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Abstract

:

The use of solar thermal systems (STSs) has recently reached a significant edge. The increasing research on developing an alternative power supply for limiting fossil fuel usage and climate change are the driving forces of STSs. The current work explores the recent progress in STSs’ applications, including PV/T or “photovoltaic/thermal” systems, zero-energy buildings, greenhouse solar thermal applications, solar thermal for pumping water, solar thermal refrigerators, solar chimneys, water desalination, and solar collectors, along with the benefits and challenges of these applications. Then, the potential contribution of STSs in achieving the various SDGs or “Sustainable development goals”, including barriers and research gaps, are elaborated. In brief, STSs significantly contribute to the seventeen SDGs’ achievement directly and indirectly. Recent developments in the engineering applications of STSs are strongly based on the materials of construction, as well as their design, process optimisation, and integration with multidisciplinary sciences and technologies such as modelling, nanoscience/nanotechnology, and artificial intelligence.
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1. Introduction


Recently, energy, environment, and economic development have been exceedingly intertwined. Appropriately utilising available energy requires carefully managing employed technologies and assessing social impacts. The sustainable development of countries’ economic growth mainly depends on good planning and the responsible consumption of fossil fuels and renewable energy resources, i.e., solar, hydro, biomass, and wind energy. Solar energy is available everywhere, even in remote locations, making it an adequate substitute for fossil fuels. The sun dissipates a massive quantity of radiation energy to its surroundings by about 174*1015 W at the layer of the upper atmosphere of Earth. Almost 51% of the total incoming solar energy reaches the land and oceans. Solar energy from the sun can be categorised as light or photons and heat with electromagnetic waves. Fundamentally, the sun is the source of all renewable energy sources, as presented in Figure 1.



Demand for cleaner energy sources has grown in recent decades. Most countries have drawn up long-term plans based on renewable sources. Governments worldwide are beginning to use renewable energy resources and reduce their reliance on conventional fossil fuels [1,2]. In 2021, renewable energy technologies garnered 70% of all energy investment, yet worldwide CO2 emissions rose by 1.5 billion tonnes [3,4]. The European Union (EU2030)’s Framework for Climate and Energy states that emissions must be reduced, with a binding target of at least 40% below 1990 levels before 2030 [5]. Various renewable energy technologies, primarily solar ones, can be used to meet these objectives. Solar devices, in particular photovoltaic (PV) panels [6], solar thermal collectors [5], or photovoltaic/thermal (PVT) collectors [6], are easily integrated into a variety of industries. Future predictions indicate that solar energy will soon surpass fossil fuels. Due to the development of the economy and industry, solar energy generation is anticipated to reach 48% by 2050 [7,8]. Solar energy is used for power generation using PV systems [9,10], heating air with solar air heaters [11,12], dry agricultural products using solar air dryers [12,13], providing drinking water using solar-powered desalination systems [14,15], cooking food using solar cookers [16], etc. Several types of research have been conducted to improve the performance of solar systems. Phase change material (PCM) and nano-enhanced PCMs [17,18], thermoelectric generators [19,20], nano-enhanced coatings [21], and nanofluids [22,23] are different methods for improving the performance of solar systems. The particular approaches employed are primarily determined by the unique features of the solar system and the opportunities that are available for improving performance or utilising additional system availability to produce other forms of energy. For instance, PCMs could be employed in solar thermal systems (STSs) to increase the module’s exit temperature [24]. Thermal or PVT collectors utilise nanofluids for a faster rate of heat transfer [25], and thermoelectric generators can be utilised to co-generate electricity and heat/cold from desalination units or solar PV [26].



Modelling and simulation are effective tools for deciding the best operating conditions of various processes, such as tracking the maximum power point of grid-connected solar PV panels [27,28]. Artificial intelligence is an attractive methodology with a lower limitation than physical and mathematical modelling [29]. Artificial intelligence is effectively used to improve the efficiency and performance of several processes [30,31], including hybrid renewable energy sources [32,33]. Artificial intelligence plays an important role in increasing STSs’ utilisation, including increasing their overall efficiency, cost minimisation, safety enhancement, scenarios to minimise environmental impacts, developing smart systems, optimising operations, and developing more accurate models of the different systems [8].



Recent advances in solar thermal systems (STSs) undoubtedly have a significant role in achieving the Sustainable Development Goals (SDGs) adopted by the UN in 2015 to be achieved in 2030. In addition to core contributions to SDG 7, which focuses on access to affordable, reliable, sustainable, and modern energy for all, and SDG 13, on urgent action to combat climate change, STSs can also make critical contributions to the other 15 SDGs, including helping to alleviate poverty, fight hunger, increase access to healthcare, education, and clean water, and protecting life on land and in water. It is essential to analyse the role of STSs in achieving the 17 SDGs.



Several works have summarised the progress in solar thermal and solar PV systems. For instance, the challenges facing solar PV systems were discussed by Al-Shahri et al. [34], as well as the application of PVT in desalination [35], the environmental impacts of solar PV systems [36], large-scale solar thermal desalination plants [37], the application of nano-enhanced phase change materials in solar thermal storage systems [38], nanofluids in solar thermal applications [39], etc. However, in accordance with the authors’ best knowledge, no work has covered the role of solar thermal in achieving the Sustainable Development Goals. The main aim of this review was to explore how STSs contribute to the achievement of the SDGs adopted by the UN in 2015. Toward this aim, we carried out an elicitation procedure focused on previous studies based on the impact of STSs on economic, environmental, and social aspects. This is followed by gathering the impacts related to a specific goal, and finally, each section was analysed and carefully reviewed. The innovative aspects of this review explore recent advances in the numerous STSs and their performance and efficiency. This work also introduces a multidimensional connection between STSs and SDGs. It analyses the environmental, social, and economic impacts of STSs according to various indicators, whereas most of the previous investigations have focused on renewable energy. It should be mentioned that the acknowledged studies have widely discussed all the STSs: photovoltaic/thermal systems, greenhouse solar thermal applications, zero-energy buildings, solar thermal systems for pumping water, solar thermal refrigerators, solar chimneys, water desalination, and solar collectors. The structure of this review is divided into three main parts. The first part is a general introduction, followed by the second section, “STSs”. The second section discusses the different kinds of STSs in more detail, as well as their pros and cons. The third part of the paper deeply investigates the contribution of these STSs in the achievement of the SDGs adopted by the UN. Finally, the main findings of this study are highlighted in the remarkable conclusions.




2. STSs or “Solar Thermal Systems”


Due to growing energy consumption, on the one hand, and the negative environmental effect of different fossil fuels, countries around the world are depending on alternative energy resources as a feasible and suitable choice in different applications, such as industry, agriculture, and domestic usage [40]. Solar energy is one of the cleanest sources of alternative energy. The study of the applications of solar systems in diverse areas of engineering technology is introduced to emphasise the necessity of using solar energy, with a special focus on thermal sources whenever possible, such as zero-energy buildings, greenhouse solar thermal applications, solar thermal energy for pumping water, solar thermal refrigerators, solar chimneys, water desalination, solar collectors, photovoltaic/thermal (PV/T) systems, etc.



2.1. Zero-Energy Buildings


Buildings considerably influence environmental issues, as they consume nearly one-third of the world’s energy [41]. The main challenge that must be comprehensively evaluated is energy consumption from an economic perspective, considering its influence on the environment. Zero-energy structure principles were first reported in 1976, and an investigation of ZEB or “zero-energy building” started around 2000 [42,43]. Among countries, communities, and regions, the criteria of ZEBs differ from one place to another [44]. The Sustainable Building Institute Europe listed ten challenges hindering the establishment of zero-energy structures from becoming relevant and realistic. ZEBs were first developed in Denmark, utilising solar energy for household applications in cold seasons. On the other hand, the BIPV or “building-integrated photovoltaic” system is a practical, promising, and innovative application to achieve green buildings, thus the term BIPVT or “building-integrated photovoltaic thermal” [45]. Photovoltaics are designed to be integrated with a building as an alternative to conventional constituents to supply electricity. Rapid advances have been achieved for enhancing the energy output of BIPVT designed for facades, rooftops, and windows. In addition, their thermal performance mechanisms, benefits, applications, barriers, and challenges have been introduced [9,46].




