

  energies-17-00103




energies-17-00103







Energies 2024, 17(1), 103; doi:10.3390/en17010103




Article



The Significance of Considering Battery Service-Lifetime for Correctly Sizing Hybrid PV–Diesel Energy Systems



Moien A. Omar





Electrical Engineering Department, An-Najah National University, Nablus P.O. Box 7, Palestine







Citation: Omar, M.A. The Significance of Considering Battery Service-Lifetime for Correctly Sizing Hybrid PV–Diesel Energy Systems. Energies 2024, 17, 103. https://doi.org/10.3390/en17010103



Received: 20 November 2023 / Revised: 20 December 2023 / Accepted: 21 December 2023 / Published: 23 December 2023



Abstract

:

This study emphasizes how crucial it is to consider battery service lifetime when determining the optimal battery size in PV–diesel hybrid systems. It investigates how battery size influences the evaluation of hybrid systems and their lifetime due to battery cycling. Unlike previous research that relies on assumed battery lifetimes, this study delves into the tangible impact of battery cycling, revealing the intricate relationship between battery size, cycling behavior, and service lifetime. Utilizing HOMER Pro version 3.14.2 software, a case study assessed three battery capacities (300 Ah, 800 Ah, and 1000 Ah) in a hybrid PV system catering to a 24 kWh daily demand. Across varying assumed lifetimes (5, 10, and 20 years), the study found that a 300 Ah battery was the most feasible under a 5-year assumed battery lifetime. However, for 10-year and 20-year battery lifetimes, the 800 Ah system emerged as the optimal choice, emphasizing the influence of assumed lifetime on determining the optimal battery size. Throughput battery lifetime analysis estimated service lifetimes of 4.9, 10.96, and 13.64 years for the 300 Ah, 800 Ah, and 1000 Ah batteries, respectively. Notably, smaller-rated batteries exhibited shorter estimated service lifetimes linked to usage patterns. Among the systems assuming a 20-year calendar lifetime, the optimal 800 Ah system, with a service lifetime of 10.96 years, yielded an energy cost of 0.312 USD/kWh, annual costs of USD 2736.5, and a total cost of USD 37,450. Considering service lifetime, the 800 Ah system emerged as optimal, contrasting the initially favored 300 Ah system under a 5-year assumed lifetime. This underscores the crucial significance of comprehending and integrating service lifetime considerations to optimize the economic feasibility of PV hybrid systems.
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1. Introduction


1.1. Backgrond


Many remote rural areas rely on diesel generators to generate electricity, which often operate inefficiently, consume excessive fuel, and contribute to environmental pollution [1]. Therefore, renewable energy systems have emerged as a promising solution to electrify these remote areas. PV systems offer cleaner, more sustainable, and economically viable energy than diesel systems. However, the success of these systems in rural areas depends on the availability of potential resources. For example, solar PV systems require appropriate levels of solar radiation to ensure their feasibility and effectiveness [2]. The electrical power produced by PV systems is intermittent, as it depends on intermittent solar radiation. Thus, this intermittency necessitates the use of battery systems. In hybrid systems, batteries enhance reliability and enable clean electricity usage throughout the day, not only during peak solar radiation periods. PV and batteries entail high investment costs, necessitating optimal component sizing to reduce expenses while maintaining power system reliability [3]. However, solar cell and battery systems alone might not suffice for continuous twenty-four-hour electricity provision due to seasonal solar radiation fluctuations. For instance, lower solar radiation levels persist during winter for extended periods. Simply enlarging the PV and battery systems in such cases raises initial costs significantly, making hybrid energy systems, integrating multiple sources, a preferable solution to meet rural electricity demand [4]. Hybrid PV–diesel–battery systems, specifically, show promise in providing cost-effective solutions compared to standalone PV–battery systems [5]. Integrating the diesel generator into the hybrid system reduces the size of the battery system and PV panels while enhancing power supply reliability. Adding the diesel generator to PV battery system ensuring continuous and reliable electricity supply by meeting power demand and charging batteries when they have a low state of charge (SOC) [6]. The cost of hybrid systems encompasses a high initial cost and low operational cost for solar cells and batteries. In contrast, there is a low initial cost for a diesel generator but a high operational cost. This emphasizes the importance of seeking the optimal system size to ensure the economic feasibility of these systems. The cost of battery storage system in PV hybrid systems is a crucial aspect to consider, both in terms of initial investment and replacement costs over the lifetime of the hybrid PV diesel system, as the lifespan of batteries is typically shorter than the lifespan of PV panels. Therefore, it is necessary to calculate the number of replacements required throughout the hybrid system duration. Battery lifespan is an important factor to consider in the economic evaluation of PV battery storage systems or hybrid systems. The battery lifetime is often provided by the manufacturers in terms of battery expected lifetime (calendar lifetime), also provide number of cycles at the recommended depth of discharge (DOD). Many researchers assume battery lifetime without considering its cycling or the number of charge discharge cycles that determine the actual battery service lifetime. Therefore, this approach is considered unrealistic as it does not account for specific operating conditions [7]. This leads to inaccurate results in optimizing PV diesel systems and conducting economic evaluations.




