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Abstract


Photovoltaic (PV) module enhancers—such as coolers or reflectors—are developed to improve the electrical output and thermal management of PV systems. A previous method evaluated enhancer effectiveness based solely on the lifespan of both the PV module and the enhancer. However, this approach did not account for the net power contribution of the enhancer, limiting its applicability in performance comparisons. To address this gap, a new metric is introduced, the lifespan and power effectiveness factor (    F   L S P E    ), which incorporates both power and durability dimensions. The proposed method requires five parameters: the lifespan of the PV module (    P V   L S    ) and the enhancer (    P V C   L S    ), the net power from the enhancer (    P   P V C    ), the baseline PV power without enhancement (    P   P V    ), and the maximum PV power under standard test conditions (    P   P V , m a x    ). Experimental data from prior studies were used to validate the method. The results show that the     F   L S P E     values for different enhancers ranged from 0.22 (22%) to 0.37 (37%). Maximum or minimum performance occurs when the     F   L S P E     value is either unity or equivalent to the ratio of the PV’s power output (PV without an enhancer) to its maximum power under standard test conditions (       P   P V       P   P V , m a x       ), respectively. The proposed method not only offers improved clarity in evaluating PV enhancer technologies but also provides a robust framework for selecting durable and power-efficient PV cooling solutions.
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1. Introduction


The sun has been the primary source of energy for centuries, playing a crucial role in various aspects of life. Historically, people have relied on solar energy for warmth and for drying food items such as fruits, grains, and meat. Over time, advancements in science have led to the development of technologies that harness solar energy for heating and electricity generation [1]. One such technology is the photovoltaic (PV) module, which directly converts sunlight into electrical power [2]. The share of solar PV electricity generation is increasing every year, as illustrated in Figure 1 [3]. This growth has motivated researchers to explore ways to enhance PV efficiency, such as integrating cooling systems or reflectors. The choice of an appropriate enhancement method depends largely on environmental conditions. In regions experiencing high solar radiation and elevated ambient temperatures, cooling mechanisms are preferred to reduce PV module temperature, as fluid movement aids in heat dissipation from the PV surface [4]. Consequently, this improves PV performance [5]. Various cooling techniques exist, including passive and active cooling, as well as natural and forced convection systems that utilize liquids, air, or phase change materials. In recent years, extensive research has been conducted on PV cooling technologies (see Table 1).



In contrast, reflectors are more suitable for regions with lower solar radiation and ambient temperatures. Initially introduced in 1958, reflectors were designed to expand the area of incident solar radiation, thereby improving PV efficiency [19]. Experimental studies have examined the impact of reflector parameters on the PV output power [20], revealing an enhancement of up to 60%. A PV system equipped with an aluminum sheet reflector demonstrated a 15% increase in the output power [21]. The performance of a PV module with a V-trough concentrator was assessed both numerically and experimentally in outdoor conditions, showing a maximum power improvement of 31.20% [22]. Another outdoor experimental study on a PV system with a V-trough concentrator recorded a 48% rise in the output power [23]. Additionally, an experimental and economic analysis of a PV module integrating both a cooler and a reflector indicated a 10.68% efficiency gain, with a payback period of 4.2 years [24]. A numerical study explored the effects of tilt angles on the efficiency of a PV module using an aluminum sheet reflector [25]. The findings demonstrated that increasing the tilt angle enhances performance, with an optimal tilt of 75° yielding a peak efficiency of 19%. A novel PV system featuring a curved reflector was introduced, resulting in a spatial solar power increase of 61% [26]. A combination of theoretical and experimental research on a PV system with a flat reflector and cooling mechanism showed an efficiency improvement of 36% [27]. Furthermore, a three-dimensional model incorporating a stainless-steel reflector was developed, leading to a PV efficiency boost of 34.16% [28]. Typically, PV enhancers are constructed from materials such as stainless steel, aluminum, or copper, which offer high thermal conductivity for better heat dissipation. However, their lifespan may vary depending on environmental conditions.



A prior study [1] examined the relationship between the lifespan of both PV modules and their respective enhancers, introducing the lifespan effectiveness factor,     F   L S E    , as shown in Equation (1). This factor simplifies the comparison of different PV enhancer types based on their operational lifespan. It is defined as follows:


    F   L S E   =      P V C   L S       P V   L S      ,  



(1)




where     P V C   L S     and     P V   L S     represent the lifespan of the PV enhancer and the PV module in years, respectively.



However, Equation (1) does not account for the power parameter of PV modules when paired with enhancers, which complicates performance comparisons when this factor is considered. This limitation of the existing approach can be illustrated with an example.



Suppose three different PV coolers—Type A, Type B, and Type C—are evaluated using the same PV module with a lifespan of 15 years under identical operating conditions, including solar irradiance, ambient temperature, and wind velocity. The lifespan of these coolers is assumed to be 7, 15, and 23 years, respectively. Based on Equation (1), all three coolers are deemed lifespan-effective, with Type B and Type C being superior to Type A in terms of longevity.



