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Abstract

:

A smart and decentralized electrical system, powered by grid-connected renewable energy (RE) with a reliable storage system, has the potential to change the future socio-economic dynamics. Climate change may, however, affect the potential of RE and its related technologies. This study investigated the impact of climate change on photovoltaic cells’ temperature response and energy potential under two CO2 emission scenarios, RCP2.6 and 8.5, for the near future (2024–2040) and mid-century (2041–2065) in Togo. An integrated Regional Climate Model version 4 (RegCM4) from the CORDEX-CORE initiative datasets has been used as input. The latter platform recorded various weather variables, such as solar irradiance, air temperature, wind speed and direction, and relative humidity. Results showed that PV cells’ temperature would likely rise over all five regions in the country and may trigger a decline in the PV potential under RCP2.6 and 8.5. However, the magnitude of the induced change, caused by the changing climate, depended on two major factors: (1) the PV technology and (2) geographical position. Results also revealed that these dissimilarities were more pronounced under RCP8.5 with the amorphous technology. It was further found that, nationally, the average cell temperature would have risen by 1 °C and 1.82 °C under RCP2.6 and 8.5, in that order, during the 2024–2065 period for a-Si technology. Finally, the PV potential would likely decrease, on average, by 0.23% for RCP2.6 and 0.4% for RCP8.5 for a-Si technology.
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1. Introduction


Energy is fundamental for the well-being of humans; it comes right after health, food, water, shelter, and welfare improvement such as education, comfort, and sustainable environment [1,2,3,4]. Thus, energy will remain essential to humans for life to prosper on earth [5,6]. As such, energy should be accessible to everyone under its various forms, and be affordable, reliable, and clean. Although electricity is a crucial enabler of the UN Sustainable Development Goals (SDGs) [7], it is still a daily challenge in some parts of the world. These energy issues are exacerbated in developing countries, which adds to the adverse impacts of climate change (CC). Therefore, decentralized energy resources (DER) such as renewable energy (RE) may not only play an essential role in a nation’s energy mix under present-day scenarios, but may also provide solutions to clean and reliable electricity supply to people, should the technology continue to unfold [8]. Adding to that, the smart and DER technologies are becoming environmentally friendly and more suitable for integration into the future electric power network [9,10]. Today, the aforementioned electrical system is referred to as the smart grid (SG) [11,12,13,14]. A smarter power grid is robust, resilient and reliable, and can ensure the sustainability of the whole system [15,16,17,18,19]. This new type of power grid was developed to overcome the weaknesses of the conventional electrical grid by using intelligent and net-metering strategies [20,21,22,23]. With the capability of the SG to integrate DER and enable energy storage, RE-based electricity production is projected to increase across the world [24,25,26]. Although RE is promising, some related challenges, such as intermittencies, need to be overcome [21,27,28,29,30].



Photovoltaic (PV) power is made by several solar cells in a parallel and/or series connection. These cells convert the incoming sunlight into electricity based on the photovoltaic effect. More details regarding the sunlight conversion into electricity can be found in [31,32]. Three types of PV technologies (monocrystalline, polycrystalline, and thin film or amorphous) dominate today’s global market. Each of the aforementioned technologies has distinctive features that make it unique [33]. The continuing impacts of CC in conjunction with the decline of fossil resources has given PV systems an important role in the worldwide energy mix. Hence, this globally increasing share of PV systems affects tremendously all aspects of the electricity supply and demand chains. For instance, the supply system is transformed into various decentralized systems closer to people through grid-tied, stand-alone and hybrid systems, while the transportation system is redefined by the utilization of electric cars [34,35,36]. Interestingly, the capacity of PV systems reached 849 GW in 2021. This installed capacity, equivalent to 28% of the global RE systems, has made PV the fastest growing clean energy system [37]. Concerning Togo, 6.48 MW of solar PV system was installed in 2020 [38]. This share contributes to effectively bridging and/or enhancing socio-economic development through (1) increasing access to electricity and security, (2) climate change mitigation, and (3) reducing environmental and health impacts [39,40,41,42,43]. However, PV cells’ efficiency is influenced by many factors, such as temperature, wind speed, insolation, clouds, and dust [44,45].



In that regard, studies have been undertaken in all aspects of research and development to understand the sustainability of energy systems, the nature of RE technologies and their integration into smart grids, obstacles hindering their promotion and wide-scale deployment, and possible impacts from CC. The sustainable energy system is closely dependent on the smart grid and RE promotion, as demonstrated in the literature. Islam et al. [16] conducted a review of global renewable energy-based electricity generation and smart grid systems for energy security and they pointed out that promoting RE could lead to sustainable energy. They justified their statement by arguing that the smart grid can drive the RE-base energy production to improve energy security and safety in the power system. Slootweg et al. [46] analyzed smart grids—intelligence for sustainable electrical power systems. The results of their study supported the claim that the smart grid can contribute to the sustainable energy system. Likewise, Elavarasan et al. [8], after conducting a holistic review of the present and future drivers of the renewable energy mix in Maharashtra State, India, stated that a sustainable energy sector may be enabled on the condition that a strong energy mix of RE is adopted. Anand et al. [17] and Romer et al. [47] acknowledged the variability in RE-based electricity production because of weather conditions and proposed decentralized electricity storage to address it. In this regard, Basit et al. [48] claimed that storage systems can help to reduce the challenges (power quality, reliability, power system stability, harmonics, sub synchronous oscillations, and reactive power compensation) that may occur as a result of RE integration onto the grid. Sathiyanathan et al. [49] investigated multi-mode power converter topology for renewable energy integration with smart grids. They raised challenges in solar photovoltaic (SPV) systems in terms of low cell efficiency and solar panel output affected by the climate conditions (solar irradiation and temperature) and proposed an alternative solution to control and regulate the available power generated.



