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Abstract

:

The production and consumption of energy must be converted to renewable alternatives in order to meet climate targets. During the past few decades, solar photovoltaic systems (PVs) have become increasingly popular as an alternative energy source. PVs generate electricity from sunlight, but their production has required governmental support through market interventions due to their lack of competitiveness on the energy market. Despite 40 years of attempts to establish PV technology through such interventions, the aim of this paper is to find out what general conclusions can be drawn regarding different technologies. Our study examines peer-reviewed studies from the start of PV technology up to 2023 to answer these questions. The literature indicates that not only developed countries but also developing and emerging nations possess significant potential to mitigate the adverse effects of climate change by adopting renewable energy sources. Leading market players can offer support to these less developed countries by subsidizing both equipment and installation processes. As a result, this initiative can contribute to sustainable development on our planet.
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1. Introduction


In order to effectively combat the leading cause of climate change—energy production and consumption, responsible for approximately 60% of greenhouse gas emissions—a rapid and efficient transition to renewable energy sources is imperative [1]. The escalation of global energy demands, driven by economic growth and rising incomes, underscores the pressing need for the swift expansion of renewable energy production [2]. Geothermal, hydro, wind, and solar energy emerge as pivotal players in this transition, offering clean, sustainable, and abundant alternatives devoid of harmful emissions [3].



Nevertheless, navigating this intricate transition requires substantial investments in technology, infrastructure, and workforce development [4]. The substantial benefits of this shift include not only improved public health and heightened energy security but also a substantial reduction in greenhouse gas emissions [1]. It is crucial for governments, businesses, and individuals to collaborate in creating an enabling environment that fosters the flourishing of renewable energy technologies [4]. Furthermore, the sustained emphasis on developing markets for renewable energy sources is vital for nurturing innovation and competencies in the sustainable energy sector [2].



According to the International Energy Agency (IEA) report, the global electricity market comprised approximately 26 percent renewable energy by the end of 2018 [5]. The share of renewable energy production in total production needs to increase to meet climate goals based on present consumption levels. In order to foster the rapid growth of renewable energy production and meet the rising demand, governments play a vital role in creating market conditions that incentivize both new and existing firms to invest in innovative technologies. Solar energy and photovoltaic systems (PVs) are becoming more popular as renewable energy options. Solar panels can convert solar energy into electricity and are a cleaner, quieter alternative to fossil fuels. In recent years, numerous forms of renewable technology have undergone remarkable growth, and this particular technology stands out among them. While its contribution to overall energy production was around 2.4 percent in 2018 [6], it accounted for an impressive 55 percent of the additional capacity added to the renewable energy sector.



The share of renewables in the global power generation mix is forecast to rise from 29% in 2022 to 35% in 2025. Renewables saw a year-on-year rise of 5.7%, making up almost 30% of the generation mix in 2023 [7].



The global installed capacity of renewables is estimated to have increased at a faster year-on-year rate of almost 11% in 2022 compared to the average 9% growth seen in the 2017–2021 period. Variable renewables—wind and solar PVs—continued to see strong growth in combined capacity, up nearly 18%. This corresponds to about 300 GW in the additional installed capacity of variable renewables, which is greater than the current combined wind and solar PV cumulative capacity in the United States (approximately 280 GW) [7].




2. Solar Cell Markets, Opportunities, and Challenges


Market theory defines an ideal market as having many market actors that facilitate the entry and exit of buyers and sellers. Supply and demand play an important role in determining the price in this kind of market. It is therefore important that the government does not interfere with the equilibrium of the market. Such markets can be referred to as natural markets. Although this is true, markets are rarely or never completely efficient in reality. Businesses often face numerous challenges when entering or operating in a particular market. Several factors must be considered and invested in before a company enters or competes in a market, according to the literature on market structure and strategy. A number of barriers must be overcome in order for them to survive a market [8].



It is possible for established companies to gain technological and cost advantages as well as important business relationships that will create barriers for newcomers. PV-based firms may therefore face different barriers to entering the energy market if they wish to enter. The barriers may be financial limitations, such as high initial or production costs; market barriers, such as unadopted markets; unclear or unsuitable regulations; or firm-level barriers, such as an inability to develop business models, competence, or reliability. It is possible to have oligopolies or monopolies that restrict future entry into a market with high entry barriers [9,10].