However, if the power of these coolers is also considered, the evaluation changes. Assuming the power outputs are 12 W for Type A, 5.6 W for Type B, and 4 W for Type C (as presented in Table 2), the comparison becomes more complex and requires a more comprehensive evaluation metric.



Determining which PV cooler type is the most effective in terms of both the lifespan and power remains a challenge. The existing method does not provide clear answers to this critical challenge, making it difficult to accurately assess the overall performance of each PV cooler. Consequently, comparing different PV cooler types in a meaningful way becomes problematic. This limitation may hinder informed decision-making regarding the optimal design choice for PV cooling applications.



To address this issue, a new approach is required—one that considers both the lifespan and power of PV coolers simultaneously. By overcoming the constraints of the existing method, a more comprehensive evaluation framework can be developed, facilitating better comparisons and enabling improved design decisions for PV cooling technologies.



Hence, the aims of this study are as follows:




	
This study introduces a novel method that links the lifespan and power of both PV modules and their coolers to improve the accuracy of PV enhancer performance evaluations.



	
Validation of the method was conducted using data from prior experimental studies, demonstrating its applicability in real-world scenarios.



	
The proposed method is expected to benefit researchers, manufacturers, and designers working in PV enhancement technologies.








This paper is structured into four sections. Section 1 presents an introduction covering PV enhancer types, previous studies, and the motivation behind this research. Section 2 details the proposed method, highlighting its importance in assessing PV enhancer performance, along with the research methodology. Section 3 discusses the results, while Section 4 provides the concluding remarks of this study.




2. Methodology


Figure 2 illustrates a structured flowchart that encapsulates the key methodological steps undertaken in this research. This study begins with a comprehensive literature review focused on existing evaluation methods for photovoltaic (PV) enhancers. This initial step aims to identify current practices, highlight methodological shortcomings, and uncover potential areas for improvement. By critically examining the limitations and inconsistencies in the existing frameworks, the foundation is laid for the development of a more holistic and reliable assessment approach.



Building upon the insights gained from the literature, the next phase involves the formulation of a novel assessment method. This newly proposed method distinguishes itself by integrating two essential performance indicators: the lifespan and power output. The incorporation of both parameters ensures a more balanced and realistic evaluation of PV enhancers, addressing the trade-offs between durability and energy efficiency that are often overlooked in conventional methods.



Subsequently, the methodology includes a sensitivity analysis to investigate the influence of key operational and environmental parameters on the outcomes of the proposed evaluation method. This analytical step is crucial for understanding how variations in these parameters may affect the reliability and generalizability of the results, thereby providing deeper insights into the robustness of the approach.



The final stage of the methodology involves the application and validation of the proposed assessment framework across a diverse set of PV enhancer technologies. This testing phase serves to evaluate the method’s practical applicability and consistency under different scenarios, confirming its effectiveness as a tool for comparative analysis.



The flowchart in Figure 2 not only summarizes these sequential research activities but also highlights the logical progression from theoretical groundwork to empirical validation, reinforcing the systematic nature of this study’s methodological design.



2.1. The New PV Enhancer Lifespan and Power Effectiveness Factor,     F   L S P E    


The effectiveness factor for PV enhancer lifespan and power,     F   L S P E    , is determined by the ratio of two key components. The first component is the product of the enhancer’s lifespan and the net power gain achieved by integrating the enhancer with the PV module. The second component consists of the product of the PV module’s lifespan and the power output from the PV without an enhancer. This combined ratio is then divided by the product of the PV’s lifespan and its maximum power under standard test conditions (STCs). The equation is expressed as follows:


    F   L S P E   =        P V C   L S   ×   P   P V C     +     P V   L S   ×   P   P V       (   P V   L S   ×   P   P V , m a x     )    ,  



(2)







Here,     P V C   L S     and     P V   L S     denote the lifespan of the enhancer and the PV module, respectively. The net power gain resulting from the integration of the enhancer with the PV system is represented by     P   P V C    , which can be expressed as follows:


    P   P V C   =   P   P V C , t o t a l   −   P   P V ,    



(3)







    P   P V C , t o t a l     represents the total output power of a PV system, including the additional power contributed by the enhancer. Meanwhile,     P   P V     and     P   P V , m a x     correspond to the power generated by a PV module without an enhancer and the maximum power under standard test conditions (STCs), respectively. If the enhancer’s lifespan (    P V C   L S    ) exceeds that of the PV module (    P V   L S    ), its value should be adjusted to match the PV module’s lifespan (    P V C   L S   =   P V   L S    ) when applying Equation (2).