1.2. Literature Survey


Numerous studies have centered on optimizing the components of PV hybrid systems, specifically sizing and evaluating the economic viability of hybrid PV diesel systems. However, in many of these studies [8,9,10,11,12,13,14,15,16,17,18,19,20], authors consistently assumed a battery lifetime ranging from 5 to 20 years. For instance, the authors in [8] proposed an improved search space reduction algorithm to optimize the sizing of a photovoltaic/wind/battery hybrid system, which includes electric vehicles. The battery technology used is lead acid, with an assumed lifetime of 10 years. Al Afif et al. conducted a feasibility and optimal sizing analysis of hybrid renewable energy systems in Al-Karak, Jordan [9]. The system integrates wind, biogas, PV, and batteries, utilizing lead–acid battery technology with an assumed lifetime of 20 years. Halabi et al. perform a performance analysis of a hybrid PV/diesel/battery system in Sabah, Malaysia [10]. The battery technology employed is lead–acid, with an assumed lifetime of 7 years. A study conducted on standalone solar PV/Wind hybrid energy systems in India assumed a battery lifetime of 5 years [11]. Wassie et al. conducted a reliability analysis of an off-grid PV mini-grid system in rural Ethiopia, assuming a battery lifetime of 10 years [12]. Additionally, optimization strategies for designing standalone hybrid renewable energy systems were explored, considering a battery lifetime of 25 years [13]. Moreover, another study detailing a techno-economic assessment of a stand-alone hybrid system in rural Bangladesh is presented in [14], utilizing lead–acid batteries with a 15-year lifespan for energy storage. An additional study [15] explores the design and operational optimization of hydrogen/battery hybrid energy storage systems, assuming a lead–acid battery lifespan of 12 years. These research papers encompass various methodologies, such as simulation modeling, optimization algorithms, and system sizing, enabling the evaluation of system performance, economic viability, and feasibility considerations. Table 1 summarizes the objectives of the studies and the consideration of battery lifetime as found in references [8,9,10,11,12,13,14,15,16,17,18,19,20].



It is worth noting that the assumed battery lifetimes specified in these studies are not fixed but assumed with different values. Additionally, the cycling of the battery in PV hybrid systems is not considered, despite its significant impact on the service lifetime of the batteries, which is not explicitly addressed. Furthermore, the operational or cycling aspects of the battery, which can affect its lifespan, are not considered in these analyses. Therefore, this research emphasizes the critical importance of considering the battery service lifetime for a comprehensive and accurate economic evaluation of PV hybrid systems.




1.3. Research Contributions


The major contributions of the paper can be summarized as follows: Firstly, the research investigates the impact of battery lifetime assumptions on the economic analysis and sizing methodology, providing valuable insights into their significance. Secondly, the paper explores the influence of battery size on battery cycling and service lifetime. Thirdly, the paper introduces a method for sizing PV hybrid systems based on battery service lifetime. It highlights the significance of incorporating battery service lifetime in system sizing and economic analysis. Lastly, the research includes the design requirements of a PV battery diesel system, encompassing system components, models, and practical considerations such as selecting the right PV modules and system DC voltage. These contributions collectively enhance our understanding of hybrid PV systems, battery service lifetime, and the implications of different battery lifetime assumptions on system sizing and economic analysis.




1.4. Paper Outline


The remainder of this paper is structured as follows: Section 2 details the research methodology, Section 3 focuses on system component models, Section 4 discusses economic factors and considerations of lifetime components. Section 5 addresses a case study description and the sizing of system components. In Section 6, simulation results are presented and discussed. Finally, Section 7 presents the conclusions and outlines future work.





2. Methodology


The methodology comprised several key steps, as illustrated in Figure 1, providing a comprehensive summary of its sequential steps and processes. First, a comprehensive model of the PV–diesel–battery hybrid system was developed, integrating PV panels, a battery unit, and a diesel generator. Second, essential parameters essential for simulating the hybrid system were gathered, including solar radiation data, load profiles, and model-specific parameters, facilitated through HOMER Pro version 3.14.2 software. Subsequently, hourly simulation results over a year were obtained, encompassing variables such as PV output power, battery SOC, battery energy throughput, and battery cycling information. Further steps involved estimating the battery lifetime using the concept of throughput lifetime, accounting for battery cycles and DOD. An economic analysis was then conducted considering three battery systems (300 Ah, 800 Ah, 1000 Ah) with assumed lifespans of 5, 10, and 20 years, respectively. The aim was to identify the most optimal solution among these systems based on the economic evaluation. Moreover, an additional economic analysis was performed, this time considering the service lifetime of the three battery systems. Results obtained from this analysis were compared with those from the previous step, aiming to determine the most cost-effective solution for the PV–diesel–battery hybrid system.




3. Mathematical Modeling of System Components


In this section, mathematical modeling of the system component is presented as the purpose of system simulation, namely to check the cycling of the battery system and to estimate battery replacement cost considering the variation of PV output and the load. It is performed using mathematical models of PV array, and batteries. The input data are hourly data of solar radiation, ambient temperature and daily load curve. A brief description of such mathematical models is represented in the following subsections.



3.1. PV Output Power Estimation


PV output power estimation: DC Power generated from PV system is mainly dependent on different factors including PV peak power at standard test condition (STC), solar radiation and ambient temperature. This simple model is represented in Equation (1) [21].


   P  PV-out   =  P  PV-peak   ×  (   G   G  ref      )  × [ 1 +  K   T       (   T c  −  T  ref    )  ]  



(1)




where PPV-out is the output power of the PV array, PPV-peak is the power of the PV array at STC, G is solar radiation in W/m2, Gref is solar radiation at STC amounting to 1000 W/m2, and KT is the temperature coefficient of mono and poly-crystalline Si cells amounting to   (  K T  = − 3.7 ×   10   − 3    (  1 / ° C  )  )  . Tref is the reference temperature at STC amounting to 25 °C, and TC represents the cell temperature.



The cell temperature can be calculated using (2) [22], a widely adopted empirical formula in numerous research papers. It assists in estimating the PV cell temperature by considering ambient temperature and solar radiation.