Furthermore, the studies on CC have been of great interest to the energy sector and climate scientists in many parts of the world, including West Africa. Hence, the authors studied the impact of CC on photovoltaic potential (PVP), wind density, hydropower, and concentrated solar power (CSP) at regional and continental level. The West African researchers investigated the impacts of CC on RE resources across the region utilizing climate models. Sawadogo et al. (2019) studied the impact of global warming on the PVP utilizing 14 different simulation models at a distance of 50 km resolution run under RCP 2.6 and 8.5 scenarios in West Africa. They considered the deployment of monocrystalline technology. As a result, they found that CC may induce a decrease of 3.8% in PVP in any country in the region under the RCP8.5 scenario. This reduction may be plausible even under a 3 °C increase in global warming. In the following year, they conducted another study on the current and future potential of solar and wind energy in Africa utilizing the Regional Climate Model version 4 (RegCM4) calibrated at a 25 km resolution. Their results indicated a 2% decrease in PVP over the African continent in the mid-century under RCP8.5 [50]. Other authors investigated the impacts of future global warming on solar irradiance using RegCM4 driven by two global climate models (GCMs) at a 25 km resolution run under RCP2.6 and 8.5 [51]. This study was conducted over five selected Togolese cities across the five regions. The results revealed that there would be a rise in air temperature, while solar irradiance would decrease in the near future 2031–2060 and far future 2070–2099.



It is worth studying the potential of RE under the changing climatic conditions of a region or country. Unfortunately, the impact of CC on RE has yet to be assessed in Togo, much less the utilization of the RegCM4 CORDEX-CORE method to assess this effect down to the five administrative regions. The Togolese RE potential and its decentralized power systems are currently affected by the local climate. Therefore, to better decipher the local impacts of CC on PVP in the entire country, and contribute to setting a conducive environment for decentralizing smart power systems to achieve sustainable energy system, it is important to regionalize the utilization of the high-resolution model (RegCM4 CORDEX-CORE).



The government integrated solar energy into the energy mix to achieve 100% green power by 2030 through decentralized power systems such as grid-connected PV, solar mini-grids, solar kits, and solar public lights [52]. However, it is worth pointing out that this policy may seem too ambitious and unrealistic due to the inherent variability of RE.



The main objectives of the study are to: (1) assess the impact of CC on three kinds of PV cells (Amorphous silicon(a-Si), Monocrystalline(Mono-Si), and Polycrystalline(Poly-Si)) in view of solar power plants installation across the country, (2) investigate the temperature variations due to CC and PV generation potential based on the RegCM4 CORDEX-CORE ensemble, (3) utilize four weather variables (solar irradiation, air temperature, wind speed at 10 m above ground, and relative humidity) to seek meaningful and conclusive results, and (4) study the effects of CC in Togo, as a whole, and then drill the research down to the administrative regions (a contribution to solar power project prefeasibility studies), as each has a specific climate.



Therefore, the study intends to make several contributions to the country and beyond.



	
First, the impacts of CC on solar energy were investigated in Togo. The investigations were further downscaled to each of the five regions to gain deeper insights. Hence, this scheme has shed more light on some regional discrepancies that were previously harder to decrypt from the bigger picture, viz., impacts at the country level.



	
Second, the study filled in the gaps by analyzing the impacts of CC on PV cell temperature, considering three types of cell technology (amorphous, monocrystalline, and polycrystalline) and the above-mentioned weather variables. An additional variable was the Togolese PVP, at large, broken down into its five administrative regions. Results were obtained via CORDEX-CORE.



	
Third, the study gave an effective picture of the Togolese administrative regions’ weather conditions over the years. The understanding of this picture may help monitor the production of renewable energy for decades to come.



	
Finally, the knowledge of the present study could help not only to better select PV technologies, but also to enact green policy, taking into consideration the short and long-term climate interactions on RE.






The following section presents the data and method applied, while the results and discussion are presented in Section 3. Lastly, the conclusions are developed in Section 4.




2. Data and Methods


This section introduces the study area, clarifies the data, and elaborates on the methods. The datasets in question were model-simulated data and were derived from the Regional Climate Model version 4 (RegCM4). The approach was the energy rating methodology that offers the possibility to estimate the PV potential based on the knowledge of the total insolation for a specific period, using a performance ratio [50,53,54,55,56]. This method was preferred for the present work because the PVP is strongly dependent on weather variables. The approach could, therefore, serve as means to analyze the influence of climate change on PV technology.



2.1. Study Area


The land mass area under consideration is Togo. The country has five administrative zones: (1) Maritime, (2) Plateau, (3) Centrale, (4) Kara, and (5) Savannahs. Thus, the study focused on these five regions, as each has a unique climate. Togo is located in West Africa between 6° and 11° N latitude, and between 0°05′ W and 1°45′ E longitude. The total area is 56,600 km2. The geographical position of regions and their areas are presented in Table 1.




2.2. Data


2.2.1. CORDEX-CORE Datasets and RCP Scenarios


The climate simulation data under consideration are from the Coordinated Regional Climate Downscaling Experiment-Common Regional Experiment (CORDEX-CORE) developed to support climate services [57], as presented in Table 2. CORDEX-CORE datasets perform well in relation to most CORDEX domains. They also represent well the climate sensitivity spread in the CMIP5-ESM as highlighted in the literature [50,58,59,60,61,62,63,64]. The simulation’s period spans from 1970 to 2100 for two representative and concentrative pathways (RCPs): RCP2.6 (low GHG concentrations) and RCP8.5 (high GHG concentrations) [65].