The adjustments to the lifespan of the PV cooler were made to reflect realistic operational constraints, rather than arbitrary assumptions. Specifically, the adjustment is based on the principle that the effective contribution of a PV cooler cannot exceed the functional lifespan of the PV module it is enhancing. For example, if a cooler is claimed to have a 30-year lifespan, but it is paired with a PV module rated for 25 years, only 25 years of its contribution are considered in the analysis. This adjustment ensures consistency in evaluating the integrated system’s performance over a shared operational timeline.



When the lifespan of the PV enhancer matches that of the PV module (    P V C   L S   =   P V   L S    ), Equation (3) simplifies to the following:


    F   L S P E   =      P   P V C   +   P   P V       P   P V , m a x      .  



(4)







It can be noticed that Equation (4) depends on     P   P V C    ,     P   P V    , and     P   P V , m a x    .



The value of the     F   L S P E     can be presented in terms of percentage as the following:


    F   L S P E     %   =        P V C   L S   ×   P   P V C     +     P V   L S   ×   P   P V           P V   L S   ×   P   P V , m a x        × 100 .  



(5)







The value of the     F   L S P E     lies in its ability to bridge the gap between theoretical potential and practical reality. By incorporating the power and lifespan as core variables, this metric acknowledges that the value of a PV enhancer cannot be determined solely by its initial impact but by how long that impact lasts and how it integrates with the existing PV module’s lifecycle. In doing so, it rewards enhancers that not only improve performance but do so sustainably.



One of the most profound reflections this metric enables is a paradigm shift from power-centered design to power-yield-over-time-centered evaluation. It encourages manufacturers and researchers to look beyond the “efficiency peak” and focus on energy longevity and system resilience. In contexts like Building-Integrated Photovoltaics (BIPVs), desert-based solar farms, or off-grid installations—where module replacement or enhancer failure can be costly—this metric offers a more realistic and investment-informed lens.



Furthermore, the     F   L S P E     introduces a new avenue for standardizing comparisons across very different types of enhancers. It can be used to fairly evaluate a simple passive fin against an advanced nanofluid system, by balancing their relative lifespans and power impacts. This democratizes innovation, allowing low-cost, durable solutions to compete with more sophisticated but short-lived technologies.



From a policy and industry perspective, the metric could also serve as a benchmarking tool for funding decisions, subsidies, or lifecycle analyses, especially in sustainability-driven contexts.



In summary, the     F   L S P E     is more than a performance ratio; it is a conceptual framework that embeds time, sustainability, and realism into PV enhancer evaluation. It promotes a more holistic understanding of value—one that aligns with long-term energy goals, resource efficiency, and the real-world demands of solar energy deployment.



The authors emphasize that the     F   L S P E     focuses on the combined impact of lifespan and power contribution and does not account for other critical factors such as system cost, ease of maintenance, or integration complexity.




2.2. Significance of the Value of the     F   L S P E    


Based on Equation (2) or Equation (3),     F   L S P E     values can be classified as the following:



	
If     F   L S P E   = 1   or     F   L S P E   = 100 %   in terms of percentage, the PV enhancer has reached its optimal (maximum) performance in improving the PV system.



	
If     F   L S P E   =      P   P V       P   P V , m a x       , the PV enhancer has reached its lowest effectiveness in improving the PV system.



	
The lifespan and power factor of the PV enhancers should fall in the range of between        P   P V       P   P V , m a x        and 1. In equation form,








        P   P V       P   P V , m a x      ≤   F   L S P E   ≤ 1 .   











When applying the PV cooler lifespan effectiveness factor, several conditions must be satisfied to ensure consistent and meaningful comparisons. First, the performance evaluation should be conducted under the same operating conditions, which include the irradiance, ambient temperature, air velocity, and inclination angle. These conditions provide a uniform baseline for assessing PV module behavior and enable accurate comparisons across different studies. Second, the same PV module type must be used for both the baseline system (without a cooler) and the enhanced system (with a cooler) to eliminate variations arising from differing PV characteristics. Third, the physical area of the PV coolers must be kept consistent, as discrepancies in surface area may independently affect heat dissipation and electrical output, thereby compromising the reliability of the method. A key limitation of this approach lies in its sensitivity to regional environmental conditions. Since the lifespan of PV cooling materials is influenced by factors such as temperature extremes, humidity, and UV exposure, the calculated effectiveness factor may vary significantly from one geographical region to another. Consequently, while the method provides a valuable framework for comparative analysis, its outputs must be interpreted with caution when applied across diverse climatic zones.





3. Results and Discussion


This section demonstrates the real-world applicability of the proposed method, providing evidence to support its validity. Additionally, an in-depth theoretical analysis is conducted to examine the influence of key parameters on the     F   L S P E    , including     P V C   L S    ,     P V   L S   ,       P   P V    , and     P   P V , m a x    . The findings indicate a proportional relationship between the lifespan of both the PV module (    P   P V    ) and its enhancer (    P V C   L S    ), as well as the net power gain from the enhancer, the output power of a PV without an enhancer, and the     F   L S P E    . Conversely, an inverse relationship is observed between the maximum power under standard test conditions (    P   P V , m a x    ) and the lifespan of the PV (    P V   L S    ) and the     F   L S P E    .



