiguna et al. introduced a PV-RO system
with a Seasonal Water Storage Tank (SWST) to extend water production and minimize energy waste. By incorporating
SWST, the required battery capacity decreases. The cost of water production decreased significantly, from $10.21 to $2.31
per cubic meter (steady requirements) and from $36.96 to $3.06 per cubic meter (fluctuating requirements), when comparing
PV-RO-Battery structures with and without SWST [12]. Wu et al. optimized a hybrid PV-diesel-battery system for RO
desalination in Iran using Tabu search. The life cycle cost was $28,130. Desalinated water cost ranged from $1.59 to
$2.39 per cubic meter, and the levelized energy cost was $0.3975 to $0.5975 per kWh. The hybrid system outperformed
individual diesel or PV systems economically and environmentally [13]. Alsheghri et al. investigated a PVRO system for
the Masdar Institute in Dubai. They opted for direct power supply from the grid, using PV to produce energy for RO. This
approach eliminates costly batteries and extra land, reducing the government water production subsidies by 84% [14]. Kabir
et al. developed a cost-efficient PVRO system to purify brackish underground water on the isolated island of Sandwip in
Bangladesh. The purified water meets WHO and Bangladesh standards, with a salinity of 233 mg/L. The system’s water
purification cost is $0.002 per liter, making it more economical than bottled water setups. The energy cost is $0.13 per
kWh, providing a financially sensible solution compared to other power production options in the area [15]. Genai et al.
investigated power system architectures for an agricultural farm and RO system. The grid-tied system, combining solar PV
production with grid energy, emerged as the optimal choice. It achieved the lowest life cycle cost of electricity generation
($85/MWh), a high renewable fraction (67%), and minimal CO, emissions (208 kg per MWh). The grid-tied configuration
provides an environmentally friendly and cost-effective solution [16]. In their study, Mousavi et al. optimized a standalone
hybrid PV system to supply power to a house with an RO system in Sinak village, Iran. They considered two scenarios: (1)
a PV system with battery storage and (2) a PV system with battery storage and a gas generator. The cost analysis revealed a
Net Present Cost (NPC) of $10,245 and a Cost of Energy (COE) of $0.31 per kWh for the PV-battery-RO system. Despite
higher upfront costs, this environmentally friendly system operates with zero carbon emissions and offers extended up to
100 h of autonomy. Additionally, it has a simplified control system because of the Charge Controller (CC) dispatch strategy
and less system elements [17].

Existing Hybrid Energy System (HES) configurations for RO systems face significant challenges, including heavy
reliance on solar irradiance, high initial costs, and critical energy storage issues. In cold remote locations, the lack of grid
connection and impracticality of SWST due to freezing temperatures further complicate implementation. The proposed
HES configuration aims to address these issues by combining renewable energy sources with diesel generators and batteries
as backup systems to ensure 24/7 operation. This system is designed to supply a submersible pump that extracts water from
a drilled well and an RO system designed to provide clean drinking water for the people of McCallum in Newfoundland
and Labrador, Canada, using Homer Pro software. The proposed system combines energy sources, including solar and
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wind, with a battery and diesel generator as backup systems to meet the load requirement in case of wind and solar resource
shortages. Section 2 provides some details about water quality standards and desalination methods. Section 3 presents site
identification and details about electric load demand, Section 4 explains climatic data and components of the hybrid power
system in detail and technically, Section 5 provides economic and operational results simulation, and Section 6 elaborates
on the conclusion of the study.

Table 1. Literature Review

Reference Grid PV Wind BAT DG RO Other Load Location Analytical Tools or  Feature
Methods
Novosel et al./2015 [10] v v v v Jordan EnergyPLAN Increased the share of intermittent renewables in the

production of electricity up to 76%, Reduction of CO,
emissions and costs

Alsheghri A et al./2015 v v v Dubai, UAE RET Screen Produced water = 0.225 $/m?, Reduce the emission of

[14] GHG by 1,035 CO,, 84% reduced water production
subsidies

Wu et al./2018 [13] v v v v' House Load Khorasan, Iran Tabu Search NPC: 28,130 USD, Produced water: 1.59 to 2.39