2.2. Greenhouse Solar Thermal Application


The use of greenhouse structures allows for the introduction of more favourable conditions, which are necessary for the rapid growth of crops at any time of the year. Solar energy is utilised to increase the yield of various agricultural products based on the greenhouse system, such as the drying of agricultural products and crop production [47]. Specifically, solar energy is utilised to increase the yield of agricultural products grown in greenhouses. A more comprehensive categorisation of solar thermal applications for greenhouses is presented in Figure 2. After the solar radiation has been absorbed by the plant being grown inside the greenhouse, it is then expelled into the air around it in the form of water vapour. This process occurs after the solar radiation has passed over the greenhouse cover. Radiation can be transferred to the air inside by the floor, or it can be transferred to the ground below by heat conduction [48]. Therefore, the ambient air in the greenhouse is heated, and then various thermal losses are induced via the various pores. There are a few parameters that have a significant impact on the system [49,50]. These include the plant area, plant mass, the area of an aquifer-coupled cavity flow heat exchanger system, and the flow rate of circulating air.




2.3. Solar Thermal for Pumping Water


Traditional diesel-powered pumps are commonly implemented for irrigation purposes. However, due to increased oil prices, harmful emissions due to burning, short lifetimes, and high maintenance costs have forced scientists to develop alternative routes. The solar-powered water pump has a number of advantages, for instance, reliability, being more economical, a low maintenance cost, dependence on renewable solar energy, a lack of noise, eco-friendliness, with no effect on environmental pollution, and a long life span compared to diesel-powered water pumps [51]. The generalised representation of a solar-powered water pump is shown in Figure 3. The solar power system is comprised of photovoltaic (PV) panels with or without an appropriate tracking system for improving electrical efficiency. The developed electrical energy is in DC, whereas the pump mostly requires AC, so an inverter is employed to convert the output energy to AC. A water pump or a water submersible pump is installed on the ground level [52,53].




2.4. Solar Thermal Refrigerators


Recently, the development of refrigeration technologies has been pursued to reduce energy consumption and avoid peak electrical demand without sustaining the desired standard of comfort conditions [54]. Solar refrigeration technology has the advantage of avoiding the negative impacts of conventional refrigeration systems, and the requirements of the cold often coincide with solar radiation availability. As such, researchers’ primary area of attention has been the advancement of solar refrigeration technologies. In STSs, heat is actually used more frequently than solar energy’s electricity. The flat-plate and evacuated tube collector is the most prevalent kind of solar thermal system. Current systems for generating the refrigeration effect using solar thermal energy are essentially based on the sorption mechanism: the gas/solid adsorption process and the gas/liquid absorption process [55,56]. The mechanism of the adsorption process depends on the separation of a substance from one phase and its accumulation onto the surface of a solid surface; the process efficiency depends on the affinity of the adsorbent towards a specific adsorbate as well as the specific surface area of the adsorbent. In contrast to the absorption process, the working substance is transferred from a specific phase to another to form a solution [57]. A schematic diagram of a solar-powered absorption refrigeration system is presented in Figure 4.




2.5. Solar Chimney


The use of energy in buildings covers many reasons, such as heating and cooling for a comfortable lifestyle, transportation in tall structures, lighting for many appliances, and other services. This is a crucial issue. As shown in Figure 5, the solar chimney (SC) is primarily an open-loop natural circulation system that can be utilised for electricity generation or natural ventilation (NV) [58]. The SC that produces electricity contains a sizable area of solar collectors that can efficiently absorb solar radiation [59,60]. The buoyant force that affects passive air circulation is produced in part by the height of the solar chimney. The solar chimney is additionally used in air-conditioning systems for passive cooling in natural ventilation systems of various buildings [61,62]. Natural ventilation relates to various SDGs or “Sustainable Development Goals” under the umbrella of the UN Agenda 2030, including climate action, thermal comfort, wellbeing, energy efficiency, and clean energy [63,64]. Conventional air-conditioning systems consume approximately 15% of the world’s total electricity [65]. Otherwise, solar and natural ventilation is recommended to provide cooling needs, with a 10% and 15% reduction in power and yearly usage, respectively [66].




2.6. Water Desalination


Water desalination processes can be categorised as thermal, mainly depending on the phase change and the membrane processes associated with a single phase [67,68]. For water desalination based on thermal systems, the phase change of seawater is conducted via the applied thermal energy that can be supplied using renewable energy sources such as solar energy [69,70]. Solar energy is implemented in water desalination systems either for the thermal process to introduce the thermal energy necessary or for the membrane processes to produce the necessary electrical power [71].




2.7. Solar Collectors


Solar collectors gather solar thermal energy by absorbing it with working fluid for different applications. Solar collectors are mainly categorised into two kinds based on the concentration ratios, i.e., non-concentrating collectors and concentrating collectors [72]. Concentrated solar collectors (CSC) that have been under implantation for several decades are mainly a simple scheme that uses mirrors to redirect sunlight to focus and collect heat, which can, in turn, be used to heat, power, or generate electricity. Concentrating collectors include heliostat field collectors, linear Fresnel reflectors, parabolic dish collectors, parabolic trough collectors, etc. Concentrated solar collector technology can be employed for electrical power generation, water desalination, industrial heating, cooling, detoxification and disinfection, etc.




2.8. PV/T or “Photovoltaic/Thermal” System


PV or “photovoltaic” panels are the most commonly implemented green energy-generating electricity. The implementation of solar energy is a key parameter for supplying on-site renewable energy for PVs [73]. The PV cell converts the incident solar energy into electrical energy. Diverse technologies using different applications of solar cells constitute the practical area of photovoltaics. The critical factors affecting the performance features of photovoltaic panels are well-established and well-studied [74]. The electrical performance of PV modules relies mainly on the temperature of the PV modules. Reducing the temperature enhances the electrical performance of the PV module. Additionally, to improve the efficiency of the PV, the thermal energy generated in the PV should be collected using a cooling system, such as either water or air, and is known as a PV/T or “photovoltaic thermal” system. The heat removal from PV panels ensures higher electrical productivity, in addition to the thermal energy collected from the modules that can be utilised in adsorption cooling systems and domestic hot water production [75,76]. It is worth mentioning here that the recent progress in PV technology has resulted in decreasing the deterioration of the PV [77,78], which has gradually improved the economics of PV or PVT systems.




2.9. Other Applications of Solar Systems


The thermal energy needed to derive water desalination systems can be achieved via solar energy with the aid of solar ponds or solar collectors. Solar collectors, the main components of solar water desalination systems, absorb the incoming solar irradiation and directly convert it into thermal energy. Recently, nanofluids have been thermally, environmentally, and economically evaluated based on sustainable methodologies to assess their benefits in STSs. Various nanofluids can considerably improve the base fluid’s thermophysical properties, enhancing the heat transfer efficiency of thermal processes. Simple and hybrid nanofluids are employed in STSs, such as parabolic trough collectors and solar collectors [79], water-heating systems [80], water desalination [15,81], evacuated tubes [82], and photovoltaic/thermal (PVT) systems [83], focusing on the life cycle methodology [84].





3. Contribution of STSs to SDGs


In September 2015, the United Nations General Assembly (UNGA) identified seventeen SDGs. The main aims were to overcome hunger and poverty, protect the planet on land and under water, secure resources, ensure fair access to potable water and hygiene sanitation, provide renewable energy for all generations around the world [85,86,87,88,89], and ensure prosperity and peace by 2030. Numerous countries are aiming to achieve 100% renewable energy utilisation by 2050. They have been strongly motivated by many drivers, including but not limited to: mitigating climate change, increasing economic growth, improving the security of energy, and ensuring access to green electricity. Owning to the recent sharp interest in renewable energy, its effect on the SDGs should be fully investigated. Solar PV and wind form two-thirds of renewables. The following sections deeply investigate the various STSs’ contribution to these SDGs.