Economic sociology has pointed out that the traditional view of market structure and strategy, as presented above, often overlooks the role institutions play in determining how markets develop because markets are not always efficient, as shown above. A term such as institutions can be used here to describe human-made constraints that govern political, economic, and social interactions. In addition to codified laws and regulations, informal norms influence the market’s structure and behavior [11,12]. Companies that have already established themselves in a market often enjoy financial and technological advantages, as well as valuable business relationships, which can create obstacles for newcomers. As a result, firms relying on PV-based technologies may face different types of barriers when seeking entry into the energy market. These barriers could include financial hurdles such as high initial or production costs, structural barriers like underdeveloped markets or unclear and unsuitable regulations, and firm-level challenges such as a lack of expertise or suitable business models, or unreliable value chains. The presence of high entry barriers may contribute to a market structure characterized by oligopolies or monopolies, limiting future entry and competition [9].



Economic sociology highlights the significance of institutions in shaping market development, a perspective often overlooked by the traditional view of market structure and strategy described earlier [13,14]. Institutions encompass human-made constraints that govern political, economic, and social interactions. In addition to codified laws and regulations, informal norms also influence market behavior and structure, challenging the notion of market efficiency highlighted earlier [15,16]. Due to the fact that governments can design formal institutions to regulate and shape market structures, they play an important role in market construction, which includes regulating and shaping market structures [17].



When institutions are efficient, they create stable, favorable conditions for market actors to exchange ideas. Inefficient institutions are those whose regulations are perceived as unstable or unfavorable, creating uncertainty and leading to market participants hesitating before doing business. An efficient market mechanism maintains a well-functioning market, whereas an ineffective one counteracts it. State-building activities strive to establish stable, long-term, and efficient markets that closely resemble the theoretical model of a perfect natural market [18]. However, it is important to acknowledge that governments may sometimes seek to steer or influence the market for political purposes. Politicians and society may intervene when markets produce undesirable outcomes, regardless of how efficient they are. When renewable energy alternatives are constrained, governments may need to intervene in energy markets in order to convert them from traditional to renewable sources [19]. To put it another way, governments have the ability to employ political market regulation as a tool to encourage the adoption of preferred behaviors, such as the use of renewable energy. They can achieve this through various means, including implementing taxes, enacting legislation, providing financial support, offering assistance programs, and granting subsidies. Specific to PV technology, common measures include feed-in tariffs (FIT) and net metering. By intervening in the market, government actions can either stimulate or hinder its growth, impacting both existing market players and new entrants, as they may contradict fundamental market principles. In cases where the government is dissatisfied with market outcomes, it may consider reshaping the market structure.



Government interventions in the market can introduce instability and uncertainty, leading to inefficient market functioning. As a result, it is commonly advised to gradually reduce these interventions once the political objectives behind them have been successfully attained [20,21].



It is crucial to differentiate between two distinct forms of market interventions: those guided by economic considerations and those driven by political motives. Economic interventions are employed when a market fails to function efficiently from an economic standpoint. On the other hand, politically motivated interventions involve reconstructing or even dismantling the market to align its functioning with that of a natural market. It is important to recognize that any intervention, regardless of its nature, will impact the market and its participants [22].



The extent of change in market structure and the manner in which business is conducted are intricately tied to innovation. PV systems, as a technological innovation, hold great potential in driving the transition towards renewable energy production and consumption [23]. Consequently, they should be embraced as an alternative to traditional energy sources. However, integrating these innovations into existing energy market structures is not without challenges. The replacement of established technologies with new ones presents difficulties. Research, production, marketing, and installation are complex, multi-faceted activities that require collaboration among various stakeholders to successfully bring technological innovation from the laboratory to the end customer [24]. In this regard, governments may employ politically motivated interventions to support the adoption of PV systems and foster markets that favor this technology. Nonetheless, it is important to note that such initiatives may temporarily disrupt the functioning of a natural market.