USD/m3, COE: 0.3975 to 0.5975 USD/kWh

Kabir K et al./2018 [15] v v Sandwip, HOMER & Toray Produced water = 0.002 $/litre, system electricity cost
Bangladesh =0.13 $/kWh

Ghenai Helal et al./2019  v/- v v v’ Agriculture Sharjah, UAE Homer Pro Grid-connected PV, COE: (85 $/MWh), Renewable

[16] Farm fraction (67%), Greenhouse gas emissions (208
kg/MWh)

Mousavi/2021 [17] v v’ V/- v House Load Tehran, Iran Homer Pro Without DG: NPC: $10,245, COE: 0.31 $/kWh, GHG
emission-free, CC dispatch strategy

Ajiwiguna T. et al./2022 v v v ‘Wando Island, Spyder-Python Adding seasonal water storage tank, The water

[12] South Korea production cost declined from 10.21 to 2.31 USD/m?

and from 36.96 to 3.06 USD/m® for constant and
variable demand

Dawoud M et al./2024 v v Egypt GIS site selection Cost of desalination = 0.55-0.63 USD/m?, Capital
[11] expenditure of capacity = 760-850 USD/m?

2. Drinking water quality standards

Water contamination standards rely on toxicological research findings that identify health risks. Health Canada [18],
The World Health Organization (WHO) [19], and the United States Environmental Protection Agency (EPA) [20] provide
drinking water guidelines. In Newfoundland and Labrador, Health Canada’s standards are used. Table 2 compares the
three mentioned guidelines.

2.1 Water desalination

The technology employed for water desalination can be broadly classified into two categories-thermal and membrane-
based processes. Thermal desalination comes in various types: Multi-Stage Flash distillation (MSF), Multi-Effect
Distillation (MED), and Mechanical or Thermal Vapor Compression (MVC) or (TVC). These methods rely on the use of
heat and electricity for operation. Heat is utilized to elevate the temperature of the saline feed, while electricity powers the
relevant pumps. When it comes to desalination via membrane technologies, RO and electrodialysis (ED) are the methods
predominantly employed [21]. On the other hand, electricity is solely necessary for RO for the purpose of water pumping
and for ion separation between electrodes in ED [22].

Fossil fuels affect the environment adversely because of greenhouse gas emissions if they are used to supply power
for the water desalination process. Emissions resulting from the desalination process are predicted to reach billion tons of
CO; equivalents per year by 2050 [23]. However, dependency on fossil fuels to supply the required energy for desalination
can affect the economic side of the process due to fossil fuel price fluctuations [24].
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Table 2. Drinking water quality guidelines (in mg/L unless otherwise stated) [18-20]

Compound Health Canada (2022) WHO (2022) US EPA (2024)
Microbiological Parameters

Escherichia coli (E. coli) Nondetectable per 100 mL Nondetectable per 100 mL

Chemical and Physical Parameters

Aluminum 2.9 0.2 NA
Arsenic 0.01 ALARA 0.01 0.01
Chromium 0.05 0.05 0.1
Copper 2 2 1.3
Fluoride 1.5 1.5 4
Manganese 0.12 0.5 0.05
Mercury 0.001 0.001 0.002
Nitrite 3 as nitrite; 1 as nitrite nitrogen 3 1.0
Haloacetic acids-Total (HAAs)  0.08 NA 0.060
Iron AO:<0.3 NA NA
Lead 0.005 ALARA 0.01 0.015
Colour 15 TCU 15TCU 15 TCU
pH 7.0-10.5 6.5-8.5 6.5-8.5
Sulphate AO: <500 NA 250
Total Dissolved Solids (TDS) AO: <500 NA 500
Bromodichloromethane 0.016 0.060 0.08
Trihalomethanes 3 (THMs) 0.1 0.1 0.08

Thermal desalination technologies are less attractive compared to RO due to their higher energy requirements and
maintenance costs [25]. Therefore, in many projects all over the world, thermal desalination technologies are being substituted
by membrane-based technologies because of their lower energy demand [26].