3.1. The Use of the     F   L S E     and     F   L S P E     in a Real-World Scenario


Table 3 illustrates the     F   L S E     and     F   L S P E     analysis for the examined PV with and without a reflector. The entries in Table 3 like the     P V C   L S    ,     P V   L S    ,     P   P V C    ,     P   P V    , and     P   P V , m a x     are taken from Ref. [33]. It is given that the     P   P V , m a x     is 525 W. The lifespans of the PV (    P V   L S    ) and reflector (    P V C   L S    ) are 25 and 10 years, respectively. The     P   P V     (PV without a reflector) and     P   P V C     (the net enhanced power from the reflector) are 110.80 and 16.16 W, respectively. Using Equations (1) and (3), the     F   L S E     and     F   L S P E     values are determined to be 0.40 and 0.22, respectively. It is found that the existing method (    F   L S E    ) cannot evaluate the performance of PV enhancers when the PV output power is considered in the analysis. On the other hand, the new method (    F   L S P E    ) can be applied when the PV output power is considered and is applicable in a real case. This could be evidence to support the applicability of the proposed method, which may have the potential to be utilized by PV enhancer researchers, designers, and/or manufacturers.



Further experimental analysis for the     F   L S P E     was performed, as shown in Table 4. The entries in Table 4 were taken from Ref. [34]. The single and double PV reflectors were compared using the     F   L S P E    . In Ref. [34], the power for a PV without an enhancer is 0.374 W. The net enhanced power values for a PV with a single and double reflector are 0.205 W and 0.218 W, respectively. The maximum PV power under STCs is 1.25 W. Using Equation (3), the     F   L S P E     values are determined to be 0.36 and 0.37 for a PV with a single and double reflector, respectively. It is found that the     F   L S P E     value for a PV with a double reflector is higher than that for the one with a single reflector. Hence, the PV with a double reflector performs better as compared to the PV with a single reflector. From the results of the present study, it was found the     F   L S P E     is applicable to different PV enhancers.




3.2. Further Analysis on the     F   L S P E    


3.2.1. The Effect of the     F   L S P E     on Different PV Enhancers


To illustrate the analysis of the     F   L S P E    , Table 5 was compiled using the example provided in the Introduction Section. The assumed lifespans for PV coolers Type A, Type B, and Type C are 7, 15, and 23 years, respectively. These coolers enhance the PV system by generating additional power of 12 W, 5.60 W, and 4 W for Type A, Type B, and Type C, respectively. Given that the PV module without a cooler has an output power of 100 W and a lifespan of 15 years, applying Equation (2) or (3) yields     F   L S P E     values of 0.88 for both Type A and Type B. Since Type C has a lifespan exceeding that of the PV module, its lifespan is adjusted to 15 years to align with the PV system, resulting in an     F   L S P E     value of 0.87. The highest     F   L S P E     value of 0.88 is observed for Type A and Type B, indicating superior performance compared to Type C in terms of the lifespan and power. Under the existing evaluation method, Type B and Type C appeared more favorable than Type A when power was excluded. This confirms that the     F   L S P E     effectively differentiates PV enhancer performance when power is incorporated into the assessment.




3.2.2. The Effect of Changing the Lifespan of the PV Enhancer on the     F   L S P E    


Consider a scenario where the lifespan of the PV coolers from Table 5 is reduced. The updated lifespans for Type A, Type B, and Type C are now 5, 6, and 15 years, respectively, while all other parameters remain unchanged, as shown in Table 6. These adjustments noticeably impact the     F   L S P E     values, which are recalculated as 0.87 for Type A, 0.85 for Type B, and 0.87 for Type C. A proportional relationship is observed between the PV cooler’s lifespan and the     F   L S P E    ; as the cooler’s lifespan decreases, its     F   L S P E     value also declines. Among the three types, the highest     F   L S P E     values (0.87) are achieved by Type A and Type C, indicating optimal performance. This analysis confirms that the lifespan of the PV cooler is a crucial factor influencing the     F   L S P E     value and, consequently, the overall effectiveness of the enhancement system.




3.2.3. The Effect of Changing the Lifespan of the PV on the     F   L S P E    


Suppose the lifespan of the PV module in Table 5 is increased from 15 to 25 years, while all other parameters remain unchanged, as shown in Table 7. Under these conditions, the recalculated     F   L S P E     values for PV coolers Type A, Type B, and Type C are 0.861, 0.861, and 0.864, respectively. Among the three, Type C demonstrates the highest effectiveness in terms of both the lifespan and power, making it the most favorable option in this scenario.