3. Solar Photovoltaic (PV)


Sunlight is converted to electricity using solar photovoltaic (PV) systems. Before 2000, most solar PV markets consisted of off-grid PV systems (no electricity grid connection). Recent increases in installation rates are largely due to grid-connected systems. Depending on the size of the system, companies or private households can either distribute the energy produced or sell overcapacity back to the grid. Solar PV technology expansion has been driven largely by financial incentives for self-consumption [5,19], such that the consumer has expanded into a producer or a “prosumer”. PV technology has grown from being developed for specific markets [25] to a stage where increased efficiency has led to reduced production costs, more interest from traditional firms, and, therefore, more demand [26,27]. Because of that, technology has entered previously centralized markets dominated by a few powerful and large players. Mass production and mass markets have replaced small niche markets. Competitive players have emerged as a result of standardized PV technology, homogeneous products, and policy reforms [7]. China, the United States, Japan, Germany, India, and Brazil were the largest solar PV markets in 2021. These countries account for 69% of total solar PV capacity worldwide, a highly concentrated market comprising both single households and large companies [28,29].




4. The Uses of Solar PV Energies: State of the Art


4.1. Solar PV Energy


Photovoltaic energy is derived from the conversion of solar radiation into electrical energy with a suitable efficiency. When sunlight reaches the Earth’s surface, it consists of photons that can either be absorbed or reflected. In the field of solar cell technology, various technologies are employed, but the most commonly used one is the solid-state semiconductor solar cell. These cells utilize semiconducting materials to convert sunlight into electricity. The absorber film in such cells can be made of amorphous, crystalline, or polycrystalline semiconductor materials. Silicon and GaAs solar cells are considered the most efficient among them.



In recent years, researchers have shown great interest in perovskite AXB3 and Cu(In, Ga)Se2 (CIGS) materials due to their excellent light absorption properties [30] and ability to reduce the thickness of the cell layers from 100 μm to just a few μm. This characteristic allows for the fabrication of low-cost solar panels using simple techniques. Semiconductor materials used in these cells have a valence band (VB) and a conduction band (CB), which are separated by a forbidden energy gap known as the band gap (Eg). At a temperature of 0 K, the valence band is completely filled with electrons, while the conduction band is unfilled [7].




4.2. Solar Cell Technology


The study of photovoltaic solar cells has been primarily focused on enhancing their efficiency for autonomous applications. These solar cells are classified into three generations, and researchers are diligently working on all three levels: improving overall performance, developing cost-effective fabrication techniques, and reducing the reliance on toxic materials to ensure environmental sustainability [31,32].



4.2.1. First Generation: Crystalline Si Solar Cells


Solar cells that utilize amorphous silicon, in contrast to crystalline silicon (c-Si), have shown efficiency levels ranging from 6% to 44.0%. However, the production of pure silicon crystals is expensive, making mass production impractical. Additionally, monocrystalline silicon solar cells demonstrate higher efficiency at elevated temperatures. Although monocrystalline silicon cells are more efficient, they are less expensive because they are composed of multiple silicon crystals molded together. Despite the first-generation technology being up to 44% more efficient than crystalline silicon (c-Si) solar cells, its cost remains higher [33,34].




4.2.2. Second PV Generation: Thin-Film Solar Cells


Thin-film solar cells based on amorphous silicon, polycrystalline CdTe, and polycrystalline Cu(In, Ga)Se2 (CIGS) are prominent technologies in the second generation of solar cells. These technologies have gained popularity due to their low-cost manufacturing requirements. Various methods, such as electrochemical deposition, chemical bath deposition, spray pyrolysis, and spin coating, are employed to fabricate thin-film solar cells, offering versatility in their production. The cost-effectiveness and large-scale production capabilities of second-generation solar cells make them particularly attractive for integration into the industrial sector [12]. Notably, thin-film solar cells are available in three main types: amorphous silicon (a-Si), cadmium telluride (CdTe), and chalcopyrite compounds like copper indium gallium selenide (CIGS) [33,35].