2.2 RO systems

The fundamental principle of osmosis is the migration of water molecules from a solution of lower concentration
to one of higher concentration through a semi-permeable membrane. This movement leads to the dilution of the highly
concentrated solution until a state of equilibrium is achieved [27]. One of the primary benefits of desalting sea or brackish
water using RO membrane technology is the elimination of low molecular solutes. The density of these membranes
necessitates the application of considerable pressure to facilitate the passage of water through them. To accomplish this,
the applied pressure must exceed the osmotic threshold, which is typically between 25 and 30 bar at 25 °C [28].

RO system mainly consists of 4 stages:

(1) Pretreatment techniques such as flocculation, chemical treatment, sand filtration, and micro cartridge filters not only
enhance the productive lifespan of membranes but also diminish the utilization of chemicals, thereby reducing cleaning
costs. (ii) A high-pressure pump is employed to create the necessary pressure differential to facilitate the movement of
water across the membrane. (iii) A modular treatment involving the use of reverse osmosis technology under the effect of
pressure enables the separation of fresh water from the concentrated feed water. (iv) The post-treatment process involves
remineralization and disinfection of the water for the purpose of drinking water distribution. The injection of lime to adjust
the pH level clarifies the water [29]. Figure 1 indicates a diagram of an RO desalination system.
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Figure 1. Schematic diagram of RO system [21]

3. Identification of a site

McCallum, with a total population of 45, is located on the southern coast of Newfoundland Island. Its accessibility is
restricted to air or sea transport. It’s nestled between two hills and sits in a secluded harbor, as seen in Figure 2. McCallum
was chosen for investigation due to water-related issues, including scarcity and quality and its lack of connection to the
grid.

Figure 2. Selected site McCallum, newfoundland and labrador

3.1 Water scarcity

According to The Canadian Drought Monitor (CDM)-Canada’s authoritative body for drought monitoring and
reporting, McCallum is currently experiencing abnormally dry conditions [30]. Furthermore, due to water scarcity,
residents in McCallum collect rainwater as a solution for water management.

3.2 Water quality issue

The water supply in McCallum, Newfoundland and Labrador, has been contaminated with lead since 2019. Recent
samples from 2022 and 2023 revealed lead concentrations of 0.02 mg/L and 0.016 mg/L, respectively [31]. These levels
significantly exceed the maximum allowable limit for lead in drinking water, which is 0.005 mg/L. WHO identifies lead
as a major health concern [32]. Even minimal lead exposure in children can impact intellectual development and cause
anemia. Pregnant women exposed to lead may experience premature births, smaller babies, reduced mental abilities, and
learning difficulties [33]. The neurological system is especially susceptible to lead exposure [34]. Additionally, early
childhood exposure to lead has been linked to decreased IQ in later years [35]. Evidence shows lead presence in the water
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in much of the province [36]. Lead can also enter drinking water from lead service lines and lead-containing plumbing,
particularly in the presence of corrosive water [37].

3.3 Electricity source

Remote communities like McCallum rely on diesel generators for electricity due to the high cost of connecting to
an interconnected grid [38]. These isolated communities face expensive electricity generation expenses due to fuel and
maintenance costs. To alleviate this burden, approximately 75% of the cost is subsidized by others connected to the
transmission grid, ensuring fair and affordable access to electricity for all [39].

The RO system can purify toxic heavy metals such as lead (Pb) over 99%, even in relatively low pressure [40].
Given the lead contamination at this site, RO is the most suitable desalination method, ensuring safe and clean drinking
water. Additionally, RO systems have lower energy requirements and maintenance costs compared to thermal desalination
technologies.