If the PV’s lifespan from Table 7 is reduced from 25 to 5 years, while keeping all other parameters unchanged (Table 8), the lifespans of Type A, Type B, and Type C must be adjusted to match the PV’s lifespan, as required by the applicability conditions of the     F   L S P E    . Under these revised conditions, the recalculated     F   L S P E     values are 0.93 for Type A, 0.88 for Type B, and 0.87 for Type C. Comparing these values with Table 7, it is evident that Type A achieves the highest performance, as its     F   L S P E     value surpasses those of Type B and Type C.



An inverse proportional relationship is observed between the PV’s lifespan and the     F   L S P E    ; as the PV’s lifespan increases, the     F   L S P E     value decreases and vice versa. Additionally, the PV’s lifespan also impacts the performance of the PV cooler. If the cooler’s lifespan exceeds that of the PV module, it must be adjusted accordingly when applying the     F   L S P E    . This analysis highlights that the PV’s lifespan is a crucial parameter, directly influencing the     F   L S P E     value and, consequently, the overall evaluation of PV enhancement systems.




3.2.4. The Effect of Changing the PV Enhancer Net Produced Power on the     F   L S P E    


If the net power output of the PV coolers in Table 9 is increased to 10 W, 15 W, and 20 W for Type A, Type B, and Type C, respectively, while keeping all other parameters unchanged, the recalculated     F   L S P E     values, based on Equation (3), are 0.87 for Type A, 0.96 for Type B, and 1 for Type C. Among these, Type C demonstrates the highest performance in terms of both the lifespan and power, making it the most effective option in this scenario.



If the net power output of the PV coolers from Table 9 is reduced to 3 W for Type A, 6 W for Type B, and 10 W for Type C, while keeping all other parameters unchanged (as shown in Table 10), the recalculated     F   L S P E     values are 0.85 for Type A and 0.88 for Type B. Since the lifespan of Type C exceeds that of the PV module, it is adjusted to match the PV’s lifespan of 15 years, resulting in an     F   L S P E     value of 0.92. Comparing these values with Table 9, it is evident that Type C achieves the highest performance. This analysis confirms a proportional relationship between the PV cooler’s net power output and the     F   L S P E    , indicating that as the net produced power increases, the     F   L S P E     value also rises. Therefore, the net power produced by the PV cooler is a crucial parameter that directly impacts the effectiveness of PV enhancement systems.




3.2.5. The Effect of Changing the Produced Power from a PV Without an Enhancer on the     F   L S P E    


If the power output from a PV module without a cooler is reduced from 100 W to 70 W, while keeping all other parameters unchanged (as shown in Table 11), the recalculated     F   L S P E     values are 0.63 for both Type A and Type B. Since the lifespan of Type C exceeds that of the PV module, it is adjusted to match the PV’s lifespan of 15 years, resulting in an     F   L S P E     value of 0.62. In this scenario, Type A and Type B demonstrate the highest performance in terms of lifespan and power effectiveness compared to Type C.



If the power output from a PV module without a cooler is increased from 70 W to 80 W, while keeping all other parameters unchanged (as shown in Table 12), the recalculated     F   L S P E     values are 0.71 for both Type A and Type B and 0.70 for Type C. Comparing these results with Table 11, it is evident that Type A and Type B achieve the highest performance in terms of lifespan and power effectiveness.



A proportional relationship is observed between the power output from a PV module without a cooler and the     F   L S P E    ; as the produced power increases, the     F   L S P E     value also rises. This indicates that the power output from a PV without a cooler is a crucial factor, directly impacting the     F   L S P E     and, consequently, the overall evaluation of PV cooler performance.




3.2.6. The Effect of Changing the Maximum Power Under PV Standard Test Conditions on the     F   L S P E    


If the maximum power under PV standard test conditions is increased from 120 W to 150 W, while keeping all other parameters unchanged (as shown in Table 13), the recalculated     F   L S P E     values are 0.70 for both Type A and Type B. Since the lifespan of Type C exceeds that of the PV module, it is adjusted to match the PV’s lifespan of 15 years, resulting in an     F   L S P E     value of 0.69. In this scenario, Type A and Type B demonstrate the highest performance in terms of lifespan and power effectiveness compared to Type C.



If the maximum power under PV standard test conditions is reduced from 150 W to 130 W, while keeping all other parameters unchanged (as shown in Table 14), the recalculated     F   L S P E     values are 0.81 for both Type A and Type B and 0.80 for Type C. Comparing these results with Table 13, it is evident that Type A and Type B achieve the highest performance in terms of lifespan and power effectiveness.



An inverse proportional relationship is observed between the maximum power under PV standard test conditions and the     F   L S P E    ; as the maximum power increases, the     F   L S P E     value decreases. This indicates that the maximum power under standard test conditions is a critical parameter, directly affecting the     F   L S P E     and, consequently, the evaluation of PV cooler performance.