Within the framework of this research, monthly Rs, Tas, Rh and Wspd at 10 m above the ground were selected as model data. The periods 1976–2005, 2024–2040, and 2041–2065 were chosen as reference period, i.e., near future and mid-century, respectively. Ensmean stands for a mean of a variable of the nine models under CORDEX-CORE




2.2.2. Reference Datasets


Table 2 presents as well the reference data that were considered as observation data.





[image: Table] 





Table 2. Model and observation datasets.






Table 2. Model and observation datasets.





	
Datasets

	
Description






	
MODEL DATA

	
Regional Climate Model version 4 (RegCM4): Ta, Rs, Wspd & Rh

	
Coordinated Regional Climate Downscaling Experiment-Common Regional Experiment (CORDEX-CORE) initiative [57]




	
Nested in three Coupled Model Intercomparing Project—Phase 5 (CMIP5) Earth System Models (ESMs)

	
Hadley Center Global Environment Model version 2, HadGEM2-ES [74,75]




	
Max Planck Institute Earth System Model, MPI-ES-MR [76]




	
Norwegian Earth System Model, NorESM-1 M [77,78]




	
25 km of the resolution




	
OBSERVATION DATA

	
SARAH-2: RS (1986–2015)

	
Satellite Application Facility on Climate Monitoring (CM-SAF), second edition of the Surface Solar Radiation Data Set-Heliosat Edition 2, SARAH-2 [66]




	
ERA5 reanalysis: Ta, Wspd and Rh (1976–2005)

	
European Centre for Medium-Range Weather Forecasts (ECMWF)’s fifth-generation reanalysis with a horizontal resolution of ~31 km [55,68]









The reference data used to evaluate the Rs dataset were from the second edition of the Surface Solar Radiation Data Set-Heliosat Edition 2, SARAH-2 [66]. SARAH-2 was a product derived from Meteosat satellites’ observations-based output on the visible channels of the MVIRI and the SEVIRI instruments used by several researchers to perform the evaluation of solar irradiation generated from climate models [50,54,67] because it exhibited low uncertainties and a high accuracy [55,68]. Monthly Rs were retrieved from the CM-SAF platform for the period of 30 years (1986–2015).



In addition, monthly Tas, Rh and Wspd were collected from the ERA5 reanalysis product [69,70] for the period of 30 years (1976–2005). The ERA5 data were used for their corresponding model datasets evaluation. ERA5 is concerned new reanalysis and an advanced dataset in place of ERA-Interim. However, this remained a model for which some systematic biases were attributed [50,71,72,73].





2.3. Methods


2.3.1. Flow Chart


The methodological approach adopted in this study is summarized in the flowchart presented in Figure 1.




2.3.2. Selection of Radiative Forcing Scenarios


In many parts of the world, governments, policies-makers, and energy and environmental agencies lack the commitment to combating CC. Togo is no exception to the rule, with no consistent policies enacted to date. This shortfall in active engagement has motivated the choice of the RCP2.6 and 8.5. Thus, only a dependable simulation strategy could help model the climate-change impact on renewable energy in Togo. RCP scenarios have been largely explained and documented in the literature [79]. They are intended to project the concentration of atmospheric greenhouse gas (GHG) emissions.



At the global level, the goals of the RCP2.6 scenario can be succinctly stated as including, but not being limited to, the following:




	(1)

	
Based on the 2000 carbon emissions, a 4% reduction per annum is needed. The latter decrease can only be achievable if the GHG reduction were improved to about 5–6% annually.




	(2)

	
Increasing use of RE, nuclear, efficient-energy measures, carbon capture and sequestration, and bioenergy reduce sufficiently all major emission sources.




	(3)

	
Implementing new technologies for energy efficiency improvement.




	(4)

	
Limiting agricultural areas for food production by means of high agricultural productivity.




	(5)

	
Elaborating sustainable criteria for bioenergy production and management.




	(6)

	
Reducing significantly non-CO2 greenhouse gas emissions [80].









Furthermore, utilizing the RCP2.6 is likely to maintain the global temperature rise at around 1.6 °C and well below 2 °C, respectively, by 2065 and 2100 [81].



Similarly, the RCP8.5 storyline simulates a global scenario. The conditions were such that:




	(1)

	
Energy demand increases greatly because of unprecedented population growth,




	(2)

	
Little progress is made in terms of energy efficiency and conservation because of low socio-economic investments,




	(3)

	
International trade in energy and technology is still limited, thus hindering any further social and technological progress,




	(4)

	
Future energy systems move toward coal-intensive technologies; these choices generate more GHGs.




	(5)

	
Strong environmental concerns grow locally, especially in high- and medium-income regions.




	(6)

	
Food security becomes a major issue, especially in low-income regions.




	(7)

	
Agricultural productivity increases steadily; thus, a healthy agricultural system is needed to feed an increasing population [82,83].









To sum it up, under the conditions described in the scenario RCP8.5, the global temperature would likely increase by 2.6 °C and 4.8 °C by 2065 and 2100, in that order [81].




2.3.3. Simulation of PV Cell Temperature (PVct) and PV Generation Potential (PVGP)


Photovoltaic technology is green/clean at the point of application, silent, and environmentally friendly. The technology is comprised of many working parts—cells, modules, and arrays. However, the output is heavily dependent on two main factors: (1) the PVGP and (2) the installed capacity. Therefore, the output is the product of the nominal installed power (Watts) by the PVGP. The latter potential is a dimensionless factor that accounts for the performance of PV cells as compared to their nominal power under certain weather conditions [56]. Various factors may influence the magnitude of the PVGP. These variables range from local insolation, temperature, season, to cells’ efficiencies [84]. Thus, the PVGP is expressed as in Equation (1) [55,56,85].