3.4 Electric load demand

On average, Canadians use approximately 223 litres of water per person per day-making Canada one of the largest
per capita water consumers in the world [41]. Currently, 45 individuals reside in MacCallum [42]. The primary water
source for this locality is a well, the depth of which measures 16.8 m [43]. Given the population’s average daily water
consumption of 223 liters, the daily demand considering 20% extra capacity would be 3,000 GPD. No water storage tank
can be used at the site due to water freezing issues for 4-5 months of the year. Therefore, the Ro system operates 24/7
and supplies water, ensuring that running water does not freeze in the pipes and provides water for all houses. The RO
system is designed as an isolated system because the community’s diesel plant does not run continuously and is low in
reliability. To get water from the well the total dynamic head of 100 m and a rated flow rate of about 2.5 GPM, a 1 phase
60 Hz stainless steel pump with a 0.5 hp submersible pump [44] working 24 h is used based on its total dynamic head and
flow curve pump. To produce 3,000 GPD fresh water for the community, the RO system with a capacity of 3,000 GPD and
a power consumption of 0.75 hp [44], operating 24 h, is selected [45]. This means the 1.25 hp, equivalent to 0.93 kW, load
is distributed evenly throughout the day. Therefore, the proposed HES system should supply an average of 22.37 kWh per
day with a peak power of 1.71 kW. The load Profile is shown in Figure 3. The load profile is constructed by calculating the
total energy consumption required to operate the RO system and the pump continuously over a 24-h period. Since both
systems operate 24/7, the load remains constant throughout the day. This assumption is made to ensure a steady supply of
water and to prevent freezing in the pipes, which could occur if the water flow were intermittent.

125

1
075
0.5
025
0

10 12 14 16 18 20 22

Load (kW)

Figure 3. Load profile

The schematic of the system’s load includes a submersible pump, a high-pressure pump, and a Ro system, as depicted
in Figure 4.
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High-Pressure Pump + RO System

* Fresh Water

Brine Rejection

Submersible Pump

Figure 4. Water system configuration

4. Sources of renewable energies

In this study, the meteorological data related to solar radiation, wind speed, and temperature have been acquired from
the NASA Prediction of Worldwide Energy Resource (POWER) database for McCallum, considering a Latitude of 47.6311

and a Longitude of —56.2292.

4.1 Solar potential assessment

The Global Horizontal Irradiance (GHI) and related clearness index are indicated in Figure 5. Between May and
July, the site receives the highest solar irradiation (over 5 kWh/m?/day), while December has the lowest radiation. NASA

estimates an annual average GHI of 3.17 kWh/m?/day for the site.

mmm Daily Radiation (kWh/m?2/day) s Clearness Index

0.6
0.5
0.4
03

6

5

4

3 .
2 I I 0.2
1 0.1
Oll In’

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Daily Radiation
(kWh/m2/day)
Clearness Index

Figure 5. Average daily radiation and clearness index data

4.2 Wind and temperature assessment

Figure 6 shows NASA’s website data regarding monthly mean wind speed and temperature. The daily average wind
speed is 5.9 m/s at an elevation of 50 m. The temperature will also be recorded due to its effect on both solar PV and
wind turbine efficiency. The scaled Annual average temperature is 4.41 °C. From December to March, the mean monthly
temperature is negative, indicating the cold climate of the selected site.
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Figure 6. Average wind speed and daily temperature data

5. Methodology and configuration of system

Daily Temperature (°C)

In this study, we propose an HES to enhance reliability, meet energy demand, and reduce reliance on solar and wind
energy variations. The HES comprises five key components: PV modules, a wind turbine, a converter, batteries, and a
diesel generator. Using Homer Pro software, developed by the National Renewable Energy Laboratory (NREL), assists
engineers by facilitating the optimization and selection of viable solutions from technical, economic, and environmental
perspectives [46]. Here, we determined the optimal HES configuration based on cost-effectiveness throughout its life cycle.
Figure 7 illustrates the system configuration, and Table 3 reveals the estimated costs for each component.

AC DC
Water System | 3kW Gen

—> =
- g 3

22.37 kWh/d
2.17 kW peak

XTM 2600-48| Heli 2kW
WZ] I
300Wp

—

9@4

SSIG 12 170

Figure 7. Schematic diagram of HES system

Table 3. Capacity and costs of components

Components Capacity Initial cost Replacement cost O&M cost
PV panel 0.300 kW $500 $400 $5 /year
Wind turbine 2 kW $6,000 $4,500 $20/year
Battery 12V 170 Ah $446 $446 _
Converter 2.6 kW $4,000 $4,000 -~
Diesel generator 3 kW $1,350 $1,350 $0. 3/op. h