3.3. Summary of the Existing and New Assessment Methods for PV Enhancers


Table 15 presents a comparison between the existing and the newly proposed assessment methods for PV enhancers. The existing method relies on     P V C   L S     and     P V   L S    , representing the lifespans of the enhancer and PV module, respectively. In contrast, the new method (    F   L S P E    ) incorporates additional key parameters, including the net power gain from the enhancer (    P   P V C    ), the output power of a PV module without an enhancer (    P   P V    ), and the maximum power under standard test conditions (    P   P V , m a x    ). The analysis highlights that the existing method overlooks the impact of power from PV modules with enhancers, making it challenging to accurately assess the performance of different PV enhancement techniques. Therefore, the new method is introduced to address this limitation, as discussed in the earlier sections.



Furthermore, traditional evaluation methods for photovoltaic enhancers have primarily focused on instantaneous electrical efficiency and thermal output, often measured under standard test conditions (STCs). For example, researchers have commonly relied on metrics such as thermal efficiency, electrical efficiency, and combined PVT efficiency to quantify performance improvements introduced by cooling techniques, reflectors, nanofluids, or hybrid configurations [6,10]. These metrics are typically computed at a specific moment or over a short operational period, thereby offering limited insight into the long-term sustainability of the enhancer’s contribution. Some extended approaches have introduced the energy yield per day, performance ratio (PR), or exergy efficiency to better reflect real-world dynamics. While these are improvements over basic efficiency metrics, they still often fail to incorporate the lifespan of the enhancer or its durability under prolonged exposure to environmental stressors. Furthermore, very few of these existing models directly integrate the relationship between the lifespan of the PV module and that of the enhancer, which is a critical factor in lifecycle and economic assessments. In contrast, the newly proposed metric (    F   L S P E    ) represents a significant advancement in performance evaluation methodology. It introduces lifespan-weighted energy performance as a core criterion, moving beyond static output measurements. Specifically, it accounts for the net power gain provided by the enhancer over its operational life while also comparing it against the total expected power output of the PV module under ideal conditions. This holistic perspective allows for direct comparability between enhancers of different types and operational durations.





4. Conclusions


This study introduces a novel method for evaluating the combined lifespan and power effectiveness of PV enhancers using five critical parameters. The proposed effectiveness factor (    F   L S P E    ) facilitates a comprehensive comparison of enhancer technologies by integrating both durability and performance contributions. The results indicate that enhancers with longer lifespans and greater net power gains yield higher     F   L S P E     values. The analysis of real-world data confirms that the method can successfully classify enhancer performance, with     F   L S P E     values ranging from 0.22 to 0.37. These findings demonstrate the method’s potential as a valuable tool for researchers and industry stakeholders to identify optimal solutions that balance efficiency and longevity. Importantly, this work underscores the need for integrated evaluation frameworks in the renewable energy sector, where maximizing the return on investment and sustaining long-term performance are essential. By enabling the more informed design and selection of PV enhancement systems, the method supports broader goals in energy efficiency, sustainability, and innovation. Nonetheless, this study makes several simplifying assumptions. The model relies on idealized maximum power conditions, excludes degradation effects over time, and uses estimated lifespan values drawn from the literature rather than empirical field data. These limitations may affect the precision of the results but provide a strong foundation for future refinement. Subsequent research should aim to incorporate degradation modeling, real-world lifespan variability, and additional system-level metrics to further strengthen this evaluation approach.
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Nomenclature




	
β

	
Fractional decrease in photovoltaic efficiency per

unit temperature increase (K−1)




	
F

	
Factor, dimensionless




	
P

	
Power (W)




	
PV

	
Photovoltaic module




	
PVC

	
Photovoltaic module with an enhancer




	
PVT

	
Photovoltaic thermal collector




	
T

	
Temperature, °C




	
Subscript




	
LSE

	
Lifespan effectiveness factor




	
LS

	
Lifespan (years)




	
LSPE

	
Lifespan and power effectiveness




	
max

	
Maximum output power




	
MPP

	
Maximum power point




	
oc

	
Open circuit




	
ref

	
Reference




	
sc

	
Short circuit




	
STCs

	
Standard test conditions
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Figure 1. The share of renewable electricity generation by technology, 2000–2030 [3]. 
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Figure 2. A structured flowchart outlining the research process in this work. 
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Table 1. Earlier studies on a PV with an enhancer.






Table 1. Earlier studies on a PV with an enhancer.





	Reference
	PV Enhancer Description
	Study Method
	Absolute PV Efficiency with Enhancer (%)
	Additional Insights





	[6]
	The operational performance of a commercial PVT system was assessed over a full day.
	Experimental
	18.20% *
	Active cooling integration.



	[7]
	A refrigerant pump was utilized for forced circulation cooling of the PVT system.
	Experimental
	16.00% *
	Feasibility demonstrated; COP ~3.1.