  P V G P  ( t )  =  P r   ( t )    R s  ( t )      R s  (  S T C  )       



(1)




where Rs(t) is the local shortwave radiation; STC is the standard test conditions under which Rs(STC) is equal to 1000 W/m2; Pr(t) is the PV performance ratio [55,56].



This ratio is computed utilizing Equation (2).


   P r   ( t )  = 1 + γ ∗  [  P  V  c t    ( t )  −  T  S T C    ]   



(2)




where PVct is the PV cell temperature; TSTC is the ambient temperature set at 25 °C under STC; and γ is—0.5%/°C.



It is worth pointing out that crystalline cells’ efficiency degrades in a hot environment at an average rate of about 0.4 to 0.5%/°C [55,56,86].



Also, three technologies—Monocrystalline, Polycrystalline, and Amorphous—and four atmospheric variables—Rs, Tas, Wspd, and Rh—were considered. A negligible impact of wind direction (WindDir) was assumed. Hence, PVct is modelled utilizing Equation (3) [87].


  P  V  c t    ( t )  = a +  a 1  ∗ R s  ( t )  +  a 2  ∗ T a s  ( t )  +  a 3  ∗ W s p d  ( t )  +  a 4  ∗ R h  ( t )   



(3)




where the regression coefficients a, a1, a2, a3, and a4 are as presented in the Table 3 [87].






3. Results and Discussion


3.1. Model Data Evaluation


Figure 2 presents the ensemble mean (Ensmean) data reproduced by the model. These variables are wind speed (Wspd) at 10 m, solar irradiance (Rs), air temperature (Tas), and relative humidity (Rh) over the country.



Rs, for instance, is given in the mean solar irradiance datasets of nine consecutive models under CORDEX-CORE. The climatological correlation between the modeled and observed data is statistically significant at 95% as seen in Figure 3. However, this relationship varies from 0.91 in Wspd to 0.99 in Rh. The normalized standard deviation was 1.2 for Tas and 2.3 for Rs. In addition, the monthly observed spatial mean percentage deviation (MPD) performed by the Ensmean was −7.62%, −2.26%, −1.63%, and 12.39%, respectively, for Rs, Rh, Tas, and Wspd. It can be seen that this MPD was relatively low. Overall, a low root mean square deviation (RMSD) was recorded, which spanned from 0.29 (Tas) to 17.23 (Rs). As observed, the model captured perfectly the latitudinal variations of the aforementioned meteorological variables. These findings were in agreement with the observations across the five regions. For example, a lower Rs is usually observed in the Maritime region, while a higher Rs is the norm in the Savannah.



On a different note, the simulation was somewhat far from perfection, as it had some elements of bias as seen in Table 4. It is well known that simulations are mainly utilized to tune up performance, optimize processes, improve safety, test theories, and so forth. As a result, the models underestimated the Rs, Tas, and Rh over the country; their respective average was 16.88 W/m2, 0.44 °C, and 1.38%. In contrast, the model overestimated the Wspd by up to 0.44 m/s on average. Luckily, these results confirmed the findings of [20,24]. The model’s underestimation of Rsds can be noticed across these four regions: Maritime, Plateaux, Central, and Kara. It is interesting to mention that the underestimation of Rs declines from the Maritime region (South with 26.92 W/m2) to Kara, which is situated in the Savanna (Its value was approx. 5 W/m2). This type of phenomenon depicts a positive bias near the border with Burkina Faso (see Table 1 for details). This observation may be attributed to clouds and/or aerosols representation in the RCMs over the Gulf of Guinea and the SARAH-2 data [50,55,88,89,90,91]. In addition, the bias related to Rsds could be linked to some difficulties in representing clouds in the model [92,93,94]. The simulation of the Tas presents a positive bias across all regions, with a prevalence in the Savanna. Thus, Tas’s bias over the country falls in the range of 0.4–10 °C, as previously reported [50]. On the other hand, Rh showed an increasing negative bias from South to North. The simulation of Wspd over the country was such that it exhibited a positive bias over the South Kara and Savannah regions. Then, a negative bias was revealed over the Plateaux and Central regions.




3.2. Atmospheric Variables under RCP2.6 and 8.5 during the near and Mid-Future


Under the mitigation pathway RCP2.6 and the worst-case CC scenario RCP8.5, atmospheric variables may fluctuate over the country. Thus, Figure 4 depicts that these variabilities were even more diverse in the administrative regions.



Figure 5 portrays their climatological variations. The scenarios reveal a decrease in the monthly Rh over the country. Under RCP2.6, a 0.53% monthly average decrease was achieved between 2024 to 2040 and 0.41% less during 2041–2065. Likewise, under RCP8.5, Rh would be impacted. Rh declines by approx. 0.63% and 1.39% on average, respectively, during 2024–2040 and 2041–2065. Conversely, Wspd is projected to slightly increase at a rate of 0.03–0.04m/s for RCP2.6 and 0.05–0.1 m/s for RCP8.5 in the near future and mid-century. Similarly, Tas would rise at a monthly rate of 1.04–1.19 °C for RCP2.6 and 1.2–2.25 °C for RCP8.5 over study periods under scrutiny. However, Rs may decrease at a rate of 0.48–1.18 W/m2 (RCP2.6) and 1.3–1.65 W/m2 (RCP8.5) during the near future and mid-future.



The general overview of the country suggests mild changes over the regions (Figure 6). In summary, Wspd and Tas would increase, while Rh and Rs decrease under the scenarios. The decline in Rs appears significant over the southern region (Maritime); this could be caused by more reflection of incoming shortwave radiation due to high concentration of aerosols in the atmosphere resulting from intense activities of increasing population and industries near the coast. A contrasting phenomenon was, however, observed concerning the Rs over the Central and Kara regions. This scenario divulges that Rs would increase on an average of 0.029 W/m2 and 0.14 W/m2 at the end of 2024 and 2040, in that order.