5.1 PV modules

The chosen PV module is a 72-cell Panasonic Mono crystalline with an ST C power rating of 300 watts and 15.17%
efficiency. This module’s high snow and wind load rating feature makes it a good option for the selected site. The expenses
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of capital and replacement are $500 and $400 per panel, respectively [47]. The higher cost is due to the site’s remote

location. Operating and maintenance (O&M) cost is $5 yearly. PV system can generate output power, which can be
calculated using Equation (1) [48]:

Py =Ypy fpv (GTGSTTC> (14 op (Tc — 25)] (1

where Ypy represents the PV rated power (kW) under standard test conditions (STC), , shows the power coefficient
related to temperature (%/ °C), and fpy is the de-rating factor of PV (%), Gt src is radiation under STC (kW/m?), Gy is
the actual solar radiation of the PV panel (kW/m?). It should be noted that 7 is the PV cell’s temperature (°C), whereas
Figure 6 shows ambient temperature (7). The relationship between T, and T, is shown in Equation (2) [49].

— GT

where T, is the ambient temperature, Gy is the solar radiation intensity on the PV module surface, and NOCT is the
nominal operating temperature of the PV cell, which is provided in the datasheet of the PV module.

5.2 Wind turbine (WT)

An upwind 3-bladed WT with 18 m hub height and rated power of 2 kW with an output voltage of 48 V DC was used
in this design. The capital and replacement costs for each WT were considered $6,000 and $4,500 [50], respectively, and
the related O&M cost was $20 per year. Lifetime is 20 years, and based on the datasheet, at the average wind speed of our
site (5.9 m/s), about 6,200 kWh of energy can be acquired yearly. The power curve for this WT is shown in Figure 8.

3
—~ 2.5
=
< 2
2
5 1.5
&)
g 1
E
~ 0.5

0

0 5 10 15
Wind Speed (m/s)

Figure 8. Wind turbine power curve

Actual wind turbine output power can be determined by applying Equation (3) [51]:

Pyrc = (p) Pwrc.stc 3)
Po

where, Pyrg stc refers to the output power of the wind turbine in STC condition, and p and py = 1.225 kg/m3 are,
respectively, air densities in actual and ST C conditions.
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5.3 Converter

The converter is used to provide a flow of electricity between components of DC and AC buses. Ten years of lifetime
and 96% efficiency is considered for the inverter input; on the other hand, a relative capacity of 100% and 96% efficiency is
considered for the rectifier input. The capital and replacement costs, including wiring on the remote location, are considered
$4,000 for the selected converter [52]. The Required capacity of the converter for the system can be calculated using the
formula presented in Equation (4) [45]:

C=(3L)+L, 4)

where L; and L, indicate inductive load and resistive loads, respectively.

5.4 Diesel generator

In this paper, a 3 kW DC diesel generator with a 15,000-h lifetime ideal for battery charging is used; the cost of
capital is $1,350 with O&M cost of $0.30 each hour. When calculating the total cost of diesel generators, fuel costs, which
fluctuate based on global oil prices, have considerable effects. Furthermore, based on the pricing zone provided by NL
Public Utilities Board, which considers differences in fuel product prices, including transportation costs, volume of sales,
storage costs, distribution costs, and inventory rates. Diesel price is considered $1.86 per liter in McCallum [53]. More
details about the generator are provided in Table 4 based on the Homer simulator.

Table 4. Fuel and emission properties of the generator

Fuel Diesel

Fuel curve intercept (L/hr) 0.144

Fuel curve slope (L/hr/kW) 0.286

Emissions

CO (g/L fuel) 19.76
Unburned HC (g/L fuel) 0.72

Particulates (g/L fuel) 1.198
Fuel sulfur to PM (%) 2.2

NOx (g/L fuel) 22.46

Fuel properties

Lower heating value (MJ/kg) 43.2
Density (kg/m> ) 820
Carbon content (%) 88
Sulfur content (%) 0.4

We can refer to Equation (5) to find the rate of consumed fuel F; by generator per hour (L/h):

Fy = aly+bPyreq (5)

where 7; and P,,.4 are actual power and rated power of the generator, a and b are the coefficient of fuel curve intercept
and curve slope. As a result, the cost of consumed fuel per hour can be calculated by Equation (6):
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Cf:FdXFp (6)

where F), refers to price of fuel [54].

