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The recent use of hybrid renewable energy systems (HRESs) is considered one of the most reliable ways to improve energy access to decentralized communities because of their techno-economic and environmental benefits. Many distant locales, such as camps in war-torn nations, lack basic necessities like power. This study proposes a remedy for power outages in these areas; by designing an HRES and a control system for monitoring, distributing, and managing the electrical power from sustainable energy sources to supply the load. Hence, providing affordable, reliable, and clean energy for all (Sustainable Development Goal 7). In this study, the feasibility and techno-economic performance of an HRES for a refugee camp was evaluated under load following (LF), cycle charging (CC), and predictive control strategy (PS). The optimization results revealed that the PS was the most suitable, as it had the lowest cost and was more eco-friendly and energy-efficient. The predictive control strategy had a 48-h foresight of the load demand and resource potential and hence could effectively manage the HRES. The total net present cost (NPC) for the electrification of this refugee camp was $3,809,822.54, and the cost of electricity generated for every kWh is $0.2018. Additionally, 991,240.32 kg of emissions can be avoided annually through the hybridization of the diesel generator under the PS.
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1 INTRODUCTION
Energy is one of the main elements required for the development and growth of a country. The global population and the emergence of new technologies are on an ever-increasing trend, creating a vast gap in energy demand and supply. Due to this gap and the overexploitation of currently available resources, primary energy resources, such as fossil fuels, are reaching a state of depletion. It is worth noting that the primary source of energy in the world is fossil fuels, which constitute approximately 84% of the total global energy system (Mubaarak et al., 2021). Power generation is unsustainable because of the overexploitation of fossil fuels and their adverse effects on the environment. With this in mind, the development and deployment of sustainable energy technologies are on the rise (Chowdhury et al., 2020). In this context, renewable energy is considered an effective means of providing sustainable energy generation that is affordable, accessible, and reliable (Mubaarak et al., 2021) and supported by the United Nations (UN) Sustainable Development Goals (SDGs) (Manoj Kumar et al., 2020). The IEA forecasts that Africa’s total energy consumption and power demand will increase at average annual rates of 1.4% and 2.6%, respectively. Unfortunately, as of 2019, approximately 770 million people still do not have access to electricity, with 75% of this population in the sub-Saharan region of Africa, the majority of which live in rural areas (Jahangiri et al., 2019; IEA, 2020).
Furthermore, according to the United Nations High Commissioner for Refugees (UNHCR), 9.2% of the 770 million people are displaced individuals and refugees who have been forced away from their homes by natural disasters or wars (I. Renewable Energy Agency, 2019). These individuals rely solely on unsustainable polluting energy, which sometimes poses a significant risk to their security, health, and well-being (Aste et al., 2017). Usually, on the scale of preference of humanitarian organization actions in response to refugee needs, access to clean and reliable energy is considered a low priority (van Hove and Johnson, 2021). This is a result of inadequate funding and limited policies and practices within the humanitarian organization concerning the provision of reliable and sustainable clean energy (van Hove and Johnson, 2021). In contrast, access to reliable and sustainable energy in a refugee camp can quickly boost the social, economic, productivity, safety, and health aspects of refugees and displaced persons, the host country, and humanitarian organizations (I. Renewable Energy Agency, 2019). According to the UNHCR, Cameroon has 1.9 million persons of concern (PoC) and 460,317 refugees and asylum seekers (spread across eight camps). A total of 1,052,591 internally displaced persons (IDPs) and 466,578 returned IDPs (Septembre, 2014; UNHCR, 2021). The provision of necessities for sustenance and productivity for these PoCs is mainly by the local government, with support from the humanitarian organization, and other benevolent individuals (van Hove and Johnson, 2021).