3.3. Projected PVct and PVGP Variations following Cell Technology


3.3.1. Projected PVct Changes over Togo


Figure 7 describes the annual spatial and temporal changes of the PVct from the present day to the mid-century (2065) under the RCP2.6 and 8.5. The climatological evolution, together with the RCP scenarios and cell technologies (a-Si, Mono-Si, and Poly-Si), were also analyzed. The results showed an increasing cell temperature over the near future (2024–2040) and mid-century (2041–2065). This growth was solely dependent on the radiative forcing as well as on the technology in question. The temperature variation would likely rise during March to July and September to December, compared to the reference period. In short, PV cells’ temperature would rise even further under RCP8.5 than RCP2.6. This eventuality could be attributed to the cell’s inherent nature and the geographical location of the country.



Moreover, it was observed that the temperature rises more for the amorphous than the two other counterparts. It was further remarked that the temperature has grown slightly more for monocrystalline than the polycrystalline-based cell. These discrepancies are presented in Figure 8a. Furthermore, these variations were found to have a strong correlation with the monthly insolation, with an average of 1 °C, 1.01 °C, and 1.03 °C under RCP2.6, respectively; and 1.81 °C, 1.82 °C, and 1.88 °C under RCP8.5 in that order. Again, the estimation period is 2041–2065, and the technologies under study are Poly-Si, Mono-Si, and a-Si. It remains a known fact that PV cells’ efficiency decreases with a rise in ambient temperature. Astonishingly, an exception was noticed in the Maritime region, where the amorphous cell showed a slight increase compared to the mono and poly. See Figure 8b for more details. On a different note, the absence of sound mitigation and adaptation strategies, at a global scale, towards a greener environment and economy, would hinder any real RE efforts. Furthermore, narrowing the analysis to the administrative regions, the results revealed that the variation of the cells’ temperature was different.




3.3.2. Projected PVct Changes over Maritime Region


Figure 8 shows the monthly mean cells’ temperature, under RCP2.5 and 8.5, and the three technologies in question over the administrative regions and country at large. The climatological variations, as well as the monthly mean variations of the PVct, are presented in Figure 8b, in relation to cell technology. Cells’ temperature rise was found to be low in the Southern regions compared to the rest of the regions. This discrepancy was probably caused by the seasonal breeze. Thus, the average rise in cells’ temperature, monthly, was projected to be 0.82 °C, 0.83 °C, and 0.84 °C for Poly-Si, Mono-Si, and a-Si, in that order, under RCP2.6. Similarly, these variations were found to be 0.89 °C, 0.9 °C, and 0.92 °C for Poly-Si, Mono-Si, and a-Si, respectively, under RCP8.5. Again, the simulation period spans from 2041 to 2065.




3.3.3. Projected PVct Changes over the “Plateau” Region


The Plateau lies within the Gulf of Guinea. As a result, it has a very dense forest where trees can grow up to 18.4 m. It is also very mountainous with Mount Agou culminating at 986 m above sea level. Over the Plateau, the yearly simulations of the PVct, as shown in Figure 8c, and its climatological variations to the cell technology, were analyzed. A monthly cell temperature rise was found to be 1.0 °C, 1.01 °C, and 1.03 °C for Poly-Si, Mono-Si, and a-Si, in that order, under RCP2.6. An increase of about 1.74 °C, 1.80 °C, and 1.85 °C were observed for Poly-Si, Mono-Si, and a-Si, respectively, under RCP8.5. Note that the simulation period is as stated above, viz., 2041 to 2065. The rise would be lower under poly-Si, medium under Mono-Si and high in a-Si technology over the region.




3.3.4. Projected PVct Changes over the Central Region


The central region straddles the Gulf of Guinea and the tropical Soudanese zone. This region is essentially mountainous; it contains the Tchaoudjo massif, Malfakassa, Faza, and Barba-Bassar mountains. It experiences two rainy and dry seasons yearly. The monthly average variation in cells’ temperature is presented in Figure 8d. As can be observed, the increase in PVct was projected to be 1.02 °C, 1.03 °C, and 1.05 °C for Poly-Si, Mono-Si, and a-Si, respectively, under RCP2.6. In addition, the temperature changes were 1.862 °C, 1.856 °C, and 1.92 °C for Poly-Si, Mono-Si, and a-Si, in that order, under RCP8.5. The aforementioned simulation period was kept the same. It is important to point out that the rise in PVct for the Poly-Si is slightly higher compared to Mono-Si during the near and mid-future under the RCP8.5.




3.3.5. Projected PVct Changes over Kara Region


Kara is composed of valleys, plains, and Plateaus. This region hosts an old rugged massif, extending to Benin and Ghana borders. Figure 8e presents the monthly mean projection of the rises in PVct. On the one hand, the latter increase was estimated at 1.067 °C for Poly-Si, 1.069 °C for Mono-Si, and 1.09 °C for a-Si under RCP2.6. On the other hand, the PVct increased to about 1.93 °C Poly-Si, 1.926 °C for Mono-Si, and 1.99 °C for a-Si under RCP8.5. For both cases, the simulation spans from 2041 to 2065. Likewise, the Poly-Si exhibited the same performance as in the Central region but differed from that of the Maritime region. Conclusively, the temperature rises of the Poly-Si were slightly higher than those of the Mono-Si.