5.5 Battery

To store excess energy produced by the hybrid system and supply power during shortages, a string of four series-
connected 12 V-170 Ah Trojan SSIG batteries with 80% efficiency is used [55]. These batteries create a 48-volt DC bus
voltage compatible with the selected converter. We increase the number of parallel strings as needed based on optimization
to add backup time. The cost for each battery is $446. Capacity for each battery is given by Equation (7).

C _ AD X EL (7)
Bar = T’Inv X nBut X DOD

where E is the average daily load demand (kWh/day), AD refers to autonomous days, DOD is battery depth of charge,
Ny and Np,, are efficiencies related to inverter and battery.
5.6 Economic analysis

The main criteria for ranking the optimal system in Homer Pro is based on comparing NPC and COF for different
configurations of the system during its lifespan. NPC calculation is done using Equations (8) and (9) [56]:

NPC — Cammal,lotal (8)
CRF(r,N)
1 N
CRF(rN) = T ©)
(I+r)"—1

where Cynnual rorar 15 the total cost per year ($/yr) and CRF (r,N) refers to the capital recovery factor which is a function of
the annual real interest rate (r) and the total project lifespan (N). In Homer Pro, the annual real interest rate (r) is calculated
internally by inserting the discount rate or the rate of borrowing money (i) and inflation rate (f) using Equation (10) [57]:

(10)

In the proposed system N, i and f in Homer are considered 25, 8.25% [57], 2.8% [58].
COE is the average cost of electricity kWh over a selected currency. The Equation (11) is used for calculation [59]:

COE — Cannualﬁtotal (1 1)

Egys

where Egysy refers to the total load (kWh) that is served yearly.
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The salvage cost represents the estimated resale value of system components after the project’s lifespan. It plays a
crucial role in calculating the NPC, and the equation (12) is for determining it [60].

Trem
7:’,‘0}’”

SC = Cg (12)

where CR is the replacement cost ($), 7., is the years the component can be used, and 7., is the expected years of lifetime
for the component (year).

5.7 Dispatch strategies

Based on selected sources of power and the potential of resources in the selected site, the optimization method adopts
different dispatch strategies. When renewable energy isn’t enough to meet the demand, a dispatch strategy consists of
guidelines that dictate how generators and energy storage systems should operate. These rules help manage the available
resources effectively [61].

In this study, two dispatch strategies are used: Load Following (LF) and Cycle Charging (CC). In the LF strategy,
when renewable energy falls short of meeting the load demand, the diesel generator first steps in to meet the primary load
requirements. The renewable energy source then focuses on charging the battery. In contrast, under the CC strategy, the
diesel generator handles both the primary load supply and battery charging. However, this approach results in higher gas
emissions than the LF strategy [62]. The energy storage system in CC is the main component, as it is continuously charged
using any available excess power [63].

6. Results and discussion

Homer Pro uses advanced optimization algorithms to find the best combination of components that meet the load
demand at the lowest cost. Furthermore, it incorporates several features to ensure that the power balance constraint can
be met even under worst-case scenarios. These features include sensitivity analysis and scenario analysis, which allow
users to explore how variations in key parameters, such as renewable energy availability and load demand, affect system
performance. The configuration optimization is solved considering:

* Objective function: The primary objective is to minimize the NPC of the HES considering current economic
parameters such as discount rate and inflation rate in project lifespan while ensuring reliable electricity supply for the RO
system.

* Decision variables: Capacities of each component.

* Main constraints: The total energy generated must meet the energy demand of the RO system.

— Capacity constraints: Each component’s capacity must be within feasible limits.

* Maximum PV capacity: The load is 22.37 kWh/m?/day. The efficiency of the PV module is 15.17%, with a
coefficient factor for the stationary PV system of 0.7 and irradiance of 3.17 kWh/m?/day. The required area for the system
is a maximum of 66 m?. Considering a 300-watt PV module, each with an area of 1.456 m?, the maximum PV capacity
would be approximately 13.5 kW.

+ Maximum wind turbine capacity: 2 kW.

+ Maximum diesel generator capacity: 3 kW.