	
SDG 1: Overcoming poverty






There are many poor people in the world’s developing nations. Young people and women are disproportionately impacted by a lack of opportunities in the job market. Population growth in developing countries puts a strain on resources. All of these factors encourage the expansion of the economy to better provide for people’s wants and needs. The price of fossil fuels is higher in wealthier countries than in poorer countries, which often export oil [88]. Flat-plate and PVT modules, which are mature in technology and applications, are the most frequently studied STSs. STSs are commonly applied in space heating, agricultural drying, and domestic water heating. The development of the PVT energy harvesting approach was spurred by the proliferation of energy recovery, which pushed designers to utilise harvested thermal power for various purposes [90]. PVTs can utilise solar energy to generate heat and electricity simultaneously. In general, solar thermal energy offers a large potential for integration with the current industry, which uses low- and medium-temperature ranges of 150–400 °C for drying, cooking, cleaning, oleochemical manufacturing, and fertiliser manufacturing. Due to the environmental and economic benefits, various developing countries have offered incentives to increase the installation of solar systems. Fewer carbon dioxide emissions and more high-tech solar technology jobs are two examples. Further, a skilled labour force capable of the fabrication, installation, and maintenance of solar systems will be required for the development and maintenance of these systems. When compared to coal, petroleum, and nuclear energy, solar systems for electricity production are expected, firstly, to help save on the amount of foreign currency spent on imported fossil fuels; secondly, to yield more vacancies per unit of electricity developed; thirdly, to decrease oil and coal imports; fourthly, to safeguard the environment by reducing contamination; and finally, to support energy independence and increase energy security. All of the aforementioned merits of the applications of STSs would increase people’s incomes, decrease their electricity and health bills, and eventually reduce poverty, especially in developing countries.



	
SDG 2: Zero hunger






Food scarcity has increased with the increasing population growth, climate change, and food waste worldwide. Food that is produced requires storage to ensure its sufficiency for future needs. Some STSs have indirect impacts on reducing hunger, e.g., greenhouse solar and PVT systems have a significant impact on reducing hunger via increasing the quantities and growth rates of different agricultural products and keeping them from spoilage. Solar drying satisfies sustainable development requirements, because it addresses several issues, including global warming, uneven climatic change, rapid population growth, food scarcity, etc. [91]. OSD or “open sun drying” dates back thousands of years and is mostly used to dry agricultural items. However, OSD has numerous drawbacks, including the large workforce and excessive space necessary to accomplish it, animal attacks, increased dust, sluggish response time, quantity loss, and poor quality of produced foods [92]. However, the solar dryer is expected to solve most of the limitations of OSD. Solar dryers offer a green route for preserving food, because these dried products are utilised when fresh food is absent. These solar dryers enhance food quality, since they reduce the drying time required for different vegetables and fruits, such as bananas, chilli, and coffee [93]. Hybrid systems are also utilised to increase overall efficiency. For example, combining a greenhouse dryer and solar air heater reduces the drying time required for sultana grapes and red pepper compared to traditional dryers. Some of these solar dryers have been developed to be used in industrial sectors, such as beef [94] and medicinal plants [95]. Figure 6a shows the drying process inside a greenhouse, and Figure 6b,c show some greenhouse solar dryers’ installations [96]



Numerous sun dryers that are made explicitly for drying grapes have been described. Several popular sun drier models have been presented, along with some usual variations and drawbacks of conventional grape-drying techniques. Functional and financial analyses have demonstrated that drying grapes with solar energy is possible and less expensive. Solar grape drying has not taken off commercially as anticipated because of the high initial cost and weak dryer power. Farmers’ response to the tested solar dryers has also been uninspiring. A variety of solar dryers have been used for drying grapes, with payback times of 1 to 5 years and long service lives of 15 to 30 years [97]. Solar dryers produce high-quality dried products. Determinants of solar drying technologies include product moisture, the hot air mass flow rate, and the temperature of the dryer chamber. The energy and exergy involved, as well as economic and environmental analyses of drying processes have been detailed [98]. Safe moisture content improves a product’s quality, durability, and energy storage losses. Solar drying technology’s biggest challenge is intermittent energy supply. Phase change materials store energy to fix this issue. Parabolic reflectors speed up solar drying and improve dryer performance. Solar energy has been found to be good for drying processes due to its low cost, uniform distribution, abundance, and ability to be integrated with other energy resources such as geothermal, wind, and biomass energy [98].



Farmers use an irrigation system powered by the sun to boost crop yields in the modern era. Surplus food contributes to greater food security and the minimisation of hunger, contributing to SDG 2. Studies have shown that farmers can increase their annual savings by about 161% when they switch from diesel-powered pumps to solar-powered ones. Studies have also demonstrated all economic indicators (gross margin, farm profit, benefit–cost ratio, and NPV or “net present value”) to be positive for solar-powered irrigation systems, whereas all of these were negative for diesel-powered systems [99]. Solar cookers help achieve the UN SDGs. UN insights on eco-friendly energy for cooking and the 2030 goals have been helpful [100]. Clean cooking solutions may be a priority for promoting a healthy lifestyle. Solar cookers are crucial for achieving the UN SDGs. A solar cooker with a tracking-type bottom parabolic reflector and internal reflectors was proposed to achieve the SDGs, and the solar cooker was tested for a four-person family [100].



	
SDG 3: Good health and wellbeing






A few key facts highlight the importance of solar energy for the SDGs: 90% of the world’s population is at risk of exposure to pollution due to air contamination [101]. Poor sanitation has been linked to the spread of deadly diseases such as cholera, diarrhoea, guinea worm, and typhoid. By its very nature, solar energy does not contribute to releasing harmful pollutants into the atmosphere [102]. Harmful chemicals can have a corrosive effect on infrastructure and the environment. Exposure to air pollution increases the risk of developing cardiovascular diseases, cancer, and respiratory illnesses such as asthma [102]. Compared to fossil fuels, solar energy does not produce waste or contaminate water, which is critical. Thus, most countries adopting solar energy have clean air, and their citizens rarely experience pollution-related health problems.



Additionally, solar energy can enhance the efficiency and modernity of healthcare facilities. Lights, life-saving equipment, and refrigerated vaccines are just a few of the many life-saving necessities that can be met by healthcare facilities that rely on solar energy. More and more buildings will need to adopt solar energy systems in order to reach SDG 3. Solar energy systems supply electricity that is both stable and inexpensive. Money saved on electricity costs can be reinvested into healthcare facilities. Cookstoves that use solar applications have been shown to significantly reduce indoor air pollution, and decentralised solar systems can help bring electricity to hospitals (which aids in the possibility of storing vaccines, increasing the number and quality of interventions, etc.). Electric vehicles powered by renewable energy electricity can also help to reduce air pollution and related health problems, such as asthma and other respiratory illnesses. At the same time, more than 4.3 million people die prematurely due to contamination from fossil fuel combustion. Providing continuous electricity and clean water to hospitals and health clinics in small or remote areas positively impacts human health [103].



	
SDG 4: Quality education and SDG 5: Gender equality






Worldwide, 1.3 billion people lack basic access to electricity. Only 32% of primary schools in low-income countries have access to electricity (SDG 4) [104]. There were currently 11.5 million people working in renewable energy in 2019 [105], with 32 percent being women (SDG 5). In 2020, it became clear how important the internet is for students to access learning resources. Quality education, which is addressed by SDG 4, has been slowed this year, especially in areas without reliable access to electricity and the internet [106]. Solar thermal and solar PV systems can continuously produce significant amounts of electricity in remote areas in the daytime, and part of it can be stored to be used at night. Such continuous electricity may enhance educational learning outcomes (through studying for much more hours and using the computer and other electricity-based educational devices) [103]. The availability of electricity is another issue that can arise in classrooms. Without it, both time and resources for education are severely constrained. Now, however, thanks to solar panels, schools have the electricity they need to keep students in class longer. To further the education of the youth in those areas with electricity access issues, computers and internet access can now be set up.