In addition, studies have shown that most refugee camps rely on diesel generators and other conventional sources, such as fuelwood, kerosene lamps, and candles, for their daily needs and other settlement services. Aside from the environmental and health detriments, fuel prices usually fluctuate, making them unreliable (Grafham and Lahn, 2018; Solar Energy, 2022). The transition from these conventional sources to renewable energy is required to bridge the gap in energy access to these camps. Thus, this study aimed to design an optimal hybrid renewable energy system (HRES) for the Gado Badzarre refugee camp in the eastern region of Cameroon using the hybrid optimization of multiple energy resources (HOMER). This HRES will go a long way to improve the livelihood of PoCs within the camp, contribute to the reduction of greenhouse gas (GHG) emissions and also act as a means of ensuring reliable, affordable, sustainable and clean energy for all.
Many researchers have worked on HRESs using HOMER for off-grid and grid electrification. Table 1 summarizes some recent studies. While the technologies used in each study differ, most of the HRESs in Table 1 are clean energy-based. The optimal component sizing of an HRES was investigated in (Chand et al., 2019; Kumar et al., 2020; Abada et al., 2021; Aditya et al., 2021). Their research concluded that to size the components of HRESs properly, effective control management strategies need to be implemented because of dispatchable components, such as batteries and diesel generators. Various studies have proposed dispatch strategies (such as load following and cycle charging) to control the operation of generators and batteries in HRESs. (Ansong et al., 2017; Halabi et al., 2017) used the load following strategy (LF) to analyze the performance of their proposed HRES to obtain the optimal size of the components. The size of each component differed across both studies. Similarly, Rajbongshi et al. (2017) and Murugaperumal and Ajay D Vimal Raj (2019) investigated the optimum HRES design with variation in the state of charge under the cycle charging (CC) strategy. Other studies employed both strategies to determine the best strategy for the proposed HRES. Singh et al. (2017) designed a standalone wind/diesel/battery HRES under LF and CC dispatch strategies. Their results indicate that LF produced the best performance based on the renewable fraction. Nsafon et al. (2020) carried out an optimization and sustainability analysis of a PV-wind-diesel hybrid energy system for decentralized energy generation using HOMER. They varied the PV slope and wind turbine hub height under the LF and CC dispatch strategies to supply the load. The results showed that for this residential estate, the best option was PV-wind-diesel with a PV slope and hub height of 3° and 75 m, respectively, under the LF strategy. A comparative study was conducted by Shoeb and Shafiullah (2018) for the PV/diesel HRES under the FL and CC strategies. They concluded that CC was the most suitable based on net present cost (NPC), cost of electricity (COE), and GHG emissions. Aziz et al. (2019) proposed a combined dispatch strategy (CD) for the energy management and optimization of PV/diesel/battery HRES. In their study, they evaluated the performance of the HRES under LF, CC, and CD. They concluded that the CD showed the best economic and environmental results. Das and Zaman (2019) carried out performance analysis of dispatch strategies, batteries, and generator selection on a PV/diesel HRES. The results showed that CD outperformed LF and CC.
TABLE 1 | Summary of some recent studies on different HRES.
[image: Table 1]Based on the above literature, HOMER has been used to design various HRESs for refugee camps and other settlements using different control strategies. Still, none has employed a predictive control strategy. Furthermore, no study has adopted a predictive control strategy as an energy management technique for modeling an HRES. In this context, we propose the design of an optimal HRES with HOMER, primarily focusing on refugee camps in Cameroon, with the principal aim of modeling and designing an affordable, reliable and sustainable HRES that combines alternative sources using a predictive control strategy. To achieve the stated objective, the scope of this study is as follows:
• Perform a techno-economic and environmental design and modeling of an HRES.
• Carry out a comprehensive performance analysis of the different control strategies employed in hybrid PV/diesel/battery systems.
• Evaluate the predictive control strategy as an energy management technique.
• Finally, perform a sensitivity analysis of the HRES under the predictive control strategy.
2 MATERIALS AND METHODS
The proposed schematic diagram of the hybrid system, comprising a solar PV, diesel generator, Li-ion battery, bidirectional converter, and the load as its components, is shown in Figure 1. The DC bus had a solar PV and battery system, whereas the AC bus had a diesel generator. The battery and generator acted as backups for the proposed micro-grid system.
[image: Figure 1]FIGURE 1 | Schematics of the proposed hybrid system.
The system algorithm for the optimization process of the refugee camp by HOMER is shown in Figure 2. This section details the study area, load profile, resource data, component specifications, mathematical modelling, and control strategies.