Here, we have identified six different configurations that represent the most optimized options, considering all
input constraints to meet the required load demand. Table 5 provides detailed specifications, and Figure 9 compares the
NPC and COE for each system. Techniques like the Analytic Hierarchy Process (AHP) should be applied to rank all
proposed configurations. AHP will be used to evaluate and rank the configurations based on criteria such as cost, reliability,
environmental impact, and renewable fraction. The goal is to determine the best HES configuration for RO systems. Let’s
delve into these configurations:
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Case I (PV/WT/generator/battery): This configuration excels in economic terms while maintaining the highest
reliability. It boasts a high renewable fraction, and it produces 29% of extra electricity.

Case II (PV/WT/battery): Both PV and wind contribute to this system, resulting in a 100% renewable fraction.
Therefore, no fuel usage leads to zero gas emissions.

Case III (WT/generator/battery): A combination of wind and generator, with approximately 25% of the load demand
supplied by the generator.

Case IV (PV/generator/battery): Here, the load is primarily supplied by the PV system, achieving about a 96%
renewable fraction. The generator plays a supporting role.

Case V (PV/battery): 100% renewable fraction system, with no fuel usage but the longest hour of autonomy.

Case VI (generator): Despite having the least initial capital, this option has zero renewable fraction and the highest
NPC. This case is the worst option, considering reliability and environmental emissions.

Table 5. Homer simulation results for different scenarios

Parameters Case I Casell Caselll CaselV CaseV Case VI
PV (kW) 3.19 4.11 9.13 13.5
Wind (kW) 2 2 2
Generator (kW) 3 3 3 3
Converter (kW) 1.56 1.59 1.58 1.56 1.58 1.56
Battery (Qty) 16 24 24 20 28
Dispatch strategy LF CC CC LF CcC CC
Total NPC $44,382  $45,259  $64,176  $65,829  $69,392  $153,940
COE ($/kWh) $0.397 $0.405 $0.575 $0.590 $0.621 $1.380
Unmet electric load (kWh/year) 0.71 1.1 0.429 0.692 0.772 0.612
Capacity shortage (kWh/year) 7.86 7.88 6.05 7.75 6.87 7.22
Excess electricity (%) 29 36 3.66 37.2 56.3 1.77
Renewable fraction (%) 98.8 100 73.8 95.6 100 0
Autonomy (hr) 27.7 41.6 41.6 34.6 48.5 0
Fuel (L/yr) 459 0 717 161 0 3738
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Figure 9. NPC and COE for different scenarios

Figure 10 shows the yearly total electricity production and each system’s component share. Total AC load is 8164

kWh/year; therefore, production more than this amount would be considered excess energy. The amount of excess energy
in each scenario is shown in Figure 10.
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Figure 10. Total yearly electricity production for different scenarios

6.1 Optimized system

The optimized system can help the community access a reliable and less fossil fuel-based power system configuration.
In Case I, the amount of produced electricity by PV modules and wind turbine can’t meet the load demand; therefore,
based on the adopted dispatch strategy, LF, a comparison between two costs, battery discharge and running of the generator,
is done, and least cost which is a combination of generator and battery is chosen. In other words, in this configuration, to
fully account for the uncertainty of renewable power, the diesel generator serves as a backup power source and charges the
battery when the RESs and/or the storage system cannot meet the load’s energy demand.

Here, the NPC of the optimized system is shown in Figure 11 different expenses are illustrated based on each system’s
element share.

B Generator ®Windturbine WPV mConverter M Battery

$30,000.00
$25,000.00
&
5 $20,000.00
=3
O $15,000.00
=
g $10,000.00
[=™
e $5,000.00
$0.00 | —
. % 2%
($5,000.00) cﬁ@ ot Me“ 03"‘ §of S,o\qb%

Figure 11. NPC details for the optimized hybrid system

The overall capital cost is $26,031, with the most significant share for the battery accounting for $7,136 or 27% of
total initial cost, followed by the converter with $6,223 or 24% share. The total replacement cost is $18,482, which is also
mainly related to the storage system and converter. There is no replacement cost for PV and generator because the lifetime
for the mentioned components is considered as long as the project lifetime. The estimated O&M, Fuel, and salvage costs
for the proposed system are $1,510, $1,167, and $—2,807, respectively.