One of SDG 5’s main goals is to ensure that all women and girls have the same opportunities as men. Access to electricity makes it possible for children in developing countries to attend school, especially girls. Women are more likely to take the entrepreneurial plunge when they feel energised. Because of this, women gain economic independence and confidence as they gain access to more job opportunities. Access to solar energy in their communities can help females take an effective role in society [102]. Renewables relieve the negative impacts of fuel collection on children and women and alleviate the adverse health effects of conventional biomass use. Solar energy systems based on street lighting can enhance safety and allow women and girls to attend community, productive, or educational activities after dark. Solar systems provide continuous electricity, which improves the intended learning outcomes by increasing studying hours and facilitating the implementation of computers and other electricity-based educational tools such as the internet [103].



	
SDG 6: Clean water and sanitation






Because so much energy has been required to heat water for use in homes, hospitals, and other industrial applications, solar water heating is becoming increasingly important [106,107,108]. Producing hot water accounts for 15% to 20% of household energy use. The solar thermal collector is the main part of the “solar water heating” (SWH) system. SWHs are very common, since they are easy to use, affordable, and require little upkeep. To create an economically viable SWH system, thermal efficiency is essential. To maximise solar energy and accomplish future sustainable energy targets, SWH systems are most frequently used [109].



Solar energy is the most viable renewable resource because of its low cost and low environmental impact [110]. However, solar energy’s unreliability limits its usefulness in residential and commercial contexts, especially for heating water. Several studies have shown that modifying design elements such as the absorber plate geometry, solar selective coatings, collector tilt angle, fluid flow rates, phase change materials as a thermal energy storage unit, and the addition of twisted tape can all increase the thermal output of SWH systems [111].



Global decisionmakers are becoming increasingly concerned about the energy–water–food nexus. The availability of clean water will rise thanks to the desalination of water. Traditional electric power systems, such as thermal power plants, use significant amounts of water for cooling, whereas solar and wind generation use very little water [112]. Decades ago, solar power expanded from the household to industrial- and global-scale use. Hot water systems, water distillation from salt and brackish water, drying of agricultural products, water pumping, cooling and heating of indoor spaces, daylighting, and building integrated photovoltaic and solar refrigeration systems are all examples of small-scale solar applications.



Due to population growth and industrialisation, freshwater demand is rising. Solar desalination is a renewable way to make fresh water from salty or brackish water [113]. Solar desalination helps to decarbonise and reduce CO2 and other greenhouse gases, thus achieving SDGs 6, 7, and 13. To fill a gap in the literature and highlight the improvement in techniques of various active and passive solar stills with and without PCM, numerous absorber configurations and designs have been examined. Recent solar-driven active and passive solar stills (SS) have been examined with thermal energy storage developments, wind, water depth, PCM thickness, and distillate production [114]. It was found that every day, integrated solar stills with evacuated tube collectors (ETC) produce 13.62 to 18.6 L/m2 of freshwater. To meet the SDGs, the data has identified the best solar-driven desalination systems with PCM for small and large applications [114].



Water pumping and desalination with renewables can widen potable water sources [115]. Compared to fossil fuel, solar energy consumes less water, giving it a bonus advantage [10,36,116]. The quantity of potable water on the planet is limited; subsequently, using solar thermal for water pumping and desalination, as well as water treatment, has a positive impact on providing clean water to those who live in rural and decentralised areas. STSs are considered untraditional resources that could be applied to extract water from the air humidity.



An economic study has been performed to compare a SWHS, a “solar water heating system”, to a natural gas boiler in terms of greenhouse gas (GHG) emissions and economics [117]. The SWHS economic assessment performed best. Since the first year, the return rate was 25 times the minimum, and the net present value was positive. Payback took 5 months [117], and the profitability rate said the SHWS returned BRL 29.46 for every BRL 1.00 invested. The SWHS had higher equipment-related GHG emissions than the natural gas system, but its emissions (annual basis) were 50 times less due to the latter’s heavy fossil fuel use [117].



An increase in distilled water output is possible when a PV/T solar collector is connected to a solar still. However, various factors, including the price of the investigation and installation maintenance, can affect the decision to employ active solar distillation. Even though the annual production of the active system is 3.5 times more than that of the passive system, the cost of production for the passive system is expected to be 2.8 times lower. The payback periods for an active system range from 3.3 to 23.9 years, whereas they are between 1.1 and 6.2 years for a passive system. The high cost of solar thermal collector systems and PV panels is the issue with this disparity [118]. Solar membrane distillation (MD) systems’ thermo-economic performance and hybridisation configurations have been discussed. In terms of freshwater productivity and thermo-economics, the study found that MD systems based on solar evacuated tube collectors are more efficient and reliable than solar flat plate collectors at various membrane configurations [119]. Furthermore, MD systems powered by HPVTCs or “hybrid photovoltaic panels and thermal collectors” had high daily potable water productivity. MD systems using concentrating photovoltaic thermal collectors for freshwater and electricity co-generation produced higher specific potable water distillates, satisfactory daily electricity production, and lower STEC or “specific thermal energy consumption” compared to compound parabolic concentrators. Salt-gradient solar ponds were also insufficient to meet MD system feed heat requirements. They generated extremely poor freshwater distilled fluxes with a high STEC. The heat supply from solar energy versus the latent heat of total saltwater within membrane modules limits the performance of MD. Future research should focus on novel enhanced methodologies and improved system designs to supplement the solar thermal source using photo-thermal membranes or efficient heat recovery strategies. Finally, the price of freshwater per litre varies depending on the MD configuration, solar collectors, daily freshwater capacity, heat recovery system, cost analysis process, etc. Economic analysis of solar MD systems is still challenging. Thus, multi-objective cost optimisation studies are advised to lower the cost of water productivity and encourage the commercialisation of MD desalination [119].



	
SDG 7: Affordable and clean energy






More than 2.8 and 1.1 billion people lack access to modern energy services and electricity [103]. Solar thermal collectors, solar air heaters, solar chimneys, solar dryers, etc., with and without the integration of a thermoelectric module to convert excess/waste heat into electrical energy, are effectively used to produce clean energy on a commercial scale in various applications [120]. Solar energy, including solar thermal sources, are not only sources of clean energy, but they are also available in remote areas where there are no grid connections; thus, they can secure energy for areas with limited energy sources. As mentioned in section three, solar thermal energy systems are clean energy systems that can be used in securing energy from a small source, such as hot water in district heating [121] to solar thermal power plants with several hundred mega-scale power outputs [122,123]. Due to a lack of conventional energy infrastructure, developing countries are adopting solar power due to its low cost and environmentally friendly production [124]. Solar energy has many benefits beyond cost savings. Reliable, low-cost clean energy has major economic and social impacts. Solar energy can generate electricity, and a solar thermal collector field can supply thermal energy for domestic hot water and building space heating [125]. Several energy sectors commercialise many applications. Heat pumps and photovoltaic fields can provide building space heating/cooling and domestic hot water [125,126]. Several studies have shown that PV systems coupled with heat pumps can achieve a “net zero energy building” target [127]. Solar thermal collectors can match users’ thermal energy demand and absorption and adsorption chillers’ cooling energy demand in private buildings and building districts [128,129]. Solar thermal collectors can generate electricity in solar power plants [130]. Solar thermal energy can dry agricultural materials, saving energy and enhancing quality [131].