[image: Figure 2]FIGURE 2 | Adopted HOMER methodology algorithm.
2.1 Study area
The Gado refugee camp (Table 2) is located in eastern Cameroon. It is the largest of the four camps in this region and the second-largest in Cameroon (Kehdinga and Zacharie, 2020). The camp covers approximately 55 ha and is located in Lom–et–Djerem, approximately 78 km2 from the border between Cameroon and the Central African Republic (CAR). The total camp population is 28,181 inhabitants, most of whom are refugees from the CAR (SEPTEMBRE, 2021).
TABLE 2 | Summarized information about the study area.
[image: Table 2]Two seasons exist in this region: the wet and dry seasons, with an annual average temperature of 23°C. In the evenings, the primary light sources used in the camp households include oil and solar lamps, candles, and fuelwood. The location of the refugee camp is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Location of the study area.
2.2 Load profile and resource data
Electricity is a crucial factor in improving the living standards and well-being of citizens, as it is used for lighting, communication, and motor applications. The potential needs of the location were assessed, and different loads were identified, such as the domestic load, which mainly comprised compact fluorescent lamps (CFLs) for lighting; commercial loads, which include refrigerators, computers, and CFLs; and community loads arising from the healthcare centre, kindergarten, and primary school located in the area (SEPTEMBRE, 2021). The ratings of all electrical appliances, their time of use, and the corresponding number of appliances are listed in Table 3. From the information gathered in this study, the total daily load demand (kWh) of the camp was calculated using Eq. 1 (Ramesh and Prasad Saini, 2020):
[image: image]
TABLE 3 | Electrical load at the camp site.
[image: Table 3]From the calculations, the daily average load was estimated to be 3,830.805 kWh, with a peak load of 365.645 kW between 6 p.m. and 8 p.m. HOMER software generated the load profile for the refugee camp, as shown in Figure 4. The renewable resource potential for this region is solar, wind, and river-run type hydropower (on the river Lom). The renewable power source considered in this study is solar, with an estimated average annual solar radiance of 5.3 kWh m−2/day in this region (Figure 5). This selection was made due to a lack of accurate information on the other sources, such as a river or headstream velocity. Furthermore, the average wind speed in this area is 2.23 m s−1, which is too low to harness the power.
[image: Figure 4]FIGURE 4 | Daily hourly load profile of the refugee camp.
[image: Figure 5]FIGURE 5 | Average annual solar radiation in the study area.
2.3 Component specification and economic modelling
2.3.1 Component modelling
The solar PV performance is affected by various operating and environmental conditions. The power output of the module varies according to solar irradiation, ambient temperature, and wind velocity (Mandal et al., 2018). Eq. 2 was used to calculate the hourly power output of the PV module (Mandal et al., 2018), where PPV (kW) is the power output, YPV (kW) is the rated capacity of the PV array, FPV (%) is the derating factor, GT (kW·m−2) is the solar radiation incident on the PV array, GT, STC (1 kW/m2) is the incident radiation under standard test conditions (STC), αp (%/oC) is the temperature coefficient of power, and Tc (°C) is the PV cell temperature at the current time step. Table 4 presents the technical and economic data for the components (Ramesh and Prasad Saini, 2020), (Owolabi et al., 2019; Diesel Generators, 2021; Richardvigilantebooks, 2021). A mono–Si–CSUN200–72M solar PV system was used in this study with an efficiency of 15.67%, a temperature coefficient of 0.4%, and a nominal operating temperature of 45°C. This PV module was chosen because it is relatively cheap and available in the African market (Owolabi et al., 2019).
[image: image]
TABLE 4 | Techno-economic data for system components.
[image: Table 4]Owing to the intermittent nature of solar resources, an energy storage system (ESS) was required to increase the reliability and resilience of the designed microgrid. In this case, a 100 kW Lithium-ion battery was used as the energy storage system. When excess electricity was produced, the battery stored this excess electricity and discharged it when the demand was more significant than the supply. The state of charge (SOC) of the battery was calculated by HOMER using Eq. 3 (Toopshekan et al., 2020):
[image: image]
where [image: image] is the battery SOC at time t, [image: image] is the SOC at time t-1, [image: image] is the battery’s self-discharge rate, and finally, [image: image] is the efficiency of the converter.