   T C  =  T  amb   +  (  0.0256 × G  )   



(2)




where Tamb is the ambient temperature.




3.2. Diesel Generator Output Power


The diesel generator plays a crucial role when the PV system and battery are unable to meet the load demand, typically occurring when the PV output power is lower than the load power and the DOD of the batteries reaches its maximum value. In such situations, the diesel generator starts operating to fulfill the load demand and simultaneously charge the battery system. This strategy ensures power supply continuity, particularly on days with low solar radiation. Charging the battery from the diesel generator allows it to operate closer to its rated power, thereby improving generator efficiency. Additionally, the generator remains active until it charges the battery up to a specified set point, reducing the number of startups and minimizing associated startup costs. This approach is commonly referred to as the cycling charging strategy, which is discussed in [23,24].




3.3. Battery System Models


Batteries are crucial for environmental sustainability in electric cars and renewable energy systems [25,26]. Lead–acid batteries, known for their reliability and cost-effectiveness, contrast with the growing popularity of lithium-ion batteries [27], offering higher energy density and durability and thus impacting PV system efficiency based on cost, performance, and unique needs. The battery system in a PV hybrid system serves the purpose of harnessing solar energy by storing the excess power generated from the PV system. This stored energy is then utilized during periods when sunlight is not available, such as at night. Additionally, the battery system plays a crucial role in stabilizing the overall system. It charges when the PV power generated is greater than the load power, ensuring that excess power is stored. Conversely, it discharges when the PV power is insufficient to meet the load power, providing the necessary energy to supplement the deficit. The charging and discharging modes of the battery system can be described by Equations (3)–(6).


   E  charge    ( t )  = [  (   P  pv    ( t )  −  (   P L   ( t )  /  η  inv    )   ]  × Δ t  



(3)






   E b   (  t + Δ t  )  =  E b   ( t )  +  (   E  charge    ( t )  ×  η  ch    )   



(4)






   E  discharge    ( t )  =  [   (   P L   ( t )  /  η  inv    )  − Ppv  ( t )   ]  × Δ t  



(5)






   E b   (  t + Δ t  )  =  E b   ( t )  −  (   E  discharge    ( t )  ×  η  disch    )   



(6)




where PPV represents the PV output power, PL signifies the load power, ηinv denotes the inverter efficiency, Eb signifies the battery energy, Echarge indicates the energy intended for charging the battery, E-discharge represents the energy required to discharge from the battery, ηch refers to the charging efficiency, ηdisch signifies the discharging efficiency, Eb denotes the energy of the battery at time t, and ∆t designates the simulation step duration of one hour.



The charging and discharging efficiencies are distinct measures that represent the effectiveness of energy conversion within a battery. Charging efficiency quantifies how efficiently the battery can accept and store energy during the charging process. Discharging efficiency, on the other hand, refers to the efficiency of converting stored energy within the battery into usable electrical energy during the discharge process [22]. The battery energy contents can be with range from Eb−min to Eb−max as in (7)–(9). The battery SOC indicates the level of energy stored within the battery in relation to its rated energy as shown in (10). The battery DOD signifies the proportion of a battery’s total capacity that has been utilized, calculated as shown in (11).


   E  b-min   =   DOD   max   ×  E  B , rated    



(7)






   E  b-max   =  E  B , rated    



(8)






   E  b-min     ≤  E b   ( t )  ≤  E  b-max    



(9)






  SOC  ( t )  =  [   E B   ( t )  /  E  B , rated    ]   



(10)






  DOD  ( t )  = 1 − SOC  ( t )   



(11)




where Eb-min is the minimum energy recommended to be kept in the battery. Eb-max is the maximum energy that can be stored in a battery.





4. Economic Factors and Lifetime Components


In PV–diesel–battery systems, costs significantly influence component sizing. These costs fall into two categories: investment (initial setup of PV panels, diesel generator, and batteries) and operational (ongoing expenses such as fuel, maintenance). Moreover, the replacement of battery system. Balancing these costs ensures an efficiently performing, cost-effective system throughout its lifespan.



4.1. PV Panel Cost and Lifetime


The cost of PV panels depends on technology, quality of materials used, and how they are made. Still, advancements in technology, better manufacturing processes, and scale have significantly reduced PV panel costs. The lifespan of these panels, their durability, and performance are often backed by warranties of up to 20 years. PV panel costs are commonly measured as USD per kilowatt peak (USD/kWp), simplifying comparisons based on their power output.




4.2. Diesel Generator Costs and Lifetime


The costs associated with a diesel generator include initial cost and running costs, which include installation costs and fuel costs. Initial costs include the initial investment required to purchase the generator equipment. The running costs include the fuel cost of a diesel generator and can be calculated by first determining the power delivered by the generator. The fuel consumption can be estimated using the fuel power curve specific to the generator model. The fuel power curve provides information on the fuel consumption rate at different power levels as in (12) [28]. The lifetime of a diesel generator can be estimated by counting the operating running hours overall the project lifespan.


  F  ( t )  =  F 0  +  F 1  ×  P  gen    ( t )   



(12)




where F0 Fuel curve intercept, F1 Fuel curve slope, and Pgen generator output power.




4.3. Battery System Cost and Lifetime


The battery system is a significant cost component in PV–diesel hybrid systems, requiring substantial investment and undergoing multiple replacement periods. In many cases, the battery lifetime is assumed to be fixed within a range of 5 to 20 years; however, in reality, this assumption is insufficient as the actual lifetime of the battery depends on its cycle life. Figure 2 illustrates the relationship between the DOD and the number of cycles for a solar lead–acid battery [29]. For example, if the battery’s DOD is set at 50%, it is projected to provide approximately 3000 cycles before reaching the end of its usable life. It is evident from the figure that as the DOD increases, the number of cycles decreases. This observation highlights the inverse correlation between DOD and the cycle life of the battery, indicating that higher levels of DOD lead to a reduced number of cycles before performance degradation occurs.