In STSs, thermal conductive plates directly absorb sun energy, elevating the system’s temperature. Heat exchangers either transfer the absorbed heat or use it to raise the temperature of the material. Seasonal Thermal Energy Storage (STES) linked with STS is used as a thermal management system for residential and commercial construction in cold regions [132]. Integrating STS with continuous STES is a crucial and dependable alternative for indoor thermal control. STSs are essential because of the Leadership in Energy and Environmental Design (LEED) accreditation for green buildings [133]. The impact of solar energy and its correlation with building energy estimation and the inter-building effect show that urbanised communities require solar thermal energy [134]. Despite extensive study in this field, only a small number of household residences have access to these devices. Many developed and developing nations still cannot invest more money upfront in household STSs



The goal of reducing CO2 emissions by 75% by 2050 compared to 1985 is expected to be met through the wise and practical use of renewable energy sources and associated technology. The main problem with traditional PV systems is their low efficiency, which is caused by their inability to fully utilise the solar energy spectrum [135]. Whereas photovoltaic systems can effectively use the solar energy spectrum of visible light from a small wavelength up to the ultraviolet region, solar thermal collectors can use the spectrum up to the infrared region. One fascinating area of study has been integrating solar thermal and photovoltaic technologies for optimal solar spectrum use, which has significant potential to address rising energy needs while promoting eco-sustainable development [135]. Researchers prioritise the search for synergistic solutions. PV cell components, mass flow rate, packing ratios, working fluids, and collector geometry are all variables that influence PVT hybrid solar collector performance both independently and synergistically. To reduce temperature and improve electrical conversion efficiency, the back of the PV module can be effectively cooled with water [135]. The heat energy lost by the heat transfer fluid (HTF) during the cooling process could be used for secondary heating as hot water, air, or both. Design changes can significantly improve the electrical and total efficiency of PV/T systems. Figure 7 depicts a thorough understanding and inferred applications of the PV/T hybrid solar energy system.



	
SDG 8: Decent work and economic growth






Sustainability in development is based on economics. It also looks at ways to meet long-term objectives for clean air, energy access, and climate benefits. Renewable energy, intelligent grids, energy pricing, energy security, and sound energy policy are additional components of sustainable development. Solar electricity costs dropped 77% between 2010 and 2018 [136]. Solar-installed capacity increased 100-fold between 2005 and 2018. Solar power has become essential to the low-carbon sustainable energy system needed to provide reliable and affordable electricity to meet the Paris climate agreement and the 2030 SDGs [137]. As energy needs rise, more solar power equipment is being installed worldwide. Solar PV capacity grew from 40,334 to 709,674 MW between 2010 and 2020, and STSs’ capacity grew from 1266 to 6479 MW [136]. More PV installations exist than STSs. Both small-scale and large-scale PV systems are widely implemented on Earth and in space. Figure 8 shows the worldwide installed capacity [138].



Quality infrastructure requires international standards. Developing global solar standards could benefit many countries. Solar manufacturing and deployment leaders have adopted global solar system standards and greatly contributed to green energy development. Assistance and capacity-building to improve infrastructure in developing economies may also help with the implementation of and compliance with international solar systems standards. Thus, funding can standardise legal requirements and frameworks, encouraging the solar systems industry to sell reliable products [139]. All solar and other renewable technologies should be continuously traded to improve national infrastructure. It is expected that by 2050, >40 million people will work in the renewable energy sector [139], and trade-led solar systems adoption could help the economy recover from COVID-19.



Renewable energy has also created jobs: over 12 million worldwide. The first solar PV industry created over three million jobs. Solar thermal (heating and cooling) and STSs industries have created over 819,000 and 31,000 jobs, respectively [140]. Despite the USA, China, and the EU investing the most in renewables vacancies, other Asian countries have entered the solar manufacturing industry [140]. Solar energy has the most renewable jobs. Solar applications that power “micro-enterprises” have increased employment opportunities in developing nations. Thus, renewable energy has helped in alleviating poverty. Moreover, solar power is necessary for plant and environmental sustainability [140]. Figure 9 shows renewable energy employment numbers worldwide [138].



Sustainable economic growth is achieved by fostering economic benefits such as job creation and industry expansion. According to the International Energy Agency, investments in the energy sectors will total up to EUR 90.000 million per year, with the majority of these investments going to developing nations [103]. Solar systems open up new opportunities for value addition and provide new jobs in fabricating and establishing these units and their applications in different sectors [96]. Solar energy production is better for the planet than fossil fuel combustion and improves the quality of our planet’s soil, air, and water [141]. Investing in solar energy can help fulfil energy goals, protect the environment, and boost the economy.



	
SDG 9: Industry, infrastructure and innovation and SDG 10: Reduced inequality






New local enterprises and industries may emerge directly or indirectly as a result of the development of local RES markets. The development of RES-based charging infrastructure for local transportation lowers greenhouse gas emissions and local air pollution [106]. The construction, commercialisation, installation, and maintenance of RES technologies has led to the creation of jobs and small enterprises, which generate cash and aid in removing development impediments. Using domestic energy sources allows local and international money to be used for purposes other than energy [103]. Due to the significant variations in the price of fossil fuels, many applications in agriculture and industry are recommended to be powered by solar thermal energy, especially in hot climates and remote locations. Securing energy sources in isolated areas and poor regions guarantees everyone the same opportunity. For instance, people can utilise solar-powered devices to connect to the rest of the world when solar power is adopted in regions without grid access. The applications of solar thermal energy are challenging due to a lack of broad system component suppliers, as well as the associated required design and installation knowledge and experience, and high initial capital cost. The latter is problematic if the prospective user lacks capital or cannot obtain a reasonable rate of return on a loan.



Designing, installing, and operating solar energy systems for thermal non-domestic applications, such as agriculture and industrial applications, should focus on achieving a balance between effective performance, a high solar fraction, low initial and ongoing costs, robustness and durability, safety, and environmental sustainability to meet the unique energy and temperature needs. It is worth mentioning that the operating temperatures of the various solar industrial processes are significantly varied, as can be seen in Table 1. Water heating uses 13% of industrial energy. Textiles, buildings, agriculture, food, chemicals, and many other industries use water heaters extensively. Boiler feeding, washing, cleaning, and dyeing use preheated water. Solar water heating is the most common method for heating water with solar energy. Food, paper, pulp, textiles, fertilisers, and chemical industries use low-temperature solar energy systems. The industrial applications of solar systems could reduce CO2 emissions and provide energy security. Global industrial energy demand is expected to rise 1.3% annually until 2030. Industries consume 25–50% of the world’s thermal energy. In recent years, industrial applications of low-temperature solar energy technologies, such as solar water heating, desalination, purification, and air drying, have grown in number [142]. Additionally, in urbanised living environments in industrialised nations, where enormous complexes replace single-family homes, it is impractical to apply STSs to all residences. In these densely populated cities, roof space is often a problem. In addition, the diverse climatic conditions around the world necessitate varying operating temperatures for STSs to maintain their respective indoor temperatures. As a result, techniques for storing thermal energy that are appropriate for a given climate are being developed. Solutions that are optimal for one location may not be effective in another [143]. Insufficient sunlight during the day reduces the efficiency of solar systems. Because of their vulnerability to variable environmental conditions such as cloudy and rainy weather, STSs are not a viable long-term energy option. This drawback motivates the development of concepts and tools to mitigate the impact of solar energy interruptions on systems and plant productivity in domestic and industrial settings [144]. Solar drying emphasises incorporating thermal back-up resources, and integration with thermal energy storage is a realistic way to enhance STSs. Various ways in which to strengthen solar thermal power systems’ (SCPP) functionality have been proposed and analysed by some researchers [145,146].



A community’s economic and social wellbeing are taken into account by providing new employment opportunities and reduced energy costs. This has the potential to raise incomes, which will improve people’s standards of living. As a result, energy is crucial, as it is the driving force behind every aspect of human existence, including cultural evolution and economic growth. It is expected that in the future decade, a continued boom of solar energy and all clean-energy technology will be seen, as a result of an increasing transition towards sustainable renewable energy-based systems. Research and innovation are seen as major factors in improving the efficacy of such solar application technology.



According to the most recent data, there are several potentials for solar water heating or solar thermal technology across the dairy and agricultural industries. Additionally, case studies from the hotel and auto industries have been detailed. Despite having few uses, solar thermal and water-heating technologies are incredibly more efficient than photovoltaic cells. If such technologies are developed with cutting-edge research, several industry sectors, including dairy, agriculture, hotels, and automobiles, would benefit from using and implementing them [148]. Due to deteriorating climatic conditions and escalating global warming, both developed and developing nations are beginning to recognise the significance of these technologies. The growth of CSP facilities, which have now reached an industrial scale, has been made possible by advancements over the years. The main difficulty at present, aside from design, is the control and operation of integrated facilities, which now include several energy resources rather of just one. New design methodologies and algorithms are needed to address facility design and function. The design of reactors for solar-aided processes is a problem in and of itself. Still, the operation of such facilities over time plays a significant role in industrial applications [7].