In addition, a diesel generator was included in the system design because renewable sources and the ESS are sometimes unable to meet the demand. Eq. 4 determined the quantity of fuel required by the diesel generator (Mandal et al., 2018):
[image: image]
where [image: image] is the diesel generators’ fuel consumption, [image: image], is the nominal power of the diesel generator, [image: image] is the output power, [image: image] and [image: image] are the coefficients of the fuel consumption curve defined by the user (1 kWh−1). The operating range should be between 70 and 89% (Mandal et al., 2018) for efficient diesel generator operation while avoiding partial loading and excessive operation.
Since we have both AC and DC bus bars, power conversion is needed. In this study, a power converter acted as an inverter (DC-AC) and a rectifier (AC-DC). It maintains the electrical connection between the AC bus and DC bus components. Table 4 provides the converter’s cost factors. The inverter input had lifetime and efficiency specifications of 15 years and 95%, but the rectifier input has a relative capacity of 100% and an efficiency of 85% (Owolabi et al., 2019). Eq. 5 calculates the converter power capacity levels where Li and Lr stand for inductive and resistive loads, respectively.
[image: image]
2.3.2 Optimization modelling
HOMER presents its results according to the lowest net present cost (NPC), which indicates the total life cycle cost of the system. The NPC comprises the initial, replacement, O&M, and fuel costs (Olatomiwa et al., 2018). Eq. 6 provided the formula for calculating the NPC:
[image: image]
Where CRF is the capital recovery factor and is determined as (Olatomiwa et al., 2018):
[image: image]
Where [image: image] and [image: image] are interest rate and project lifetime, respectively.
Moreover, the total annual cost of the proposed hybrid system is expressed as (Toopshekan et al., 2020):
[image: image]
Where [image: image], [image: image], [image: image], [image: image], are the annualized costs of the solar PV, DG, battery, and system converter, respectively, and [image: image], [image: image], [image: image] [image: image] are the numbers of solar PV, DG, batteries, and converters, respectively.
In addition, the cost of electricity (COE), which is the average cost of power (kWh) delivered by the system, is considered an essential factor in this study. The COE was calculated as follows (Olatomiwa et al., 2018; Toopshekan et al., 2020):
[image: image]
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2.4 Constraints
This study set some constraints to obtain an optimal, resilient, and reliable micro-grid design. The total capacity shortage was set to 0%, indicating that all feasible solutions provided by HOMER should be able to meet the demand at all times. Furthermore, the maximum renewable penetration (RP) ranged from 0 to 100%. The day-to-day (5%) and timestep (10%) were considered to compensate for the panel’s output due to unpredicted weather changes. The capacity shortage of the system was set to 0. Only systems that can satisfy the load are included in the optimized results. Also, the overall lifetime of the design was set to 25 years.
2.5 Control strategy/energy management
In a hybrid system, a dispatch strategy is employed when renewable resources cannot satisfy the load demand. A dispatch strategy is simply a control algorithm used to switch between the generator and battery bank when the available renewable energy sources cannot satisfy the load demand (Nsafon et al., 2020). By default, HOMER has two control strategies: load following (LF) and cycle charging (CC) (HOMER, 2021). Load following is a strategy in which the generator meets the immediate load demand when other generating sources are insufficient to satisfy the required demand. In this case, charging the battery is the sole responsibility of other generating sources (Nsafon et al., 2020). Renewable energy sources are reserved for lower priority tasks like recharging the storage bank or supplying the deferrable load. The load following strategy uses HOMER to dispatch the system’s controllable power sources (generators, grid, and storage bank) to satisfy the operating reserve requirement while providing the primary load and the thermal load at the lowest total cost possible for each time step (HOMER, 2021). Under CC, the generator operates at full power output, providing power to charge the battery and deliver power to the load. With this strategy, a set point of the state of charge can be set for the battery so that the generator continues to charge the battery unless the setpoint is attained before it can be discharged. Excess electricity generation is directed toward lower-priority goals such as, in declining order of priority: feeding the deferred load, charging the storage bank, and serving the electrolyzer. When adopting the cycle charging method, HOMER dispatches the controllable power sources (generators, storage bank, and grid) in a two-step procedure at each simulation time step. HOMER first chooses the best mix of power sources to supply the primary load at the lowest total cost while still meeting the need for operating reserves. Next, the output of each generator in that ideal combination is gradually increased by HOMER until it reaches its rated capacity, or as close to it as feasible without generating too much electricity. The flowchart for FL and CC are presented in Figures 6, 7, respectively.