4.2.3. Third-Generation Solar Cells


Third-generation solar cell technology commonly employs multi-layer (tandem) cells, which are composed of a hierarchical structure combining silicon and thin film materials. Among these thin film materials, copper zinc tin sulfide (CZTS) and perovskite solar cells have garnered significant attention [36,37]. In particular, perovskite solar cells have recently achieved research efficiencies exceeding 20 percent, making them a highly promising technology [34,38]. Dye-sensitized solar cells (DSSCs) also represent a third-generation photovoltaic technology. These cells use a semiconductor coated with a photosensitive dye to generate an electric current. DSSCs offer cost-effectiveness in production and flexibility in design, allowing integration into various surfaces. However, challenges persist in terms of stability under harsh conditions and achieving higher efficiency. Organic solar cells (OSCs) utilize carbon-based materials in the active layer, providing flexibility and potential cost savings in manufacturing [39,40]. They are lightweight, adaptable, and suitable for unconventional form factors. Despite advantages, organic solar cells face challenges such as lower efficiency than traditional silicon cells and concerns about long-term stability. Both DSSCs and OSCs share common challenges related to stability and efficiency. Researchers are actively addressing these issues to enhance overall performance. These third-generation technologies show promise in specific applications like building-integrated photovoltaics and portable electronics, but wider adoption depends on overcoming efficiency and stability constraints through ongoing research and development efforts [41,42,43].






5. Production of Electricity from Photovoltaic Sources: State of the Art


The landscape of solar cells is marked by both opportunities and challenges, with promising future prospects. The cost of electricity generation from solar photovoltaic (PV) technologies has notably decreased, rendering them competitive with fossil-fuel-based technologies and onshore wind power [44]. This cost reduction is crucial for addressing global climate change, positioning solar PVs as a cost-effective solution [45]. To harness these opportunities, the ongoing trend of cost reductions must persist, especially considering that a substantial portion of the costs associated with solar PV systems scales with the size of PV modules.



Increasing the efficiency of solar PV systems stands out as a viable strategy for reducing the levelized cost of electricity (LCOE). While silicon-based PV technology presently dominates the market, its efficiency is fundamentally limited to 29.4% [46,47]. Silicon-based tandem solar cells, however, offer practical efficiency beyond 33% [48,49,50], representing an evolutionary advancement from traditional silicon technology.



Despite the advancements, there are concerns about whether tandem devices can offset the additional cost of the top cell in terms of LCOE. Moreover, perovskite-based single-junction solar cells may hold potential in achieving a low LCOE. To comprehensively assess the most cost-effective solution, a comparison between tandem technologies and individual cell technologies for both bottom and top solar cells is necessary.



This article aims to explore the opportunities, challenges, and future prospects of the solar cells market, focusing on the LCOE of silicon and perovskite technologies in single-junction and tandem configurations. Additionally, the analysis will extend to estimating the manufacturing cost of a perovskite-based solar cell module [51]. It is imperative to consider the ongoing cost reductions in silicon technology and the development of balance-of-system (BoS) technologies, given that perovskite-based production methods are not yet widely available. The key parameters in the cost analysis include the potential efficiency increase achievable with tandem devices and the equivalent efficiency that a single-junction perovskite device could attain. This comprehensive examination, drawing from existing literature, will facilitate direct comparisons between perovskite/silicon tandem cells and perovskite/silicon cells alone [52].




6. Solar Energy Development in World Markets: An Economic Perspective


Solar energy has become a prominent contributor in the worldwide shift towards eco-friendly and renewable energy sources. As the world faces pressing environmental challenges and seeks to reduce greenhouse gas emissions, solar power has gained significant momentum [53,54,55]. The future of the solar energy market in both developed and developing nations holds tremendous potential. Market research and numerous reports have shown that the value of the global solar cell market was approaching $40 billion in 2020, and between 2021 and 2028, this value is expected to upsurge at a compound annual growth rate (CAGR) of more than 15% [56].



Developed economies continue to focus on technological advancements, grid integration, and supportive policies to further solidify their position as leaders in solar energy adoption. On the other hand, developing economies have a unique opportunity to leverage solar energy to meet their growing energy demands sustainably. With increasing affordability, supportive policies, and a commitment to sustainable development, these countries can rapidly expand their solar energy capacity [54]. Ultimately, the global transition to solar energy requires collaboration between developed and developing nations, as well as the sharing of knowledge and resources. By embracing solar power, both types of economies can contribute to a greener, more sustainable future for generations to come.