	
SDG 11: Sustainable cities and communities






SDG 11 is especially relevant to resilient, safe, and sustainable cities. The main objectives of this goal include reducing the negative environmental effects of cities by paying special attention to air quality and waste management and providing adequate, safe, affordable housing as well as a sustainable, accessible, safe, and affordable transportation system for city dwellers. Cities utilise 75% of all natural resources, generate 60–80% of greenhouse gases (GHG), and are home to 55% of the world’s population as of 2018, with that number anticipated to rise to 68% by 2050 [149]. STSs have attracted much interest in smart homes and green buildings. The STSs’ constructions are simpler than electric energy utilities. Most STSs materials are accessible. Nanotechnology enables more productive and efficient STSs. Solar STSs heat up as thermal conductive plates directly absorb solar radiation. Heat exchangers transport or use absorbed heat to heat matter. A seasonal thermal energy storage system (STES) integrated with STSs provides thermal management for homes and businesses in cold countries [132]. Indoor thermal management requires STSs with continuous STES. STSs are important for LEED-certified green buildings [133].



Despite strong research, the implementation of domestic home systems is limited. Many developing and underdeveloped countries cannot invest more into domestic STSs. In developed countries, huge apartments have replaced individual homes, making STSs impossible to apply to all home units. High-density cities also have roof space issues. Apart from this, global climates require different STS operating temperatures for indoor thermal management. This creates climate-specific STES. Thus, optimised systems may not perform well in other locations [150]. Integrating one solar panel powers and heats SPVT systems, improves solar energy conversion, generates high temperatures, and uses steam to generate electricity [151]. All STSs require space management on rooftops, unlike solar PV systems. Seasonal thermal energy management and location-specific energy demand the estimation of STSs’ optimisation, performance, and efficiency. Most STS efficiencies are under 30% [151].



Most cities in developing countries experience a variety of economic, social, and environmental issues, including high levels of GHG emissions, irresponsible energy use, water and air pollution, inadequate planning and design, ineffective transportation, traffic congestion, and outdated infrastructure, to name just a few, all of which have a significant impact on climate change [152]. The Energy Technology Perspective 2017 predicts three scenarios for how the climate will change by the end of the century. The Reference Technology Scenario (RTS), also known as the baseline scenario, is based on current promises to deal with energy and the environment. According to this scenario, cumulative energy sector CO2 emissions will rise by over 1750 GT between now and 2060, and the world’s ultimate energy demand will continue to expand by 50%. Future temperature rises are constrained to 2 and 1.75 °C, respectively, by 2100 under the 2 °C Scenario (2DS) and the Beyond 2 °C Scenario (B2DS) [153]. As a result, in recent decades, discussions and debates on a global scale have focused heavily on the issue of changing cities into sustainable and intelligent ones. Global leaders decided in 2015 to complete 17 SDGs by 2030. The seventeen SDGs target, in this order, the supply of affordable and clean energy, decent employment and economic growth, business, innovation, and infrastructure, and sustainable city communities.



Renewable sources of energy have the potential to decarbonise the supply and use of energy in urban areas, particularly in buildings (for heating, cooking, cooling, and appliances), as well as in the transportation sector. A reduction in pollution and in the amount of energy imported are two potential benefits, along with an increase in resilience. Solar technologies can contribute to the electrification of locations located in desert areas in countries that are part of the Sunbelt [103].



A thorough analysis of the relationship between the inter-building effect, building energy, and solar energy utilisation has been published for the first time [154]. The effects of the inter-building effect on building energy consumption, including cooling, heating, and lighting, were explored and quantitatively summarised for cities with various climates. The idea of “smart cities” entails specifically altered energy infrastructure, which is mostly dispersed as electricity. Numerous crucial city entities rely on power systems for essential functionality, including telecom networks, wireless sensor networks, water distribution, waste management, mobility, route guiding, public healthcare, information amenities, and others. The operation of the electrical system must be optimised by being intelligent and environmentally responsible [155]. This can be attained by utilising green information and communication technology (ICT) systems and renewable resources, which contribute to increased energy efficiency. Using efficient and renewable energy will enhance the climate [156]. STSs are crucial to the building of these systems. STSs have been analysed for climate change mitigation, sustainable buildings, recycling, storage, and environmental effects based on numerous electricity combinations [145]. Domestic solar hot water systems are known to have both energy and environmental advantages. Flat plate and evacuated tube systems that were either built into or added to buildings with auxiliary backup systems from various sources are included in the collection of papers that have been evaluated [157]. Green cities can utilise the various STSs in a building (zero-energy buildings, heating, cooling, cooking, and many other daily applications) to reduce the negative emissions from fossil fuels [103].



There are numerous scenarios to replace the existing technologies with eco-friendly technologies like STSs; such a shift could yield greener energy systems than a conventional one. According to a case study on the life cycle assessment of STSs, both the energy and environmental payback times of an STS are less than three years, and the life cycle cost payback period ranges from seven to thirteen years [158]. These systems are characterised by decentralisation, which makes them independent of the public network, yielding an increase in their cost-effectiveness and flexibility; they can create a power supply to small, isolated settlements. This is why numerous STSs are applicable and available in remote areas. Unlike fossil fuels, STSs are unlimited. When these systems are optimised with an energy conservation approach, they can produce sustainable green practices, whereas uranium and other fossil fuels are limited and can be depleted by extraction and consumption [159].



The building and construction sector consumes excessively high energy, and a considerable percentage of this energy is directed to heating purposes; hence, using solar heater systems is an effective approach to lower this consumed energy [160,161]. The construction of STSs is based on factors such as building type, type of heating (water, space, and so on), building capacity, quality of the unit, and the presence of any other renewable energy systems. The main challenges in the wide applications of STSs in new buildings are the requirements needed for the construction of these systems into the buildings, solar industry, product price and quality, maintenance, and public acceptance [145].



Numerous developed communities such as Japan, the USA, the European Union, and South Korea have adopted policies and goals toward the achievement of nearly zero energy building (NZEB). This action will yield considerable decarbonisation in the building sector worldwide. The term “NZEB” refers to green buildings that considerably lower the energy required for heating, air conditioning, lighting, ventilation, household appliances and cooking, etc. via their renewable energy utilisation, passive design, energy conservation, and energy conservation enhancement. NZEBs save up to 60–75% of the total energy standard. The contribution of NZEBs into carbon emissions and energy demand was investigated via three scenarios (steady development (S1), BAU, and high-speed development (S2)). The highest carbon emissions according to S2, S1, and BAU will occur by (1.64 GtCO2) 2025, (1.72 GtCO2) 2030, and (1.94 Gt CO2) 2040, respectively. Hence, 2030 is considered the mandatory time for the application of NZEBs on a large scale [162].



To create a sustainability index for policymakers and stakeholders, multi-objective optimisation and multi-criteria decision-making machine learning models were developed [163]. In Emmen, the Netherlands retrofitted residential communities with building energy ratings (D) of varying sizes (10–500 houses), and they were compared to a standard decentralised heat pump. According to optimisation results, SDHS could provide 95% of the solar fraction in a 500-house community. With a life cycle cost of 41 V/m2 and a 25-year payback, NZEB status was only economically viable for communities of 100 houses. These findings demonstrated a social (29.7%) and environmental (78.2%) advantage over the decentralised heat pump. The study assessed positive energy communities and recommended SDHS integration to achieve global sustainability goals [163,164]. In a case study in Ouargla city, a hybrid PV/T water solar collector for NZEBs and potable water production was theoretically investigated. The prototype’s composition and passive architecture allowed for significant reductions in heating and cooling requirements. Thermal insulation and cool roofing are two examples of passive methods that can improve the situation. If domestic hot water is provided by solar energy, the overall energy required can be significantly reduced. The annual solar production is still increased 2.97 times by preheating brine before injection. The numerical simulation was run for a full year using the TRNSYS 17 program [164].