[image: Figure 6]FIGURE 6 | Flow chart for LF strategy.
[image: Figure 7]FIGURE 7 | Flow chart for CC strategy.
In this study, a predictive control strategy (PS) was proposed. The upcoming load and availability of resources were predicted from NASA’s available solar radiation data for that particular time. In HOMER, this strategy gives a 48 h foresight of the load and available solar resources to harness the excess energy rather than curtail the produced energy (HOMER, 2021). The control algorithm prioritizes discharging the battery rather than turning on the generator in anticipation of harnessing the excess produced by the solar PV. The algorithm for this strategy is illustrated in Figure 8. This strategy calculates the current load demand and PV power output for the 2 days ahead. Suppose that the resource potential of the next day is greater than the demand of the present day. In this case, the battery is discharged, anticipating the ability to use the excess electricity generated the next day to recharge. However, if the reverse is true, the battery is charged in anticipation of supplying the required load for the following day. This is a control strategy and an energy management strategy, as the excess energy produced by the system is negligible.
[image: Figure 8]FIGURE 8 | Flow chart for predictive control strategy.
3 RESULTS AND DISCUSSION
In this study, the proposed case under the three strategies was compared to the base case, which comprised only a diesel generator. First, the results of the various systems are presented.
3.1 Base case
The system configuration comprised only a diesel generator with a capacity of 420 kW. The initial investment for the base case was $126,000 because the only component was a 420 kW generator. This system could meet the demands of the refugee camp. The cost summary of this system is presented in Figure 9.
[image: Figure 9]FIGURE 9 | Cost summary of the base case.
In Cameroon, as of 2020, the price of diesel fuel was 575 FCFA/L ($1.019/L) (Global Petrol Prices, 2021), and as shown in Figure 9 above, the fuel consumption was the highest contributor to the NPC ($7,973,412.00), followed by the O&M cost. The main drawback of this system in financial terms was the cost incurred from the fuel, and the price of fuel fluctuates, implying that the NPC of such a system can increase or decrease. Additionally, because it was a diesel generator, GHG emissions were inevitable in the system. Table 5 lists the various GHGs associated with this system. The total annual GHG emissions were 1,130,832.6 kg/yr.
TABLE 5 | Annual GHG emission for the stand-alone diesel system.
[image: Table 5]3.2 Economic dimension
The economic performance of the proposed solar PV/diesel generator/battery system under different control strategies is presented in Table 6, in which essential parameters such as NPC, COE, simple payback, discounted payback, and return on investment (ROI) are highlighted. The NPC of a system is the difference between the present cost incurred from the installation and operation of the various components of the system over their life cycle and the revenues generated during the total life cycle of the project (Ishraque and Ali, 2021). From the analysis, the PS had the lowest NPC and COE, followed by the LF and CC strategies. Figure 10 shows a cost summary of the different designs. Feasibility studies have proven that renewable energy requires high upfront capital. This study is not an exception as one can realise that the initial capital is very high under all the strategies as at least 80% of the total generating capacity is supplied by the solar PV. Also, apart from the initial cost, fuel was the second-highest contributor to the NPC under the CC strategy because it had the highest generator operating hours. Even though the generator’s working hours under the CC were only 1.26% higher than those under the LF strategy, their fuel consumption disparity was 24.15%. Under the CC strategy, the generator operated at rated power, whereas under LF, the generator ran to meet the unmet load. In addition, the simple payback period, which is the time for an investor or business to redeem itself on the investments made on a project (Aziz et al., 2021), was the least for the PS (4.52 years) compared to the CC strategy (4.92 4.83 years). Hence, the most viable strategy to implement from an investor’s standpoint is the PS.