According to Renewables 2022 Global Status Report, China achieved a significant milestone in 2021 by becoming the first nation to exceed an installed capacity of 1 terawatt (TW) in renewable energy [57]. Throughout the year, China witnessed an impressive increase of 136 GW in total installed capacity, accounting for approximately 43% of global additions. Notably, China experienced substantial growth in solar power, accounting for approximately 31% of worldwide additions in solar photovoltaic (PV) capacity [58,59]. Moreover, China dominated capacity additions across various other renewable energy technologies. For instance, the country marked additions of 14.5 GW in offshore wind power and almost 80% in global hydropower. China is considered a leading player in the world markets of hydropower, solar PVs, bio-power, and wind power, as shown in Table 1. Between 2020 and 2021, certain countries experienced significant changes in total power capacity and demand, as indicated in Table 2.



In addition to China’s achievements, countries outside of China witnessed significant growth in renewable energy capacity during 2021. These countries collectively added approximately 179 GW of new capacity, representing a 29% increase from the previous year. The leading contributors to this growth were the United States with 42.9 GW, India with 15.4 GW, Brazil with 10.2 GW, Germany with 7.3 GW, and Japan with 7.2 GW. However, it is important to note that China maintained its leading position in cumulative renewable energy capacity by the year’s end. The United States followed with 398 GW, while Brazil, India, and Germany reached capacities of 160 GW, 158 GW, and 139 GW, respectively [60,61].



Developed economies have been at the forefront of solar energy adoption, driven by technological advancements, supportive policies, and increasing environmental awareness. These countries have made substantial investments in solar infrastructure, resulting in widespread installations and well-established markets. The future of solar energy in developed nations is promising, with a focus on further enhancing efficiency, storage capabilities, and grid integration [62,63].



Developing economies frequently encounter substantial energy requirements resulting from population expansion and the process of industrialization. A significant role can be played by solar energy in meeting this demand, especially in regions with abundant sunlight. Solar installations can be rapidly deployed, even in remote areas, bypassing the need for extensive grid infrastructure. The Nigerian government has recognized the compelling advantages of solar energy as a smart approach to meet the power needs of households in the country. Geographically, Nigeria has great potential for solar energy deployment. Analysts have estimated that even by utilizing a mere 1% of Nigeria’s landmass for solar PV panels, the country could generate an impressive 600,000 MW, as reported by Financial Nigeria International. This demonstrates the immense feasibility and potential of solar energy in Nigeria. India has established a formidable target of achieving a solar capacity of 100 GW by the year 2030 [64,65]. To support this objective, the Indian Ministry of New and Renewable Energy has implemented various programs aimed at assisting private solar power enterprises through the provision of subsidies. Additionally, India plans to explore innovative approaches, such as installing photovoltaic (PV) panels on canal tops and integrating them with the grid. This unique concept of integrated solar power generation has the potential to revolutionize the industry. Furthermore, India benefits from its favorable geography, characterized by clear skies for approximately 300 days a year and abundant solar radiation, making it an ideal location for solar energy deployment. Pakistan possesses abundant solar irradiance, allowing for the harnessing of solar energy throughout the majority of the year. This presents a remarkable opportunity to leverage solar power from highly irradiated locations within the country, supplemented by foreign investments [66,67].



Solar energy has become increasingly cost-effective, and developing economies can benefit from this trend. With decreasing solar panel costs and access to financing mechanisms, such as international loans and partnerships, these countries can embrace solar power as a reliable and affordable energy source. In Kenya, the cost of a 195 W solar panel has decreased from $1000 in 2007 to $150 today. This decline in prices can be attributed to the removal of value-added taxes and import duties on renewable energy equipment. According to an analysis conducted by IRENA (International Renewable Energy Agency), the costs associated with establishing solar PV projects in India have significantly decreased by approximately 80% between 2010 and 2018. As a result, solar energy in India is now available at a lower cost compared to traditional fossil fuel energy sources. The government under Prime Minister Modi highlights that although solar energy systems include the added expense of batteries, they anticipate that solar energy will soon become more cost-effective than relying solely on the grid. KPMG, a reputable consulting firm, predicts that by 2024, around 20% of households in India will have adopted photovoltaic (PV) systems [54].