	
SDG 12: Responsible consumption and production






A circular economy is critical to achieving SDG12. Circular economy techniques are all about decoupling economic activity from resource usage and its associated environmental and social implications, which is at the heart of this goal [88]. Renewable energy technologies, such as photovoltaic systems and STSs, can make the world’s energy supply cleaner and safer if produced and used in an environmentally and socially sustainable way [103].



PV/T hybrid systems, particularly building integration, represent an exciting new field for engineering applications. Flat plate collectors with water or air as the heat transfer fluid are used in more popular and advanced PV/T systems [165]. PV/T systems based on FPSC are less expensive and more compatible with buildings than concentrating PV/T systems. Heat pipes can help improve the performance of a PV/T system. They can also be used as building envelope materials, making them more cost-effective and environmentally friendly [135]. Because PV/T systems have a higher energy density, they can produce more thermal-equivalent energy than individual PV or thermal systems alone.



It has been suggested that solar-powered dryers for agricultural farms could significantly lower food loss at farms and in consumer food waste [166]. Based on close contact with remote communities, the study found that solar-powered dryers must meet the following tasks and use a trans-disciplinary holistic approach to achieve their goal as follows: (i) the facilitation of academy–producer–industry communication, (ii) farm output surveys, (iii) simulated solar resource availability and reliability, (iv) dryers designed and placed for grid connection and farm proximity, (v) the implementation and adaptation of process flows for each product and the logistics of produce acquisition in a near-zero CO2 emission scheme, (vi) near-zero-waste packaging and processing innovation, (vii) product nutritional quality and adaptations and consumer feedback-driven product diversification, (ix) energy, water, land use, and (x) academy–farmer feedback.



The technical feasibility of two non-concentrating collectors, the flat plate collector (FPC) and the ETC or “evacuated tube collector”, for the application of preheating boiler feed water in Pakistan [167] was investigated. For this city, coal substitution has the highest GHG emissions mitigation potential of 1.823 x105 tonnes of CO2 and the highest NPV for oil (1.5 x 103 million PKR). When the entire supply chain is considered, and traditional fossil fuel technologies are compared to solar technologies, the environmental and social impact risk is lower. Solar system technology has the potential to replace a large portion of traditional fossil fuels in Sunbelt countries, resulting in improved sustainability (environmental, socioeconomic, and social) outcomes [103]. Economic growth and progress are constrained by a lack of energy, so clean and renewable energy sources are essential for promoting sustainable development. Rural communities achieve sustainable growth and improvement as a result of affordable energy access [168,169]. Additionally, access to electricity encourages economic activity, such as job prospects and cheaper power costs [170,171,172].



Solar cell efficiency is one of the key obstacles to the widespread use of solar technology. The theoretical efficiency limits of silicon-based solar cells are being progressively challenged by researchers [173]. These c-Si solar cells were recently recorded to show an efficiency of up to 26.7%, whereas the thermodynamic efficiency limit is around 33% [174]. Recycling polyurethane, steel, and copper in STSs adds to this waste and conserves natural resources for generating electricity [145].



	
SDG 13: Climate change






An estimated 50% of the anthropogenic greenhouse effect is attributed to CO2. However, several additional gases, known as greenhouse gases and produced by industrial and residential processes, such as CH4, chlorofluorocarbons (CFCs), ozone, peroxyacetylnitrate, and N2O can also contribute to this effect and raise the Earth’s temperature. Various factors influence the greenhouse effect, including CO2 emissions from the combustion of fossil fuels, methane emissions from rising human activity, CFC release, and deforestation. Most scientists agree that measured greenhouse gas emissions and global warming have a cause-and-effect relationship [159]. Greenhouse dryers recorded CO2 reductions during their lifetime of up to 209.21 tonnes [96]. Following the Paris Agreement, increasing renewable energy sources and improving energy efficiency could put the world on track to keep the rise in temperature within 2 ºC [102,103]. In 2020, the energy sector was estimated to release 13 Gt of CO2. However, CO2 accounts for 40% of global energy emissions. Electricity production is at pre-crisis levels. Despite a changing ‘fuel mix’, CO2 emissions from the power sector will rise only slightly, and they will remain stable until 2030 [175]. The development of the energy sector in terms of energy generation, distribution, and consumption that is based on sustainability rules is referred to as sustainable energy development. Environmental effects from energy systems will be felt in both industrialised and emerging nations. Therefore, the global sustainable energy system needs to boost effectiveness and cut emissions. Additionally, the quick and extensive use of fossil fuels has resulted in massive carbon dioxide emissions and other hazardous gas emissions [176]. It was found that using solar energy could mitigate global warming, whereby droughts, fires, storms, and cyclones have all been mitigated as a result [177]. Sustainable development and the fight against rising sea levels are both aided by solar energy.



Solar energy systems thrive in industrial and commercial temperatures below 250 degrees Fahrenheit. Industrial and commercial processes that use solar collectors can realise savings of 75–80% of their energy costs with payback periods of less than five years [178]. Developing high-performance collectors and system components can improve the cost-effectiveness of high-temperature systems. Drying agricultural products is one of the most promising applications of active solar heating. Wood is being supplanted by diesel and propane in many countries. Commercial solar crop drying is a reality for a small number of crop types in a few geographic regions. High-temperature heat generated by STSs with concentrating collectors will be used in specialised industrial processes such as decontaminating hazardous waste and treating other materials. A set of straightforward and user-friendly measures has been established to assess the contributions that investments in renewable power generation and advancements in land transportation can make toward lowering CO2, air pollutant emissions, and the health effects of air pollution [179]. The measures apply these criteria to a group of renewable electricity providers. Considerable variations were discovered in how well the measures did in terms of the SDGs for health, energy, and the climate. A multi-criteria examination of the viability of renewable energy technologies for national-scale assessments and the accompanying uncertainties has been performed in various studies depending on the price, capacity, land usage, water consumption, GHG emissions, etc. of these technologies [180,181]. Table 2 summarises the GHG emissions of the different renewable energy sources. It is clear from the figure that the various renewable energy sources have less GHG emissions than fossil fuels. The reported values are for the CO2 emission per kWh during the whole life of the renewable energy system, including materials extraction, fabrication, disposal, etc.



	
SDG 14: Life below water and SDG 15: Life on land






Solar technologies that substitute or lower the consumption of fossil fuels can minimise pipeline and tanker traffic, lowering the risk of spills in water sources [106]. These systems can reduce the risk of future global warming and ocean acidification by decreasing CO2 emissions and local and global pollutants [106]. Solar-powered fishing boats were studied as an innovative route to reducing the operational costs of fishing activities [182]. The burning of fossil fuel causes acid rain, which is mainly created by NOx and SO2; these two gases combine with oxygen and water in the atmosphere and yield acids such as nitric and sulfuric acids. The majority (80%) of SO2 emissions are generated by electric power generation plants, industrial energy, and residential heating, with coal utilisation alone accounting for 70% of these emissions. On the other hand, around 48% of NOx emissions arise from road transportation, and the majority of the remaining percentage is owed to fossil fuel combustion. The deposition of these acids causes the acidification of surface and ground waters, toxicity or damage to different ecosystems, a reduction in crops, and deterioration of the building and structural materials. Even sulfate aerosols change the optical and physical characteristics of clouds [159]. Hence, replacing fossil fuel with STSs in power generation plants, the transportation and industrial sectors, and for heating purposes will significantly reduce SOx and NOx emissions. Chlorofluorocarbons (CFCs) and refrigerants are utilised in refrigerators and air conditioners. NOx emissions from fossil fuel combustion cause a depletion in the stratospheric ozone layer, which leads to eye damage, skin cancer, and many harmful effects on various biological species. Replacement technologies that do not utilise CFCs may mitigate the hazardous effect of ozone depletion [159]. It is possible to avoid harming biodiversity and ecosystems in countries located in the Sunbelt by switching from technologies that rely on fossil fuels to solar technologies. Even in areas that are not connected to the grid, solar energy systems have the potential to replace biomass and cut down on deforestation [183,184]. In contrast to the locations of other renewable energy technologies, which tend to be in regions with a high concentration of biodiversity, solar systems are frequently found in arid regions, which have a lower risk of impacting endangered species [103].