There are many approaches used to estimate the lifespan of a battery. Some of these approaches are classified as complex, requiring a lot of details and computations, while others can be simple. However, both methods lead to the conclusion that there is no contradiction in the result of this research, which emphasizes the significance of considering the battery service lifetime linked to battery cycling, as more cycling will lead to a shorter lifetime. Therefore, it is important to consider service lifetime rather than its assumed lifetime. To estimate the battery service lifetime more straightforwardly the concept of throughput lifetime is employed as in (13)– (15) [30]. The throughput concept accounts for battery cycling and it quantifies the total energy that the battery can deliver over its operational lifetime.


   Service   lifetime     (  years  )  = (  E  th ,  rated      /  E  th , ann   )  



(13)




where Eth,rated is the rated energy throughput in kWh and Eth,ann is the annual energy delivered by the battery (kWh/year).



The rated energy throughput can be calculated by using (14), which is influenced by the DOD, the rated energy of the battery, and the number of cycles until failure.


   E  th , rated   = DOD ×  E  B , rated   × Cycles  



(14)







The annual energy delivered from the battery can be calculated by (15).


   E  th , ann   =  (   E  B , charge   +  E  B , discharge    )  / 2  



(15)




where EB,charge and EB,discharge are the annual charging and discharging energy determined by (3) and (5) over one year.




4.4. Economic Factors


The effectiveness and economic viability of PV diesel hybrid systems depend on careful consideration and optimization of multiple economic factors, including the net present cost (NPC), annual cost (AC), and cost of energy (COE).



4.4.1. Net Present Cost


The NPC is a crucial economic factor used to assess the lifetime costs associated with the installation, operation, and maintenance of hybrid PV–battery–diesel systems. It takes into account both the initial investment costs and the operational expenses over the system’s lifetime. In the context of a PV–diesel–battery- system, when comparing different configurations or dispatch strategies, the system with the lowest NPC will be the most economical option. This means that the system with the lowest NPC will result in the most cost-effective solution among the alternatives.



The NPC of the project at time t = 0 involves summing the present values of all project-related costs, as defined by (16) [31]. The discounting factor (DF) serves to convert future costs into present costs and can be determined using (17). the salvage value (SV) represents the expected income from selling an asset at the end of its useful life or project duration, calculated by (18) [32]. Iti is important to note that DF varies with time (t). For instance, when determining the present value of SV, t equals T.


  NPC =  I 0  +   ∑   t = 0  T   I t  × DF − SV × DF  



(16)






  DF =    (  1 +  i  100    )    − t    



(17)






  SV =  C  rep   ×    R  rem      R  comp      



(18)




where I0 is the investment cost at the beginning (t = 0), It is the cost in time period t, T is the lifetime of the project in years, and i is the discount rate. The parameters Crep, Rrem, and Rcomp contained within Equation (18) are the component replacement cost, remaining life, and componenet lifetime, respectively.




4.4.2. Annual Cost


The annual cost (AC) can be computed using (19), which involves converting the present cost of the project into annual cost. This is achieved by multiplying the NPC by the capital recovery factor (CRF), calculated according to (20) [31].


  AC = NPC ×   CRF    (  i , N  )       



(19)






  CRF  (  i , N  )  =   i    (  1 + i  )   N    I  (  1 + I  )  − 1    



(20)








4.4.3. Cost of Energy


The cost of energy (COE) is considered as a critical economic indicator for evaluating the cost of generated energy unit (USD/kWh). It can be determined by considering the aggregate costs linked to system installation, component sizing, running expenses, and maintenance, consolidated into an annual cost. This annual cost is then divided by the energy consumed by the load, as calculated in (21) [32,33].


  COE =    CA     (  $ / year  )     E  load      (  kWh / year  )     



(21)




where Eload is the annual electrical energy consumed by the load.






5. Case Study


This section presents a case study to follow the steps mentioned in the previous sections to design the PV–diesel hybrid system to provide electricity to a rural community for 24 h.



5.1. Daily Load Curve


The system of hybrid system will be designed to supply the daily load of 24 kWh/day. With maximum power at 2.4 kW and minimum power 0.4 kW as illustrated in Figure 3.




5.2. System Configuration


The PV hybrid battery diesel configuration involves two separate buses: the AC bus and the DC bus, as shown in Figure 4. The DC bus houses the PV panels and the battery system. Arrows in Figure 4 indicate unidirectional and bidirectional power flow from each hybrid system component. For instance, the power flow is unidirectional out from PV and diesel generator, while it is bidirectional for the battery and converter.



The PV panels supply energy to the DC bus, while the battery delivers energy during discharge and absorbs energy during charging. On the other hand, the AC bus comprises the AC load and the AC generator. The AC generator is utilized to provide power to the AC bus in two scenarios: either to meet the power demands of the AC load or to charge the battery when there is an excess of power available. This is why the power converter is bidirectional, enabling bidirectional power flow as required.




5.3. Solar Energy Potential


The solar radiation hourly data is for a location with latitude 32 deg and longitude 35 deg. The solar energy levels are depicted in Figure 5. The average daily solar energy ranges between 2.7 and 8 kWh/m2-day with annual average amounts of 5.4 kWh/m2-day. The clearness index is lower during the winter months (November to February) and higher in other months.