A report by Mordor Intelligence emphasized that supportive government policies and programs are expected to increase the development of the solar energy market in Pakistan during the projected period (2023–2028). In pursuit of renewable energy alternatives, the Pakistani government has established ambitious targets, aiming to attain a minimum of 20% of electricity generation from renewable sources by 2025 and 30% by 2030, as explained in the Alternative and Renewable Energy (ARE) Policy of 2019 [68].



According to the policy, machinery and imported plant equipment used in the production of alternative renewable energy technology end-consumer items including solar panels are exempted from tax to encourage the adoption of solar energy. Under this policy framework, the Alternative Energy Development Board plans to establish an Institute of Renewable Energy Technologies. This institute will focus on providing academic qualifications and conducting research in the domain of renewable energy, including solar energy. Additionally, the Pakistani government has implemented a net metering scheme that enables residential solar system owners to contribute excess electricity to the grid, earning credits and making residential solar energy systems financially attractive. This incentivizes the adoption of solar energy at the residential level. Overall, Pakistan’s favorable solar irradiance, coupled with supportive government policies and programs, demonstrates the country’s commitment to expanding its solar energy sector and embracing renewable energy as a key component of its energy mix [69].



Despite the numerous opportunities and concerted efforts directed towards the adoption of solar energy to meet market needs, certain challenges and barriers still persist. As of mid-2022, the global energy landscape faced an unprecedented energy crisis. The situation was further compounded by the upsurge in prices of fossil fuels, including coal, oil, and natural gas, since the end of 2021 and the Russian Federation’s invasion of Ukraine in February 2022. This surge in prices posed a significant threat of energy poverty for billions of individuals worldwide. Despite compelling evidence showcasing the affordability of renewable energy as a means to enhance resilience and facilitate decarbonization, governments worldwide persist in relying on fossil fuel subsidies to maintain control over energy costs. This disparity between countries’ aspirations and actual implementation is concerning and represents a cautionary signal indicating that the global energy transition is not advancing as anticipated [70,71,72].



In light of apprehensions regarding energy security, various regions have undertaken assessments of their energy policies. For instance, the European Union (EU) set a goal to minimize its dependence on Russian gas by 60% by the end of 2022 and completely eliminate it by 2030. This objective involves implementing measures such as doubling renewable hydrogen production and scaling up its utilization. Additionally, the recently unveiled REPowerEU plan seeks to double the EU’s capacities for solar photovoltaic (PV) and wind energy by 2025, with a further aim to triple them by 2030. These initiatives demonstrate a commitment to diversify energy sources and enhance sustainability in the pursuit of greater energy security [73,74].



Germany is actively pursuing an accelerated transition to renewable energy, which is now referred to as “freedom energy.” The country has established a goal of achieving a 100% renewable electricity supply by 2035. By 2030, Germany aims to have 80% of its electricity generated from wind and solar power, including significant expansions in capacity. These expansions include a three-fold increase in solar energy capacity to reach 200 GW, a doubling of onshore wind energy capacity to 110 GW, and the establishment of offshore wind energy capacity of 30 GW. Similarly, the United Kingdom has contemplated easing planning restrictions on onshore wind farms as a means to facilitate the rapid growth of renewable power and reduce reliance on gas imports [75].



Meanwhile, Spain is expediting the approval process for wind power projects of up to 7 megawatts (MW) and solar PV projects of up to 150 MW. Additionally, Spain is embracing floating solar PV systems and implementing measures to facilitate the self-consumption of solar energy. These countries’ initiatives highlight their commitment to advancing renewable energy deployment and transitioning away from traditional fossil fuel sources, showcasing their determination to achieve greater sustainability and energy independence [76,77].