As indicated in Figure 12, the generator generally operates between 12 AM and 10 AM, when lower sun irradiance is
available, and the generator runs to recharge the batteries.

State of the Charge (SOC) in the storage system is mainly in good condition, higher than 84 percent, as illustrated in
Figure 13 in May, June, and July, minimum charging cycles occurred, which are due to less output power in WT and PV
panels caused by reduction of wind and irradiation resources. This can also be seen in Figure 12, where peak power in the
generator mainly happened in the same periods as a backup source of power.

Figure 14 shows that AC load is mainly met by renewable energy in the time series results from HOMER Pro; it
signifies an optimal system configuration and resilience since it ensures uninterrupted power supply even during extended
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periods of renewable resource availability (e.g., cloudy days or calm winds). The battery storage and the generator as
backups play crucial roles in maintaining this balance during low-resource periods.

Generator Power Output

Hour of Day

T T 1
1 S0 180 270 365

Day of Year

Figure 12. Hourly and monthly generator power output
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Figure 14. Time series result for total renewable power output and AC primary load
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6.2 Sensitivity analysis

In this section, sensitivity analyses were conducted to explore how changes in specific variables can affect the off-grid
system’s behaviours and ability to meet the load requirements.

6.2.1 Fuel price

Diesel prices are subject to global exchange rate fluctuations. However, remote areas often face higher and more
variable diesel costs due to transportation expenses and other associated factors. To assess its impact, diesel price range of
$1.66/L to $2.16/L in Canada that happened from 2022 to 2024 [64] was assumed. As the fuel price increases from $1.66/L
to $2.16/L, both NPC and COE increase, as shown in Figure 15; simultaneously, fuel consumption decreases from about
58 L/yr to 30 L/yr. This variation occurs because the hybrid system increasingly relies on renewable energy components,
reducing generator operation hours and resulting in higher renewable fraction and consequently lower CO, emissions but
higher NPC and COE.

6.2.2 Annual average load

Over time, it may be necessary to increase the load due to rising demand resulting from population growth. This
increase would affect the annual average load. To simulate this situation, we consider sensitivity for the scaled annual
average kWh/day. Evaluating the results, we increased the load from 22.37 to 25.4 kWh/day. This can be seen in Figure
16. As the load increases, both NPC and COE rise. At the minimum load of 22.37 kWh/day, the NPC is $44,382, the
COE is 0.397/kWh, and excess energy is 29%. However, when the load is increased to 25.4 kWh/day, the NPC and COE
reach $50,912 and $0.402, respectively, while excess energy decreases by approximately 25%. It’s important to note that
beyond 26 kWh/day, the optimized configuration, including the number of batteries, changes, making further comparison
impossible.
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Figure 15. Sensitivity analysis for different fuel prices
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Figure 16. Sensitivity analysis for different annual average loads
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7. Conclusions

The result acquired from Homer Pro software indicates that the proposed system, consisting of PV panels, a wind
turbine, a generator, and a battery, is the most cost-effective option. The electricity for the community water system,
including a submersible pump and an RO system, is fully supplied by renewable energy, including the wind turbine and PV
panels. In case of inadequate wind and solar resources, the battery system and diesel generator operate as backup systems.
The system is highly reliable and has LF dispatch strategy. The sensitivity analysis conducted in Homer reveals that when
diesel fuel prices rise, generator operation hours decrease, leading to reduced fuel consumption and a shift toward a higher
renewable energy fraction. Additionally, as the annual average load increases while maintaining the same configuration,
excess energy diminishes due to population-driven demand. In both scenarios, the NPC and COE increase.
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HES (Hybrid Energy System)
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MED (Multi-effect Distillation)

MSF (Multi-stage Flash Distillation)

MVC (Mechanical Vapor Compression)

NPC (Net Present Cost)

NTUs (Nephelometric Turbidity Units)

oG (Operational Guidance Value)

POWER (NASA Prediction of Worldwide Energy Resource)
RES (Renewable Energy Sources)

RO (Reverse Osmosis)

STC (Standard Test Conditions)

SWD (Seawater Desalination)

SWST (Seasonal Water Storage Tank)
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TVC (Thermal Vapor Compression)
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