	[8]
	The electrical efficiency of a series-connected PVT water collector was analyzed.
	Numerical analysis and experiment
	13.50%*
	Validated theoretical model.



	[9]
	A copper fin integrated with a pulsating heat pipe (PHP) was simulated to compare PHP efficiency against a solid copper structure.
	Numerical
	12.80% *
	Enhanced heat dissipation.



	[10,11]
	A novel PVT system design was proposed.
	Numerical analysis and experiment
	12.69% *
	Tested under Malaysian climate.



	[12]
	An aluminum-based collector was introduced to improve heat transfer efficiency.
	Numerical analysis and experiment
	12.25% *
	Rectangular tube absorber design.



	[13,14]
	A new PVT system design was developed and assessed theoretically.
	Numerical
	12.13% *
	Used aluminum for better conduction.



	[15]
	A thermal collector was designed and evaluated using a mathematical model.
	Numerical
	11.90% *
	Used for dynamic condition simulations.



	[16]
	A modified PVT collector was constructed and installed alongside a PV module.
	Numerical analysis and experiment
	10.72% *
	Better airflow and temperature reduction.



	[17]
	A detailed transient model for PVT–water collectors was introduced.
	Numerical analysis and experiment
	9.80% *
	Increased incident irradiance.



	[18]
	Experimental studies were carried out to analyze the efficiency of PVT-PCM.
	Experiment
	8.16% *
	Boosted power output.



	[18]
	Experiments were performed to assess PVT system efficiency.
	Experimental
	6.98% *
	Enhanced optical and thermal performance.



	[19]
	Aluminum fins were affixed to the PV module’s backside using thermally conductive epoxy glue.
	Experimental
	2% ** increase
	Simple reflectors improved efficiency.



	[20]
	The effect of reflector parameters on PV efficiency was analyzed through experimental testing.
	Experimental
	60% ** increment
	Combined cooling and reflection.



	[21]
	A PV system with an aluminum sheet reflector was examined using both numerical and experimental approaches.
	Numerical analysis and experiment
	15% ** increment
	Improved annual energy yield.



	[22]
	A predictive model was developed to estimate the output power of a V-trough concentrator.
	Numerical analysis
	31.20% ** increment
	Good performance in all seasons.



	[23]
	Outdoor experimental evaluation was conducted on a PV system integrated with a V-trough concentrator.
	Experimental
	48% ** increment
	Uniform PV temperature.



	[24]
	An analytical study assessed the performance of a PV system using an aluminum sheet as a reflector.
	Numerical analysis
	19% ** increment
	Higher thermal/electrical output.



	[25]
	A newly designed curved reflector for PV applications was proposed and examined.
	Numerical analysis and experiment
	61% ** increment
	Systematic energy enhancement.



	[26]
	A PV system with a flat reflector and cooling system was analyzed through theoretical and experimental studies.
	Numerical analysis and experiment
	36% ** increment
	Stable module temperature.



	[27]
	A method for enhancing PV efficiency using a commercial flat stainless-steel reflector was identified.
	Experimental
	34.16% ** increment
	Improved solar capture.



	[28]
	Performance evaluation of an innovative PVT system utilizing a compact linear Fresnel reflector and nanofluid-based beam splitting device was conducted.
	Numerical analysis
	34.16% ** increment
	Cost-effective evaluation framework.



	[29]
	A flat booster bottom reflector integrated with a collector was introduced and assessed.
	Numerical analysis and experiment
	Up to 17.8% ** increment
	Integrated design enhanced PV-T performance.



	[30]
	A cost-effective aluminum reflector combined with phase change material and natural air convection was studied for PV performance enhancement.
	Numerical analysis and experiment
	18.16% ** increment
	Improved lower-side irradiance.



	[31]
	A novel hemispherical curved PV design was developed and tested.
	Experimental
	19% *
	Passive thermal regulation.



	[32]
	The impact of a double mirror reflector on PV efficiency was studied.
	Experimental
	58.3% ** increment
	Substantial gain in output with mirrors.







* Absolute efficiency; ** relative efficiency improvements over a baseline efficiency.













 





Table 2. Examples of PV cooler types with different lifespan periods and power. Modified from Ref. [1].
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	PV Cooler Type
	Lifespan of the PV, Year
	Lifespan of the PV Cooler, Year
	Output Power, W
	      F   L S E      





	Type A
	15
	7
	12
	0.466



	Type B
	15
	15
	5.60
	1



	Type C
	15
	23 *
	4
	1







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 3. The     F   L S E     and     F   L S P E     analysis for the examined PV with a reflector.
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	Method.
	     P V C   L S     ,

Year
	     P V   L S     ,

Year
	     P   P V C     ,

W
	     P   P V     ,

W
	     P   P V , m a x     ,

W
	Value
	Value in %





	    F   L S E     (existing

study from

Ref. [1])
	10
	25
	* N/A
	N/A
	N/A
	0.40
	40



	    F   L S P E    

(current study)
	10
	25
	16.16
	110.86
	525
	0.22
	22







* N/A (Not Applicable) indicates that the net output power from the PV with the enhancer, the output power from the PV without the enhancer, and the STC power of the PV are not required to calculate the     F   L S E    .