Japan is intensifying its initiatives to advance offshore wind power projects, primarily driven by the anticipated long-term rise in oil prices following the Russian invasion of Ukraine. In response, Japan is revising its tender process for wind farms, considering not only the price but also the speed of project development. This adjustment emphasizes the urgency of transitioning to an efficient and renewable-based energy system globally, particularly in light of the increased focus on energy security. By adopting such a system, countries can align with ambitious climate goals while mitigating the risks associated with fossil fuel dependency, including price volatility and political pressures that affect both consumers and industries [78].



As the global focus on combating climate change intensifies, renewable energy sources are gaining significant prominence, with solar power expected to play a pivotal role. The International Energy Agency (IEA) anticipates that solar energy will emerge as the largest source of electricity worldwide by the year 2050. This projection underscores the growing recognition of solar power’s potential in meeting our energy needs while reducing carbon emissions and advancing sustainability [79].



Socio-Economic Benefits of Solar Energy


One of the critical factors in economic growth and development is energy. To meet the upsurge in energy demand caused by increasing populations and growing economies, solar energy offers an ideal solution since the counterparts of renewable energy can be damaging to the environment. The prime advantage of solar PV systems is their free source due to the abundance of sunlight in nature. Moreover, these systems avoid carbon emissions and are basically nature-friendly. Currently, research is focused on technologies that improve the efficiency of energy conversion and reduce its cost [80]. Ref. [81] graphically presents the increase in the installation capacity of solar energy worldwide, as shown in Figure 1.



The literature usually does not discuss emergent solar technology’s social and economic impacts. There are certain limits to the quality of life for people due to the lack of access to electricity, especially in rural areas. Solar energy can overcome this problem at a very low cost without harming the environment [82]. People may have a positive impact socially; for instance, they can access more information through electric devices like TV, etc., improving the ease of mobility, and promoting security, especially during the nighttime [83]. Moreover, one of the major economic activities, the creation of employment opportunities, can be fostered through the availability of energy, leading to sustainable development and improvement [84].



To reduce the impacts of changing climate, the usage of renewable technologies would have to increase since climate action is one of the significant sustainable development goals (SDGs) developed by the United Nations General Assembly. In the past, the fossil fuel and gas sectors were the two energy generation sources. However, their intensive use significantly affects the environment in the form of the emission of hazardous gases, resulting in global warming [85]. This environmental damage leads to low quality of life, as the fuel produced is relatively costly. Comparatively, sustainable economic growth can be achieved through affordable and clean energy produced by solar energy [81,86]. The first goal of reducing poverty in the path of sustainable development can also be achieved through the rise of job opportunities in the solar sector. The International Renewable Energy Agency (IRENA) has reported that approximately 3.8 million people were employed in the global solar industry in 2019 and expecting the same pace of growth in the future.



Due to the benefit of low costs, many developing nations are more interested in investing in solar energy to meet energy demands; consequently, the adoption of solar technologies fulfills the basic needs of food and shelter, health, and education and uplifts society [87]. Solar power becomes increasingly competitive with traditional energy sources due to the decline in the cost of solar panels. In the long run, with the installation of solar panels, individuals and organizations can generate their own electricity, which will eventually save money and reduce their reliance on grid power. Through this cost reduction, consumers and businesses receive low electricity bills, and more resources are available for future investments [88].



Another interesting reason behind developing countries’ significant energy production potential is the sunny nature of these localities. Their geographical locations along the equator or near deserts allows them to absorb optimal sun rays, since PV systems work perfectly in these settings. According to [89], India has the highest score in solar PV technology among the top ten countries that invest in renewable energy sources, as shown in Figure 2.



To sum up, there are some major socio-economic benefits of the application of solar energy technology, including job creation, trade balance, industrial development, human welfare improvements, climate change solutions, etc. By formulating relevant policies, the development of PV systems can be accelerated to extract maximum benefit and achieve SDGs.