3.3.6. Projected PVct Changes over the Savanna Region


Savannah, as the driest part of the country, has a tropical Soudanese climate. It has just two main seasons–the rainy season and the dry season—per year. The climatological variation of the PVct over the year for the three cell technologies was succinctly analyzed. The magnitude of the observed variations differed, not only monthly, but also across years. These changes were even more pronounced if anthropogenic-based pollution is factored into the study. Temperatures continue to increase drastically at a global level for RCP8.5. Figure 8f portrays the projection of PVct rise over the Savannah during the near and the mid-century. The results indicate that the monthly mean rise would be 1.05 °C for Poly-Si, 1.06 °C for Mono-Si, and 1.08 °C for a-Si under RCP2.6. The temperature change would be 1.942 °C, 1.945 °C, and 2.0 °C for Poly-Si, Mono-Si, and a-Si, in that order, under RCP8.5 during the mid-future. The trend in the PVct rise was somewhat similar to that in the Southern region. These results indicate that the rise would be lower for Poly-Si, medium for Mono-Si, and higher for a-Si technology.





3.4. Projected PVGP Changes over Togo and Its Administrative Regions


3.4.1. PVP Projected Changes over Togo


Figure 9 illustrates the yearly spatial and temporal variations of the PVGP from 2024 to 2065 under the RCP2.6 and 8.5 over the country. These variations depend on the type of cell technology, as noticed in the figure. Hence, the PVGP was projected to vary across the country due to CC. The variabilities may be contingent on seasons. Further, the monthly average PV potential shrunk significantly per annum under the RCP8.5 scenarios. Long-term estimates revealed a PVGP reduction for Poly-Si, Mono-Si, and a-Si of 0.14%, 0.15%, and 0.15%, respectively, under the RCP8.5. The study also disclosed a PVGP rise of 0.22% for Poly-Si, 0.23% for Mono-Si, and 0.23% for a-Si under the RCP2.6 scenarios. The aforementioned studies were performed for the periods 2024–2040 and 2041–2065, in that order, as seen in Figure 10.



The reduction under RCP8.5 would become 0.23% for Poly-Si, 0.23% for Mono-Si, and 0.23% for a-Si during 2024–2040. Finally, these reductions would be 0.36%, 0.36%, and 0.37% for Poly-Si, Mono-Si, and a-Si, respectively, during 2041–2065. A close observation helps recognize that the reduction in the case of Poly-Si technology would be lower compared to Mono and Amorphous. This change in solar energy production potential due to climate change varied across the regions.




3.4.2. Projected PVGP over Maritime Region


This study estimated the impacts of CC on the PVP along the coastal region. The simulations forecast a yearly reduction in PVP irrespective of the PV cell technology. Therefore, the CC-induced reductions under the RCP2.6 scenarios were 0.195% for Poly-Si, 0.197% for Mono-Si, and 0.199% for a-Si over 2024–2040. As time goes on, this reduction worsens. Thus, the long-term catalyzed reductions, viz., for 2041–2065, were, respectively, 0.29%, 0.292%, and 0.295%.



Under the worst-case CC, i.e., RCP8.5, the reduction would likely increase over the region. The estimated reductions were 0.228% for Poly-Si, 0.229% for Mono-Si, and 0.232% for a-Si in 2024–2040. Likewise, the situation in the region continues to worsen even more. Hence, the forecast changes were 0.450%, 0.453%, and 0.459% for Poly, Mono, and Amorphous, in that order, for the mid-future (2041–2065). Under this scenario, the reduction induced in a-Si was the largest, as seen in Figure 10b.




3.4.3. Projected PVGP over the Plateau Region


This section describes the impact of CC on solar energy production over the Plateau. Results revealed a continuous shrinkage in the regional PVGP, as time unfolds. In addition, the reduction in PVGP, modeled by the CORDEX-CORE, closely depended on PV cell technology. Thus, the simulations, under the RCP2.6 scenarios, yielded an average monthly reduction of about 0.11% for each cell technology from 2024 to 2040. Simulations also showed, for the period 2041–2065, that the reductions were 0.185% for Poly-Si, 0.187% for Mono-Si, and 0.189% for a-Si.



However, under the worst-case CC scenarios (RCP8.5), the reductions would likely increase over the region. Additionally, the cut was uniform for all three technologies. This cut was 0.18% from 2024 to 2040. The results also disclosed that the cuts were 0.29% for Poly-Si, 0.29% for Mono-Si, and 0.30% for a-Si in 2041–2065. Thus, the induced-cut in a-Si was the highest, while Ply-Si exhibited the least, as seen in Figure 10c. All things being equal, the CC impacts on PV technology would be more pronounced in the Southern region than in the Plateau.




3.4.4. Projected PVGP over Central Region


Similarly, the impacts of climate change on the PVGP were analyzed for the Central region. It is worth pointing out that the aforementioned three technologies were tested under the same conditions. Astonishingly, the cut in PVGP was the same for all three technologies, but different per scenario. Hence, this CC-induced-reduction, under the RCP2.6 scenarios, was projected to be 0.10% in 2024–2040, while it became 0.18% in 2041–2065.



Nevertheless, under the worst-case climate change scenario (RCP8.5), the reduction would likely increase over the region. These cuts were 0.19% for Poly-Si, 0,19% for Mono-Si, and 0.20% for a-Si in 2024–2040. The changes, then, increased to 0.29%, 0.29%, and 0.30% for Poly, Mono, and Amorphous, respectively, in 2041–2065. The reduction induced in a-Si was projected to be the highest, while that of Poly-Si was the lowest, as seen in Figure 10d.




3.4.5. Projected PVGP over Kara Region


CC impacts on PVGP were investigated in Kara region. This study indicated a reduction in the PVGP over the years. The technologies under scrutiny were Poly-Si, Mono-Si, Amorphous. Under the RCP2.6 scenarios, the projected reductions were uniform across the technologies. This cut was 0.10% in 2024–2040 and 0.17% in 2041–2065.