5.4. PV Generator Sizing


The PV rated power is determined by calculating the daily energy requirement, incorporating the peak sunshine hours as specified in (22) [31]. The calculated rated power is intended to meet the demand for a 24 h period, with the battery serving as a source of power during the night and periods of low solar radiation. In months with higher solar radiation exceeding 5.4 kWh/m2-day, the PV system will generate a surplus of maximum power. Conversely, during periods of lower solar radiation, the system will generate less power, potentially leading to increased reliance on the battery system and diesel generator. Understanding these variations in power generation is crucial for the effective utilization of the battery system and diesel generator.


   P  PV-peak   = [  E d  /  (  PSH ×  η  inv    )  ]    



(22)




where Ed represents the daily energy demand, PSH denotes the peak sunshine hours, and ηinv refers to the inverter efficiency.



By substituting Ed =24 kWh/day, PSH = 5.4 h/day, ηinv = 95%,


   P  PV-peak   = 24000 /    (  5.4 × 0.95  )      = 4678   W a t t    











To enhance safety measures and comply with industry norms, the PV system will incorporate PV modules with a peak power of 340 Wp each. A total of 14 modules will be utilized, resulting in a combined rated power of 4760 watts. The PV modules can be either poly or mono crystalline and are designed with 72 cells connected in series, resulting in a nominal voltage of 24 volts. In this specific configuration, the PV generator will be structured with 7 parallel strings, where each string comprises two PV modules connected in series. This connection is chosen to achieve a DC bus voltage of 48 V, ensuring that the DC current remains within an appropriate range for efficient operation.




5.5. Genset and Power Converter Sizing


The generator sizing and converter selection to meet the peak demand of the load, a generator with a capacity of 3 kVA is chosen. This generator rated power is sufficient to handle the peak load demand may experience.



The converter is selected to have a rated power of 4 kW. While the average load demand may be lower, there can be occasional power surges or spikes in demand that require a higher power capacity from the converter. By choosing a converter with a higher rated power, the system can accommodate these temporary load fluctuations without compromising its performance or stability.




5.6. Battery Sizing


The battery sizing for the PV–diesel–battery system is determined through simulation to find the optimal size that results in the lowest cost of energy. To maintain the proper DC voltage range, a DC voltage of 48 V is chosen, leading to the selection of 2 V batteries. Consequently, each string will require 24 batteries (48 V/2 V = 24 batteries).



The amper-hour (Ah) capacity of the batteries is also determined through simulation, considering three options: 300 Ah, 800 Ah, and 1000 Ah. As a result, the storage system will have capacities of 17.08 kWh, 46.08 kWh, and 57.36 kWh, respectively. These storage capacities will be discussed in detail in Section 5.




5.7. Simulation Parameters


In this study, the parameters for the hybrid PV–diesel system are as shown in Table 2.



The battery cost and maintenance cost are essential factors to consider in system design and economic analysis. The initial cost of the battery is 200 USD/kWh, representing the investment required for energy storage procurement. Furthermore, the replacement cost of the battery is also 200 USD/kWh, accounting for potential replacements during the system’s lifetime. As for maintenance, the battery incurs an annual cost equivalent to 5% of its initial cost. Based on this information, the battery costs are tabulated in Table 3.





6. Simulation Results


HOMER Pro version 3.14.2, developed by the National Renewable Energy Laboratory (NREL), serves engineers by facilitating the optimization and selection of viable solutions from technical, economic, and environmental perspectives [34]. Widely referenced in research papers [8,9,10,11,12,13,14,15,16,17,18,19,20], HOMER Pro version 3.14.2 is employed in this study to simulate a recommended hybrid system for a specific site. Additionally, Matlab is utilized for further simulations required in this research. The results of the hourly data for one year aim to justify the objectives of this research.



6.1. Impacts of Battery Sizing on Hybrid System


In this subsection, it is important to understand how the performance parameters of the PV diesel hybrid system are affected by considering different battery ratings. This is crucial for comprehending the economic analysis discussed in the next section, as it is closely connected to the operation of the hybrid system, including factors such as fuel consumption, excess electricity, and renewable fraction. As mentioned before, the PV rated capacity is calculated based on the average daily solar energy of 5.4 kWh/m2-day to meet the demand. In summer, the solar energy is high while in winter, it will be lower. Therefore, the role of the battery in the hybrid system is crucial. Since the system is designed to serve the load for 24 h, and solar energy is available only during the daytime, batteries are essential to store excess energy and cover the demand during the nights or periods with low solar radiation. This allows for full utilization of PV energy and reduces the dependency on the diesel generator, contributing to a more sustainable and efficient operation.



Table 4 illustrates that the annual generated PV energy remains constant at 8073 kWh for all three battery sizing scenarios as it is calculated based on the demand and average solar radiation. However, the energy from the diesel generator is significantly higher when using a smaller battery rated capacity. This is because the smaller battery cannot store all the excess PV energy and thus, the diesel generator is required to cover the remaining demand. Consequently, not only does this lead to increased fuel consumption by the diesel generator, but it also results in a larger amount of excess electricity that goes unused. For example, in the case of choosing a 300 Ah battery for this hybrid system, there is an excess of 2401 kWh of electricity per year, which is enough to cover the daily demand for 10 days.



It is essential to recognize that as the battery size increases, the renewable fraction also increases, indicating a higher proportion of energy coming from renewable sources (i.e., PV). Simultaneously, this increase in battery size contributes to reduced fuel consumption by the diesel generator and minimizes the amount of excess electricity, making the system more efficient and environmentally friendly.