	
SDG 16: Peace and justice in strong institutions






Clean energy from solar systems can be made available to those who lack it, helping to reduce economic and social disparities within and between nations and fostering more harmonious communities. Many of the world’s poorest people live in Sunbelt countries, where solar technologies have the potential to significantly improve access to modern and sustainable energy [102].



	
SDG 17: Partnerships to achieve these goals






Without national and international integration and cooperation, achieving all of the Sustainable Development Goals listed above is impossible. The most important problems that need to be solved through widespread cooperation involve communications and information technology, sufficient finances, commerce, capacity building, data assessment, monitoring, and compatibility. The 17 sustainable goals for a better planet and community cannot be achieved without solar energy systems. By providing power for schools, hospitals, water treatment plants, and latrines, solar energy helps meet the needs of a community while also lowering its carbon footprint and greenhouse gas emissions [185]. The solar industry creates jobs, helps fight hunger, and increases people’s access to necessities such as food and shelter [186]. An increased number of available jobs would make society more just, reducing the prevalence of corruption. Solar power helps level the playing field between men and women, especially in the countryside [187].



As shown in Figure 10, solar technology can support the three pillars (economic, environmental, and social) of sustainable development when used to replace traditional fossil fuel technologies [102]. Rural electricity’s social advantages include health, education, and gender advantages in addition to agricultural benefits (through desalination, for example) [188]. Economic maintenance and cheap, environmentally friendly energy production require infrastructure and creativity [189]. The installation of solar energy systems will end slavery, human trafficking, and other forms of involuntary labour in developing countries [190]. Cleaner air benefits all living things, and solar panels help make that possible [191]. Producing energy without negatively impacting the environment can lessen the incidence and severity of health issues and the likelihood of new health threats [192].



Figure 10 is a synopsis of solar energy’s three main contributions to sustainable development [102]. Solar energy’s environmental, social, and economic benefits can aid in our pursuit of the SDGs. Strengthening the global partnership for sustainable development is already beginning via the German Agency for International Cooperation (GIZ), the International Renewable Energy Agency (IRENA), the IEA, i.e., the “International Energy Agency”, solar power and chemical energy systems (SolarPaces), etc.




4. Conclusions and Recommendations


This work introduces recent progress in the applications of solar thermal energy in various applications, including PV/T or “photovoltaic/thermal” systems, zero-energy buildings, greenhouse solar thermal applications, solar thermal systems for pumping water, solar thermal refrigerators, solar chimneys, solar-powered water desalination, and solar collectors. The current work has also discussed the role of the STSs in achieving the various SDGs.



The seventeen SDGs, which the UN General Assembly endorsed in September 2015, offer a powerful framework for global efforts to accomplish both human and environmental development. STSs can instantly help achieve these SDGs via facilitating access to essential services, enhancing human health, and assisting in income-generating activities, promoting economic advantages such as industrial expansion, which may support sustainable economic growth. The STSs contribute to the SDGs as follows:



SDG 1: The main socio-economic merits of STSs include the introduction of new renewable vacancies and increases in income. However, more studies are still required to develop cost-effective STSs with higher efficiency.



SDG 2: STSs can achieve food security by supporting sustainable agriculture and increasing yield. More research is needed to enhance solar water pumping, greenhouse solar dryers, water desalination, solar cookers, and solar-powered pumps.



SDG 3: STSs positively impact healthy lives and promote wellbeing, lowering deaths with the replacement of fossil fuel by STSs. On the other hand, STSs support hospitals and small clinics in small or remote areas by providing continuous electricity supply.



SDG 4: STSs promote equitable education by providing continuous electricity, which powers learning facilities.



SDG 5: The achievement of gender equality with STSs occurs via increasing women’s participation in the supply chain of STSs as well as providing women with secure sources of income.



SDG 6: STSs ensure water sustainability via solar power desalination systems and water pumps in rural and small communities. Financial contributions should support research and development in desalination plants and water pumping, with a special focus on developing these in rural communities and poor areas.



SDG 7: The recent advances in thermoelectric generators, solar air heaters, solar chimneys, photovoltaic thermal solar collectors, and integrated heating, cooling, and power systems ensure access to clean energy for individuals.



SDG 8: STSs are an essential part of the low-carbon energy systems required to produce affordable and reliable electricity. However, commercialising STSs will play a significant role in achieving this goal.



SDG 9: Building an innovative solar thermal industry depends mainly on minimising the potential negative effects associated with the fabrication process of all STSs.



SGD 10: Investments across and within countries/economic sectors significantly impact the achievement of SDG10.



SDG 11: STSs can significantly contribute to decarbonising the supply and use of energy in urban areas by lowering pollution compared with other nonrenewable systems and enhancing the environmental and socio-economic conditions. The wide implementation of STSs depends on certain factors, such as the type and capacity of the building, the type of heating used, the system’s efficiency, and the presence of other renewable energy systems. The main challenges in the applications of STSs in new buildings involve the requirements for constructing these items into the buildings, product price and quality, the solar industry, maintenance requirements, and public acceptance.



SDG 12: More dependence on STSs causes more resource conservation, especially oil and coal.



SDG 13: STSs could mitigate global warming.



SDG 14: There would be less risk of environmental catastrophes related to fossil fuel spills.



SDG 15: Switching from technologies that rely on fossil fuels to solar technologies could mitigate the negative effects on biodiversity and ecosystems. Moreover, STSs have the potential to substitute biomass and thus help in stopping deforestation.



SDG 16: STSs promote societies because they help to reduce economic and social disparities between and within nations and foster more harmonised communities.



SDG 17: Strengthening the global partnership for sustainable development is beginning via the GIZ, the IRENA, the IEA, SolarPaces, etc.
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Figure 1. Solar radiation as the main source of renewable energies on Earth. 
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Figure 2. Broader classification of greenhouse solar thermal applications. 
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Figure 3. Continuous flow of a solar-powered water pump system. 
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Figure 4. A schematic diagram of a solar-powered absorption refrigeration system. 
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Figure 5. Applications of solar chimney: (a) natural ventilation and (b) power generation, adapted from [67] with permission No. 5413141175242. 
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Figure 6. (a) Drying arrangement inside a greenhouse and (b,c) photos of a few installations [96], with permission No. 5413090348588. 
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Figure 7. A schematic of PV/T working system and its applications [135], with permission No. 5413090138010. 
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Figure 8. Installation capacity of solar energy worldwide [138], open access. 
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Figure 9. World renewable energy employment numbers [138], open access. 
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Figure 10. Contribution of solar energy to the three pillars of sustainable development [102], open access. 
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Table 1. Process temperatures in solar-based industrial applications [147].
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	Sector
	Process
	Optimum Temp. Range (C)





	Chemical
	Space heating of plants
	30–100



	
	Preheating of boiler feed water
	30–80



	
	Ancillary processes
	120–180



	
	Distilling
	110–300



	
	Boiling
	95–105



	Textile
	Space heating of plants
	30–100



	
	Preheating of boiler feed water
	30–80



	
	Dyeing
	100–160



	
	Bleaching
	60–100



	
	Washing
	40–80



	Food and beverage
	Space heating of plants
	30–100



	
	Preheating of boiler feed water
	30–80



	
	Heat treatment
	40–60



	
	Sterilisation
	140–150



	
	Boiling
	95–105



	
	Pasteurising
	80–110



	
	Washing
	40–80



	
	Drying
	30–90
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Table 2. GHG emissions of the different renewable energy sources [180].
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	Renewable Technology
	GHG Emissions [g CO2eq/kWh]





	Energy-from-waste
	350 (100–1000)



	Dedicated biomass
	100 (25–600)



	Solar thermal
	40 (15–150)



	Photovoltaic
	60 (20–200)



	Geothermal
	40 (10–80)



	Tidal
	25 (10–80)



	Wave
	25 (12–50)



	Hydropower
	20 (2–60)



	Offshore wind
	15 (5–70)



	Onshore wind
	15 (5–70)
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