Nevertheless, under the worst-case climate change scenarios (RCP8.5), the reduction in PVGP would likely increase. According to the projections, the cuts in PVGP were 0.20% for Poly-Si, 0.20% for Mono-SI, and 0.21% for a-Si in 2024–2040. These cuts then became 0.28%, 0.28%, and 0.29% in 2041–2065, respectively, for the Poly-Si, Mono-Si, and a-Si. A close observation divulged an induced-PVGP reduction for a-Si to slightly dominate, while the PVGP of Mono-Si was projected to stay medium, as seen in Figure 10e.




3.4.6. Projected PVGP over Savannah Region


Sound knowledge of the PVGP is necessary to accurately estimate the power generation capacity of the three technologies under investigation, viz., (1) Poly-Si, (2) Mono-Si, and (3) a-Si. It was found that the CC would negatively impact the above-mentioned cells installed in Savannah. Under the RCP2.6 scenarios, the reductions in PVGP were 0.11%, 0.11%, and 0.12% for Poly-Si, Mono-Si, and a-Si, respectively, in 2024–2040. For the mid-future, i.e., 2041–2065, this PVGP cut became 0.18%, irrespective of the cell in question.



However, under the worst-case climate change scenario (RCP8.5) the reduction would likely increase in Savannah. Thus, a uniform cut of 0.24% was estimated for all the cells in 2024–2040. In contrast, under the RCP8.5, the mid-future cuts were 0.30%, 0.30%, and 0.31% for Poly-Si, Mono-Si, and Amorphous), respectively, in that order. Finally, the induced reduction in a-Si was slightly to dominate, as seen in Figure 10f.





3.5. Comparative Analysis


A growing interest is noticed nowadays in developing countries to decentralize the socio-economic sector on one hand. On the other hand, tremendous efforts are put in place to diversify the energy generation mix. The Togolese economy is no exception. It is embarking on a transformative journey to cut down its GHG emissions through investing in clean and green energy. Hence, new transformative industries are encouraged through tax-cut and other incentives to be implanted in the South. Similarly, new power plants are planned to be commissioned far from the capital city, but near the load-centers to ensure an effective minimization of transmission costs. Therefore, it is of great importance to analyze the picture of each administrative region of the country under the CC-based scenarios. This investigation could help control the production of clean and renewable power. Throughout this study, CC was proved to significantly impact RE resources and its related technologies.



Under the current study, it was understood that the impacts of CC on solar energy projects in Togo gave an average overview of the situation for decades to come. Therefore, the findings shed light on the bigger picture that could be observed at a regional scale as succinctly depicted Table 5. Though a locality may fall within a particular zone, such as Guinea, Soudanese, and Sahelian, with fairly uniform characteristics, morphology, topography, and weather conditions, features varied from one locality to another.



At the regional scale, CC’s impact on PV cell temperature and solar energy production varied across the Togolese regions. From the projections, these variations depended solely on (1) RCP scenarios, (2) cell technology, and (3) region. See Figure 11 for more details. There would be a likely rise in cell temperature and a decrease in PVGP under all the climate scenarios during 2024–2065 across all the administrative regions. The rise in PVct may be more pronounced following a-Si technology and less with Poly-Si under either of the RCP2.6 and RCP8.5 scenarios over the five regions. Accordingly, the increase in PVct would likely result in PVGP decline over the regions. The Poly-Si-based technology appears to likely be more resilient followed by the Mono-Si based under the changing climate impacts over the years, under the Togolese weather conditions.



The PVct may rise on average at a rate of 0.82 °C over the Maritime region to 1.07 °C over Kara under the RCP2.6, and at a rate of 0.89 °C over the Maritime region to 1.94 °C over the Savannah under RCP8.5 if the Poly-Si technology is considered from 2024 to 2065.



The PVGP was projected to decrease with a rate of −0.1% over Kara to −0.3% over the Maritime under RCP2.6. The PVGP was also forecast to decline at a rate of −0.18% over the Plateau to −0.45% over the Maritime under RCP8.5 if Poly-Si was considered for the period 2024–2065.



In general, over the country, the average rise in the cell temperature would be between 0.88 °C to 1 °C and 0.97 °C to 1.82 °C during 2024–2040 under RCP2.6 and 8.5 concerning Poly-Si and a-Si, respectively. In addition, the average decrease would likely vary from −0.14% to −0.226% under RCP2.6 and −0.23% to −0.4% under RCP8.5 for Poly-Si and a-Si, in that order, over the country.





4. Conclusions


The long-term shifts in temperature and weather patterns, also known as climate change (CC), have inflicted severe socio-economic losses to the global economy. These economic forfeitures are so unprecedented that an assessment of their impacts on renewable energy potentials is necessary. This study investigated the impact of CC on photovoltaic cell temperature (PVct) and photovoltaic generation potential (PVP), considering three PV-cell technologies (i.e., amorphous, monocrystalline, and polycrystalline), under the Togolese climate conditions. The Regional Climate Model version 4 (RegCM4), licensed by the CORDEX-CORE initiative, was utilized. Hence, possible social and environmental impacts have been investigated for the period 2024–2065 under two climate scenarios—a low radiative forcing (RCP2.6) and a high radiative forcing (RCP8.5). Consequently, the PVct would likely rise, while the PVP would decrease during the period 2024–2065 under the two scenarios (RCP2.6 and RCP8.5). These variations depended on three main factors, namely the (1) climate scenario, (2) PV cell technology, and (3) geographical location (regions) of the country. The magnitude of the induced variation was found to be more pronounced under the scenario RCP8.5 for amorphous cells. The PVct would plausibly rise from 1.03 °C to 1.88 °C, while PVP would likely decrease by 0.23% and 0.37% under RCP2.6 and 8.5, respectively, for a-Si technology. Regionally, the magnitude of these impacts would most likely increase from the South (Maritime region) to North (Savanes region), regardless of the scenarios and PV cell technologies.