Figure 6 presents the tabulated data from Table 4. It is crucial to observe that increasing the battery rated capacity results in a reduced reliance on the diesel generator.



Figure 7 illustrates that increasing the battery rated capacity from 300 Ah to 800 Ah leads to a substantial increase in the renewable fraction, raising it from 51.3% to 75.9%. However, when the battery capacity is further increased from 800 Ah to 1000 Ah, the impact on the renewable fraction becomes less significant, as indicated by the relatively flatter slope of the lines. It is evident that beyond 800 Ah, adding more batteries does not significantly affect the operating parameters of the system.




6.2. Battery Cycling Evaluation


The charge and discharge energy in the battery storage varies depending on the load and solar energy availability, both of which are subject to fluctuations. These variations directly impact the battery cycling, as it determines how much energy is processed relative to the battery’s capacity. Choosing a small capacity battery may lead to frequent cycles, potentially reducing the overall cycle life of the battery. Conversely, opting for a larger capacity battery would result in less frequent cycling, ultimately extending the cycle life.



In this research, the battery throughput lifetime is calculated based on (14) by considering assumptions from [24] where DOD = 0.8 and cycles of 1600. The annual throughput is determined based on the energy input and output from the battery. It can be calculated by summing the hourly energy values for the entire year, and the average can be obtained using (15). The battery service lifetime can be determined using (13).



The results in Table 5 demonstrate that as the battery capacity increases, the cycle life also increases. It is worth noting that in Figure 8, the sum of charge and discharge power for a battery storage with a capacity of 300 Ah amounts to 8906 kWh/year, while for a capacity of 800 Ah, it amounts to 10762 kWh/year. However, it is essential to emphasize that the significant difference lies in the throughput lifetime, which amounts to 20496 kWh for 300 Ah and 55296 kWh for 800 Ah, respectively. This considerable difference directly affects the cycle life, making the 300 Ah battery have a shorter cycle life compared to the 800 Ah battery, as illustrated in Table 5.



In order to show how battery size affects its cycling, I looked at the average highs and lows of daily battery SOC. Figure 9, Figure 10 and Figure 11 illustrate the possible SOC variation range from 20% to 100%. The colored region represents the simulated SOC variation based on the simulation results. Figure 8 focuses on a 300 Ah battery, revealing that it undergoes frequent and major charge–discharge cycles, hitting about 90% charge and dropping to around 25% often.



Moving to Figure 10 of 800 Ah battery shows a more moderate cycling pattern. Here, the SOC swings from roughly 80% to 40%, suggesting a more balanced and less intense usage compared to the smaller 300 Ah battery.



Similarly, Figure 11 shows the results for battery of 1000 Ah, it demonstrates an even more stable cycling pattern. The average maximum SOC reaches approximately less 70%, while the average minimum SOC is around 40%. This indicates that the 1000 Ah battery undergoes less cycling compared to both the 300 Ah and 800 Ah batteries.




6.3. Economic Analysis Considering Assumed Battery Lifetime


In order to determine the optimal size for the battery system, it is crucial to conduct an economic analysis that takes into account various cost factors. The goal is to find the battery size that results in the most cost-effective and efficient performance over the system’s lifetime. Indeed, many research papers in the field of hybrid PV–diesel systems have traditionally assumed a fixed battery lifetime without thoroughly investigating its impact on sizing the optimal battery capacity. These assumed battery lifetimes typically range from 5 to 20 years, and their use as a constant parameter can lead to limitations and inaccuracies in the system design and economic analysis.



The economic analysis conducted in this research reveals a significant dependency between the optimal battery capacity and the assumed battery lifetime. As demonstrated in Table 6 and Figure 12, the selection of a specific assumed battery lifetime directly impacts the optimal rated capacity that results in the lowest cost for the hybrid PV–diesel system. For instance, when assuming a battery lifetime of 5 years, the economic analysis shows that the optimal rated capacity for the battery is 300 Ah. On the other hand, when assuming longer battery lifetimes of 10 and 20 years, the economic analysis indicates that the optimal rated capacity shifts to 800 Ah.



The annual cost of the PV diesel hybrid system as illustrated in Table 7 and Figure 13 also confirms the same conclusion as extracted from NPC. The lowest annual cost is observed in the scenario where the assumed battery lifetime is 5 years, and the battery capacity is 300 Ah. However, the results differ in cases where higher lifetimes of 10 or 20 years are assumed, as the optimal rated size of the battery system is then 800 Ah. This highlights the significant impact of assumed battery lifetime on the optimal sizing of the battery system and its associated costs in the economic analysis.



In the case of a 5-year assumed battery lifetime, the most economical rated capacity is 300 Ah. Figure 14 illustrates the breakdown of annual cost in system components. The PV and converter costs remain the same for both scenarios. However, the 300 Ah battery requires lower investment cost compared to the 800 Ah battery. While the genset cost for the 300 Ah scenario is higher than the 800 Ah scenario, the overall battery investment cost is still less for the 300 Ah option, making it the more economical choice.



For the case of an assumed lifetime of 10 years, the rated battery that minimizes the annual cost is 800 Ah as shown in Figure 15. In the case of 300 Ah, the diesel fuel cost is higher when compared to the 800 Ah scenario. However, the diesel fuel cost for 800 Ah and 1000 Ah is very close. The main factor that makes the 800 Ah option more economical is its lower investment cost, as shown in Figure 15. Although the diesel fuel cost is similar between 800 Ah and 1000 Ah, the higher investment cost associated with the 1000 Ah battery makes it less cost-effective in the long run, and thus the 800 Ah battery remains the optimal choice in this scenario.