TABLE 6 | Economic performance under different control strategies.
[image: Table 6][image: Figure 10]FIGURE 10 | Cost summary under the different control strategies.
3.3 Technical dimension
The technical performance was evaluated in this study based on electrical analysis (Table 7; Figure 11). The results show that the three control strategies implemented were able to meet the load demand of the refugee camp. Figures 11A–C present the monthly electric production from various components under the LF, PS, and CC control strategies, respectively. PV/battery catered for the demand from December through February, whereas diesel generators were needed to meet the demand during the other months. The total annual electricity generated by the was 1,736,948 kWh (PS) with 85.3% generated from renewable, 1,787946 kWh (LF) with 89.1% generated by PV alone and finally 1,867,946 kWh (CC) with 79.7% generated by the solar PV respectively. Furthermore, excess electricity was produced during the first 2 months (January and February) and the last month of the year (December) with LF (14.0%), CC (16.8%), and PS (5.7%). The PS had the least excess because this control strategy could predict the solar radiation and load demand; hence, the battery charges and discharges were effectively managed.
TABLE 7 | Technical performance under different control strategies.
[image: Table 7][image: Figure 11]FIGURE 11 | Monthly electricity production LF (A), PS (B), CC (C).
3.4 Climate dimensions
In addition, the climate impact of the proposed system under the different strategies was assessed in this study as climate-related issues are now on every development plan in the world, and most seek to take positive actions to combat these issues. Consequently, to develop a reliable and sustainable power system, both techno-economic and climate impacts must be assessed. Generally, the lowest GHG emitter is considered more climate-friendly. The proposed system configuration consists of a diesel generator that uses fuel. Emissions such as carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxide (NOx), sulfur dioxide (SO2), unburned hydrocarbons, and particulate matter cannot be avoided but can be controlled (Aziz et al., 2021). The performance evaluation of the effects of the different strategies in terms of their climate impact was investigated, and the results are shown in Figure 12. The total emissions were calculated as 192, 613, 141,357, and 139,592 kg/yr for CC, LF, and PS, respectively. These results confirm that the amount of emission is directly proportional to the quantity of fuel consumed by the generator. The PS had the lowest fuel consumption compared with LF and CC, as indicated in Table 8.
[image: Figure 12]FIGURE 12 | Overall emissions of the proposed system under different strategies.
TABLE 8 | Climate performance under different control strategies.
[image: Table 8]3.5 Sensitivity analysis
Sensitivity performance was carried out to evaluate how the change in different independent variables will affect the proposed system’s dependent variable under the PS strategy because it was the best control strategy financially and environmentally. The independent variables considered in this study were the diesel price, load demand, and battery minimum state of charge (SOCmin). In contrast, the dependent variables were the fuel, generator operation, NPC, COE, battery size, and a renewable fraction (Figures 13–15). For the independent parameters, an increase or decrease in the amount was evaluated, except for load demand, which tended to increase due to the rise in the size of the refugee camp. The base case or actual values for diesel price, SOCmin, and load demand were $1.019/L, 20%, and 3830.81 kWh, respectively. Results from the sensitivity analysis show that a rise in diesel price (Figure 13) from $0.509/L to $2.02/L had a negligible effect on the generator operation. This strategy prioritized the battery in the configuration as the primary backup supply. At each time, the cost of battery discharge and battery operation were not compared. However, an increase in the diesel price increased the battery size and the expense incurred from fuel purchases. Hence, a 2.518% and 1.3% increase in NPC and COE, respectively, were observed. In addition, the operating cost increased as the diesel price increased and then decreased when the current diesel price was 50% higher than the base price. This is because the system attained a renewable fraction of 100%, which means that solar PV was the sole electricity supplier.
[image: Figure 13]FIGURE 13 | Effect of diesel price variation on selected dependent variables.