This study gave evidence that the outputs of solar PV plants would likely to be undermined by consequences of CC. Therefore, based on these findings, it is recommended that for decentralized solar power systems (viz., grid-tied, energy storage systems, mini-grid, and micro-grids), policy-makers, investors, and energy planners need to factor in the effects of CC in the following activities: (1) feasibility studies, (2) frequency of maintenance and monitoring, (3) planning for alternative solutions, and (4) responding to sudden changes in power stability and reliability. Finally, emerging nations—Togo and neighboring countries—are urged to develop a green energy policy to mitigate CC.
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Figure 1. Methodological flow chart. 
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Figure 2. Rh, Tas, and Wspd at 10 m and Rs, in the present climate (1976–2005) of the RegCM4 driven by three ESMs (HadGEM2-ES, MPI-ES-MR, and NorESM-1 M) and its ensemble mean (Ensmean) between observation and simulations. 
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Figure 3. Taylor diagrams comparing the statistics (spatial correlation and normalized standard deviation) of Rs, Tas, Rh, and Wspd as simulated by RegCM4 and observation. 
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Figure 4. Climatological evolution of Rh, Wspd, Tas and Rs over Togo under RCP2.6 and 8.5 scenarios during 2024–2040 and 2041–2065. 
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Figure 5. Climatological variation of Rh, Wspd, Tas and Rs over Togo under RCP2.6 and 8.5 scenarios during 2024–2040 and 2041–2065. 
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Figure 6. Climatological mean variation of Rh, Wspd, Tas and Rs over Togo under RCP2.6 and 8.5 scenarios during 2024–2040 and 2041–2065. 
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Figure 7. Estimated annual and spatial PVct variations, Togo. 
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Figure 8. Monthly mean cells’ temperature under RCP2.5 and 8.5 and technology, Togo. 
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Figure 9. Projected annual and spatial changes in PVP in Togo under RCP2.6 and 8.5. 
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Figure 10. Monthly average reduction in PVP from 2024–2065 under RCP2.6 and 8.5 scenarios over Togo for a-Si technology. 
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Figure 11. Summary of climate change on solar energy (PVct and PVP) under RCP2.6 and 8.5 as a result of PV cell technology usage 2024–2065 (near and middle futures). 
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Table 1. Geographic coordinates of the Togolese Administrative Regions.
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Admin. Regions

	
Latitude

	
Longitude

	
Area (km2)






	
Maritime

	
6°00′

	
6°50′

	
0°25′

	
2°00′

	
6100 km2




	
Plateau

	
6°9

	
8°5′

	
0°30′

	
1°38′

	
16,800 km2




	
Central

	
8°0

	
9°15′

	
0°15′

	
1°35′

	
13,317 km2




	
Kara

	
9°20′

	
10°05

	
0°55′

	
1°25 E

	
11,738 km2




	
Savannah

	
0°

	
1°

	
10°

	
11°

	
8533 km2
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Table 3. PV technology and corresponding PVct model regression coefficients.
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	PV Cell
	a (°C)
	a1 (°C/W/m2)
	a2
	a3 (°C/m/s)
	a4 (°C/Rh%)





	Mono Si
	1.57
	0.0289
	0.961
	−1.457
	0.109



	Poly Si
	3.9
	0.030
	0.954
	−1.629
	0.088



	a-Si
	2.5
	0.026
	0.964
	−1.406
	0.082
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Table 4. Variables biases—Simulations vs. Observation.
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	Admin. Regions
	Rs Bias (W/m2)
	Tas Bias (°C)
	Rh Bias (%)
	Wspd Bias (m/s)





	Maritime
	−26.918
	0.13
	−5.31
	0.877



	Plateau
	−17.905
	0.1289
	−14.215
	−0.10197



	Central
	−12.0461
	0.2406
	−18.9988
	−0.1329



	Kara
	−4.992
	0.009
	−23.6915
	0.1126



	Savannah
	2.7692306
	0.926079
	−29.515
	0.1907783
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Table 5. Highlights of impact of CC on PVct and PVP over Togo and its Administrative Regions.
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Rise in pv Cell Temperature from 2024–2065

	
Decrease in pv Potential from 2024–2065






	
DOMAINS

	
Min

	
Max

	
Scenarios (RCP)

	
Domains

	
Min

	
Max

	
Scenarios (RCP)




	
TOGO (°C)

	
0.88 (poly-Si)

	
0.3 (a-Si)

	
2.6

	
Togo (%)

	
0.14 (poly-Si)

	
0.3 (a-Si)

	
2.6




	
REGIONS (°C)

	
0.82 (poly-Si) over Maritime

	
1.09 (a-Si) over Kara

	
2.6

	
Regions (%)

	
0.095 (poly-Si) in Kara

	
0.3 (a-Si) in Maritime

	
2.6




	
TOGO (°C)

	
0.97 (poly-Si)

	
1.88 (a-Si)

	
8.5

	
Togo (%)

	
0.22 (poly-Si)

	
0.37 (a-Si)

	
8.5




	
REGIONS (°C)

	
0.89 (poly-Si) over Maritime

	
2.01 (a-Si) over Savanes

	
8.5

	
Regions (%)

	
0.18 (poly-Si) in Plateaux

	
0.45 (a-Si) in Maritime

	
8.5
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