Figure 16 illustrates the results for the assumed battery lifetime of 20 years, and it shows that the optimal battery capacity that minimizes the annual cost is 800 Ah. Similar to the case of 10 years, the 800 Ah battery remains the most cost-effective option. Despite the longer assumed lifetime of 20 years, the 800 Ah battery still proves to be the most economical choice due to its lower investment cost and competitive diesel fuel cost. Indeed, it is essential to highlight that the assumed battery lifetime has a significant impact on the determination of the optimal battery sizing in hybrid PV–diesel systems. As demonstrated in this study, different assumed battery lifetimes, such as 5, 10, or 20 years, can lead to varying optimal battery capacities. Therefore, it is crucial for researchers, engineers, and system designers to carefully consider the chosen battery lifetime assumption during the design phase to achieve the most cost-effective and efficient system configuration.




6.4. Economic Analysis Considering Battery Service Lifetime


By assuming fixed battery lifetime, researchers may overlook important factors that can significantly influence the sizing and performance of the battery system. The actual battery operation, including charge and discharge cycles, DOD, and load variations, can all affect the actual lifetime of the battery, which may differ from the assumed value. Ignoring these factors can lead to suboptimal sizing decisions and potentially higher costs in the long run. To address these limitations and enhance the accuracy of hybrid PV–diesel system design and economic analysis, this section is to show the importance of conducting the economic analysis considering the battery cycle lifetime.



From Table 5, the service lifetime for battery capacities of 300 Ah, 800 Ah, and 1000 Ah are calculated to be 4.9 years, 10.96 years, and 13.64 years, respectively. The economic analysis conducted based on these service lifetimes clearly demonstrates that the optimal battery size is 800 Ah, which exhibits the most feasible economic alternative if assuming these batteries with same technology and type the calendar lifetime assumed with 20 years. Therefore, the service lifetime is less than the calendar lifetime in all cases; thus, the service lifetime should be considered in economic analysis. The results of the economic analysis in Table 8 reveal that the COE is the lowest when considering the 800 Ah battery, with a value of 0.312 USD/kWh. Additionally, the annual cost for the 800 Ah battery stands at 2736 USD/year, and NPC amounts to USD 37450.



Figure 17 presents the cost breakdown of hybrid system components. It is important to highlight that the costs of PV and converter components remain constant throughout the comparison. However, when comparing different battery capacities, the 800 Ah battery emerges as the most economical choice due to specific factors. In the case of comparing the 800 Ah battery to the 300 Ah battery, the 800 Ah battery exhibits lower annual cost. This is primarily because the diesel fuel cost is less for the 800 Ah battery, leading to overall cost savings. Moreover, the battery investment cost for the 800 Ah option is also lower compared to the 1000 Ah battery, making it a more feasible choice. These economic metrics indicate that selecting the 800 Ah battery ensures that the hybrid PV/diesel system operates with the most feasibel battery capacity. This finding highlights the importance of accurately estimating and incorporating the service lifetime into the design and sizing process of hybrid PV/diesel battery systems. it is evident that the service lifetime of the batteries plays a crucial role in determining the optimal rated of battery system in the hybrid PV–diesel system.





7. Conclusions and Future Work


In this study, the impact of assumed battery lifespan on determining optimal rated capacity for battery storage in hybrid PV standalone systems was explored. Findings across assumed lifespans of 5, 10, and 20 years showcased distinct variations in optimal battery capacity. Specifically, a 300 Ah battery appeared cost-effective within a 5-year assumed lifespan, while the 800 Ah battery emerged as the superior choice for 10- and 20-year lifespans. These decisions significantly influenced the economic analysis, accounting for both battery system investments and operational costs within the hybrid PV/diesel system. Thus, it is evident that the assumed battery lifespan significantly impacts the economic evaluation of PV/hybrid systems. Moreover, employing a throughput approach estimated service lifetimes for battery capacities of 300 Ah, 800 Ah, and 1000 Ah, at approximately 4.9 years, 10.96 years, and 13.64 years, respectively. This highlights the relationship between battery rated capacity and cycling effects on battery service lifespans. Notably, the 300 Ah battery exhibited a shorter service life, indicating limitations in relying solely on assumed lifespans. Factoring in the actual service lifetime in the economic analysis identified the 800 Ah battery as optimal. This is contrary to the suggestion that a 300 Ah optimal size with assumed 5-year battery lifespan might propose, highlighting the importance of considering the service lifetime in storage analysis within PV diesel hybrid systems. In future research, exploring alternative methods to estimate battery service lifetime based on diverse battery cycling algorithms could prove beneficial, allowing for a comparative assessment of various approaches.
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Figure 1. Block diagram of methodology used. 
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Figure 2. Service life in cycles and DOD. 
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Figure 3. Typical daily load curve. 
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Figure 4. Hybrid system configuration. 
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Figure 5. The solar energy and clearness index. 
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Figure 6. Hybrid system performance parameters. 
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Figure 7. Renewable fraction and excess energy. 
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Figure 8. Annual battery charge/discharge energy. 
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Figure 9. Variation range of battery SOC (300 Ah). 
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Figure 10. Variation range of battery SOC (800 Ah). 
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Figure 11. Variation range of battery SOC (1000 Ah). 
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Figure 12. NPC of hybrid PV system with different battery capacity and lifetime. 
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Figure 13. Annual costs of hybrid PV system with different battery capacity and lifetime. 
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Figure 14. Annual costs for the hybrid system components (assuming 5-year battery lifetime). 
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Figure 15. Annual costs for the hybrid system components (assuming 10-year battery lifetime). 
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Figure 16. Annual costs for the hybrid system components (assuming 20-year battery lifetime). 
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Figure 17. Annual costs for the hybrid system components (considering battery service lifetime). 
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Table 1. Literature survey summary.
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	Authors
	Research Title
	Technology
	Lifetime