For the SOCmin parameter (Figure 14), an increase by a factor of ±5 (from 10 to 50) increased the NPC, COE, operating cost, battery size, and total fuel consumed by approximately 1.287%, 0.275%, 1.746%, 0.16%, and 1.19%, respectively. As the SOCmin parameter increased, the reliance of the system on the diesel generator increased. Hence, the renewable fraction was reduced, implying that additional emissions were observed, posing significant climate damage. Looking at the third parameter, which is load demand (Figure 15), increasing the load demand from 3,830.81 to 4,230.81 kWh had the following effects: COE was unaffected, NPC, operating cost, battery size, and total fuel consumed all experienced an increase of 1.793%, 1.483%, 0.008%, and 0.108%, respectively.
[image: Figure 14]FIGURE 14 | Effect of battery minimum state of charge variation on the selected dependent variables.
[image: Figure 15]FIGURE 15 | Effect of load demand variation of charge on the selected dependent variables.
4 CONCLUSION
HRESs have proven to be the most viable and promising solution for meeting the energy demand of the Gado refugee camp, where grid extension is impossible. Furthermore, the hybridization of renewable energy systems promotes energy resilience and sustainability in any country. In this study, an optimal design of a solar PV/diesel generator/battery hybrid system was carried out to provide energy for the Gado refugee camp. Selecting an effective control strategy for a particular design is very important because it affects the performance of various system components. Three different control strategies, LF, CC, and PS, were presented for the solar PV/diesel generator/battery system. A performance comparison was carried out based on the technical, economic, and climate dimensions of the three different control strategies.
The simulation results obtained from the HOMER software indicated that the PS control strategy was best suited for this particular case study. Further performance analysis revealed that the PS strategy was the preferable choice from an investor’s point of view because it had the least NPC ($3,606,886) as compared to the LF control strategy ($3,809,822.54), CC controlled strategy ($3,981,010), and the base case (diesel only; $7,973,412.00). From a technical perspective, all the strategies under study met the demand, with the PS control strategy generating only 5.7% excess electricity compared to the LF (14.0%) and CC (16.8%) control strategies. The stand-alone base case of the diesel generator could meet the demand with no excess generation. From an environmental point of view, the PS strategy was the most climatically friendly as its total emission generation was 139,592.28 kg/yr relative to the 141,357, 192,613 and 1,130,832.6 kg/yr generated by LF, CC, and the base case, respectively. Based on these results, the PS control strategy had the lowest emissions, even though it had a similar climatic impact compared to the LF. It produces less excess energy and has the lowest cost. The optimal design of a hybrid renewable system should be eco-friendly, cost-effective and energy-efficient. With this compromise, the most suitable choice of control strategy for the solar PV/diesel generator/battery hybrid system in this case study is the PS strategy. The proposed approach can considerably increase the energy access and livelihood of similar camps and is an effective energy management technique employed in HRESs.
According to the results of this study, it is vital to develop control strategies that can be applied to the implementation of HRES. Future studies recommend a comparative analysis of the command dispatch and predictive control strategies in combination with other ESS and grid extensions.
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Wind/diesel/fuel cell/battery/electrolyzer (Seedahmed et al., 2022) Off-grid GPC, LCOE, O&M HOMER Saudi Arabia 2022
PV/wind/diesel/battery (Babaei et al., 2022) Off-grid LCOE, NPC HOMER Canada 2022
PV/wind/fuel cell/battery (Zhang et al., 2022) Off-grid NPC, LCOE HOMER South Korea 2022
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households appliance h/day
Residential load
Household 7,045 CF lamp 15 2 5
Type No. of facilities Appliance type Rating (W) No of Appliance Run time h/day
School load
Kindergarten 1 CF lamp 15 1 3
Primary school 4 CF lamp 15 2 6
Computer 120 1 3
Secondary school 1 CF lamp 15 7 6
Computer 120 3 6
Fan 80 1 3
Refrigerator 200 1 6
Health loads
Health posts 1 CF lamp 15 2 8
Computer 120 5 7
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Lab equipment 1,000 2 8
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Workshop 1 Hydra form machine 7,500 1 9
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Total refugee camp load
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