7. Conclusions


In the face of escalating environmental challenges and the imperative to curtail greenhouse gas emissions, solar energy, particularly through PV technology, has emerged as a pivotal player in the global energy landscape. The trajectory of solar power from its nascent stages to the current era of advanced PV systems underscores a remarkable journey marked by technological innovation, efficiency improvements, and substantial cost reductions. The economic dynamics surrounding solar energy present a dual narrative. Developed economies, leveraging technological advancements, supportive policies, and heightened environmental consciousness, have established themselves as leaders of solar energy adoption. Simultaneously, developing nations find a unique opportunity in solar energy to meet burgeoning energy demands sustainably. With increasing affordability, policy support, and a commitment to sustainable development, these nations stand poised to significantly expand their solar energy capacities. China’s ascendancy in renewable energy, particularly solar power, exemplifies a broader trend, with other nations like India and Pakistan actively contributing to the global shift. The socio-economic implications of solar energy deployment are substantial, ranging from job creation and industrial development to an enhanced quality of life. The declining costs of solar panels, as evidenced in countries like Kenya and India, enhance the attractiveness of solar energy as a competitive alternative to traditional sources. Solar energy transcends its role as a mere eco-friendly energy source; it emerges as a catalyst for economic and social progress on a global scale. As nations commit to sustainable practices, the transformative potential of solar power becomes evident, charting a course towards a cleaner, economically viable, and collaborative energy future. Projections affirming solar energy as the primary global electricity source by 2050 underscore its centrality in shaping a sustainable tomorrow. The journey of solar energy is not merely a technological evolution; it is a shift towards a more resilient, equitable, and environmentally conscious energy paradigm.
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Figure 1. Worldwide increase in the installation capacity of solar energy [81]. 
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Figure 2. Technology-specific scores of the top 10 countries [89]. 






Figure 2. Technology-specific scores of the top 10 countries [89].



[image: Sustainability 15 15445 g002]







 





Table 1. Net capacity additions/sales/production (top five countries in 2021).
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Net Capacity Additions/Sales/Production in 2021

Technologies Ordered Based on Total Capacity Addition during 2021




	

	
5

	
4

	
3

	
2

	
1






	
Hydropower capacity

	
Lao PDR

	
Nepal

	
India

	
Canada

	
China




	
Wind power capacity

	
United Kingdom

	
Vietnam

	
Brazil

	
United States

	
China




	
Solar PV capacity

	
Brazil

	
Japan

	
India

	
United States

	
China




	
Solar water heating capacity

	
United States

	
Brazil

	
Turkey

	
India

	
China




	
Biodiesel production

	
France

	
Germany

	
United States

	
Brazil

	
Indonesia




	
Ethanol production

	
India

	
Canada

	
China

	
Brazil

	
United States




	
Air-source heat pump sales

	
Italy

	
France

	
United States

	
Japan

	
China




	
Concentrating solar thermal power (CSP) capacity

	
-

	
-

	
-

	
-

	
Chile




	
Geothermal power capacity

	
New Zealand

	
Japan

	
Iceland

	
Turkey

	
China











 





Table 2. Total power capacity or demand/output as of year’s end, 2021.
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Total Power Capacity or Demand/Output as of End 2021

Countries in Bold Indicate Change from 2020




	

	
5

	
4

	
3

	
2

	
1






	
Power




	
Renewable power capacity per capita

(Not including hydropower)

	
Australia

	
Sweden

	
Germany

	
Denmark

	
Iceland




	
Renewable power capacity

(Not including hydropower)

	
Japan

	
India

	
Germany

	
United States

	
China




	
Renewable power capacity

(Including hydropower)

	
Germany

	
India

	
Brazil

	
United States

	
China




	
Solar PV capacity

	
Germany

	
India

	
Japan

	
United States

	
China




	
Geothermal power capacity

	
New Zealand

	
Turkey

	
Philippines

	
Indonesia

	
United States




	
Wind power capacity

	
Spain

	
India

	
Germany

	
United States

	
China




	
Hydropower capacity

	
Russian Federation

	
United States

	
Canada

	
Brazil

	
China




	
Concentrating solar thermal power (CSP) capacity

	
South Africa

	
Morocco

	
China

	
United States

	
Spain




	
Bio-power capacity

	
Germany

	
India

	
United States

	
Brazil

	
China




	
Heat




	
Geothermal heat output

	
New Zealand

	
Japan

	
Iceland

	
Turkey

	
China




	
Solar water heating collector capacity

	
Brazil

	
Germany

	
Turkey

	
United States

	
China
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