 





Table 4. The     F   L S P E     analysis for a PV with a single and double reflecting mirror.
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	Reflector Type
	     P V C   L S     ,

Year
	     P V   L S     ,

Year
	     P   P V C     ,

W
	     P   P V     ,

W
	     P   P V , m a x     ,

W
	      F   L S P E      
	     F   L S P E      in %





	A single

reflector
	10
	25
	0.205
	0.374
	1.25
	0.36
	36



	A double

reflector
	10
	25
	0.218
	0.374
	1.25
	0.37
	37










 





Table 5. Comparison between different types of PV coolers using     F   L S P E    .
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	15
	12
	100
	120
	0.88
	88



	Type B
	15
	15
	5.60
	100
	120
	0.88
	88



	Type C
	23 *
	15
	4
	100
	120
	0.87
	87







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 6. The effect of changing the PV cooler lifespan on the     F   L S P E    .
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	5
	15
	12
	100
	120
	0.87
	87



	Type B
	6
	15
	5.60
	100
	120
	0.85
	85



	Type C
	15
	15
	4
	100
	120
	0.87
	87










 





Table 7. Comparison of PV coolers using the     F   L S P E     when the PV’s lifespan is increased from 15 to 25 years.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	25
	12
	100
	120
	0.861
	86.1



	Type B
	15
	25
	5.60
	100
	120
	0.861
	86.1



	Type C
	23
	25
	4
	100
	120
	0.864
	86.4










 





Table 8. Comparison of PV coolers using the     F   L S P E     when the PV’s lifespan is decreased from 25 to 5 years.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7 *
	5
	12
	100
	120
	0.93
	93



	Type B
	15 *
	5
	5.60
	100
	120
	0.88
	88



	Type C
	23 *
	5
	4
	100
	120
	0.87
	87







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 9. Comparison of PV coolers using the     F   L S P E     when the net produced power of the PV cooler is increased.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	15
	10
	100
	120
	0.87
	87



	Type B
	15
	15
	15
	100
	120
	0.96
	96



	Type C
	23 *
	15
	20
	100
	120
	1.00
	100







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 10. Comparison of PV coolers using the     F   L S P E     when the net produced power of the PV cooler is decreased.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	15
	3
	100
	120
	0.85
	85



	Type B
	15
	15
	6
	100
	120
	0.88
	88



	Type C
	23 *
	15
	10
	100
	120
	0.92
	92







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 11. Comparison of PV coolers using the     F   L S P E     when the produced power from a PV without a cooler is reduced.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type
	7
	15
	12
	70
	120
	0.63
	63



	Type B
	15
	15
	5.60
	70
	120
	0.63
	63



	Type C
	23 *
	15
	4
	70
	120
	0.62
	62







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 12. Comparison of PV coolers using the     F   L S P E     when the produced power from a PV without a cooler is increased.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	15
	12
	80
	120
	0.71
	71



	Type B
	15
	15
	5.60
	80
	120
	0.71
	71



	Type C
	23 *
	15
	4
	80
	120
	0.70
	70







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 13. Comparison of PV coolers using the     F   L S P E     when the maximum power under PV standard test conditions is increased.
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	PV Cooler Type
	     P V C   L S     , Year
	     P V   L S     , Year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	15
	12
	100
	150
	0.70
	70



	Type B
	15
	15
	5.60
	100
	150
	0.70
	70



	Type C
	23 *
	15
	4
	100
	150
	0.69
	69







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 14. Comparison of PV coolers using the     F   L S P E     when the maximum power under PV standard test conditions is decreased.
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	PV Cooler Type
	     P V C   L S     , year
	     P V   L S     , year
	     P   P V C     , W
	     P   P V     , W
	     P   P V , m a x     , W
	      F   L S P E      
	     F   L S P E      in %





	Type A
	7
	15
	12
	100
	130
	0.81
	81



	Type B
	15
	15
	5.60
	100
	130
	0.81
	81



	Type C
	23 *
	15
	4
	100
	130
	0.80
	80







* The lifespan of the PV cooler will be adjusted to have the same value as the PV’s lifespan.













 





Table 15. Summary of the existing and new assessment methods.
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	Method
	Equation
	Parameters
	Is the Power Included in the Analysis?





	Existing method [1]
	     F   L S E   =      P V C   L S       P V   L S        
	    P V C   L S     and     P V   L S    
	No



	New method
	     F   L S P E   =        P V C   L S   ×   P   P V C     +     P V   L S   ×   P   P V