(Years)





	Mahesh et al. [8]
	Optimal sizing of PV/wind/battery hybrid renewable energy system including electric vehicles using improved search space reduction algorithm.
	Lead acid
	10



	Al Afif et al. [9]
	Feasibility and optimal sizing analysis of hybrid renewable energy systems: A case study of Al-Karak, Jordan.
	Lead acid
	20



	Halabi et al. [10]
	Performance analysis of hybrid PV/diesel/battery system using HOMER: A case study Sabah, Malaysia.
	Lead acid
	7



	Khan et al. [11]
	Techno-economic and feasibility assessment of standalone solar Photovoltaic/Wind hybrid energy system for various storage techniques and different rural locations in India.
	Lead acid
	5



	Wassie et al. [12]
	Performance and reliability analysis of an off-grid PV mini-grid system in rural tropical Africa: A case study in southern Ethiopia.
	lithium-ion
	10



	Abd El-Sattar et al. [13]
	An effective optimization strategy for design of standalone hybrid renewable energy systems.
	Lead acid
	25



	Wali et al. [14]
	Techno-economic assessment of a hybrid renewable energy storage system for rural community towards achieving sustainable development goals.
	Lead acid
	15



	Le TS et al. [15]
	Optimal sizing of renewable energy storage: A techno-economic analysis of hydrogen, battery and hybrid systems considering degradation and seasonal storage. Applied Energy.
	Lead acid
	12



	Kerboua et al. [16]
	Development of technical economic analysis for optimal sizing of a hybrid power system: A case study of an industrial site in Tlemcen, Algeria.
	Lead acid
	6



	Channi et al. [17]
	Optimal designing of PV–diesel generator-based system using HOMER software.
	Lithium ion
	15



	Agyekum et al. [18]
	Feasibility study and economic analysis of stand-alone hybrid energy system for southern Ghana.
	Lead acid
	20



	Salameh et al. [19]
	Techno-economical optimization of an integrated stand-alone hybrid solar PV tracking and diesel generator power system in Khorfakkan, United Arab Emirates.
	Lead acid
	10



	Khan et al. [20]
	Modelling and techno-economic analysis of standalone SPV/Wind hybrid renewable energy system with lead–acid battery technology for rural applications.
	Lead acid
	5










 





Table 2. Simulation parameters.
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	Parameter
	Value
	Unit





	Energy demand
	24
	kWh/day



	PV rated power
	4.76
	kWp



	PV initial cost
	800
	USD/kWp



	PV replacement cost
	700
	USD/kWp



	PV life time
	20
	Years



	Converter cost
	300
	USD/kW



	Converter efficiency
	95
	%



	Converter lifetime
	20
	Year



	Generator cost
	500
	USD/kW



	Generator replacement
	500
	USD/kW



	Fuel cost
	1.3
	USD/liter



	Fuel curve intercept
	0.15
	Liter/hr



	Fuel curve slope
	0.236
	Liter/hr/kW



	Project lifetime
	20
	Years



	Interest rate
	6
	%










 





Table 3. Cost of batteries with different Ah ratings (per battery).
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	Capacity (Ah)
	Initial Cost (USD)
	Replacement Cost (USD)
	Maintenance Cost (USD)





	300
	120
	120
	6



	800
	320
	320
	16



	1000
	400
	400
	20










 





Table 4. PV diesel hybrid system performance parameters.
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	Battery

Capacity
	PV Energy (kWh/y)
	DG Energy (kWh/y)
	Renewable Fraction (%)
	Fuel/Year (L/y)
	Excess Energy (kWh/y)





	300 Ah
	8073
	4266
	51.3
	1293
	2401



	800 Ah
	8073
	2115
	75.9
	622
	139



	1000 Ah
	8073
	1997
	77.2
	585
	36.1










 





Table 5. Battery cycling parameters.
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	Battery Energy (kWh)
	Throughput Life (kWh)
	Annual Throughput (kWh/year)
	Service Life (Year)





	0.712 × 24 = 17.08
	21,862.4
	4453
	4.90



	1.92 × 24 = 46.08
	58,982.4
	5381
	10.96



	2.39 × 24 = 57.36
	73,420.8
	5380
	13.64










 





Table 6. NPC of hybrid PV system with different battery capacity and lifetime.
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Battery Rated Capacity (Ah)

	
Assumed Battery Lifetime




	
(5 Years)

	
(10 Years)

	
(20 Years)






	
300 Ah

	
USD 46,169

	
USD 42,176

	
USD 40,216




	
800 Ah

	
USD 48,912

	
USD 38,263

	
USD 33,036




	
1000 Ah

	
USD 56,158

	
USD 42,847

	
USD 36,312











 





Table 7. Annual cost of hybrid PV system with different battery capacity and lifetime.
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	Battery Rated Capacity (Ah)
	5 Years
	10 Years
	20 Years





	300 Ah
	USD 3374
	USD 3082
	USD 2939



	800 Ah
	USD 3574
	USD 2796
	USD 2414



	1000 Ah
	USD 4104
	USD 3131
	USD 2653










 





Table 8. Economic factors of hybrid system based on battery service lifetime.
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	Battery Capacity (Ah)
	COE (USD/kWh)
	Annual Cost (USD/year)
	NPC (USD)





	300 Ah
	0.387
	3386.29
	46,342



	800 Ah
	0.312
	2736.56
	37,450



	1000 Ah
	0.33
	2895.04
	39,619
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