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Abstract

:

Food production is the main challenge for developing arid regions due to the restricted access to fresh water. This study combines the environmental know-how of two coastal desert regions on the American continent with similar geographical characteristics to propose a general model for a circular economy in stressed environmental conditions. The Atacama Desert, located in Chile, is the driest place on Earth. Due to the lack of rainfall in decades, the possibility of growing food is almost impossible. The Desert of Sonora, in the northwest of Mexico, is known for its extreme aridity and temperatures over 50 °C in summer. Both deserts have continuously growing cities ranging from 400,000 to 900,000 inhabitants, where access to and management of freshwater represents an issue. A circular economy model was developed. Critical parameters for this model considered: the utilisation of solar energy for water desalination and energy production, integrated with hydroponic farming and water dosing with hydrogels for food production; microalgae for biofuels; seaweed for biochemicals; anaerobic digestion for organic waste management and nutrient recovery from wastewater sludge treatment. Regional policies and governance are needed to incentivise the adoption of circular economy models.
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1. Introduction


Water scarcity and desertification could affect up to 75% of the world’s population by 2050. Due to climate change, the world needs to prepare for desertification and water scarcity, and the regions subject to drought and extreme weather conditions must lead the way.



A circular economy model focusing on maximising the efficient utilisation of water resources is needed to ensure the Sustainable Development Goals (SDGs) of good health and well-being (SDG 3), clean water and sanitation (SDG 6), zero hunger (SDG 2), sustainable cities and communities (SDG 11), responsible consumption and production (SDG 12), and climate action (SDG 13).



The restricted access to fresh water in desert regions represents a challenge in their food production. Integrating their food production systems with state-of-the-art nutrient recovery systems like anaerobic digestion can close the water and nutrient loops. Desert Coastal Regions (DCRs) have a unique environment with abundant seawater and solar radiation resources.



Water desalination is the main source of fresh water in DCRs. Minimising water desalinisation costs is one of the significant challenges for developing a circular economy in these regions. In addition, maximising freshwater usage for agricultural, commercial, industrial and residential use also represents a challenge.



The transition from a linear to a circular economy requires technology, sustainable processes, innovation, products and services [1] that all have to be developed wisely between stakeholders (private sector, government, and citizens), integrating public policies and laws. On this transition, water-management utilities are crucial to push the water sector into a more sustainable development [2].



However, a circular economy model cannot be universal; it depends on the climate conditions, biodiversity, and geographical location, and the implementation will be laid on government policies.




2. Environmental Characteristics of the Atacama Desert, Chile, and Sonoran Desert, Mexico


The Atacama Desert (AD) is the driest non-polar and oldest (since the Jurassic period to Miocene, 5,000,000 years ago) desert on Earth [3]. The AD is located on the western coast of central South America, beside the Pacific Ocean, from the north of Peru (5° S), ending close to La Serena, Chile (30° S) [4]. The AD’s main characteristics are toxic elements, strong oxidising conditions, extreme aridity, high ultraviolet radiation levels, and low-to-zero concentration of soil carbon [3]. Additionally, precipitation in the AD is scarce (20 to 80 mm per year) and is intensely concentrated in the summer [5], with January and February being the two “rainiest” months. Due to this low level of rainfall, there is almost a complete absence of vegetation [6].



The average annual temperature is 16.1 °C, with a maximum temperature of 36 °C and minimum of −3.79 °C [4]. The hyper-arid climate is controlled by the upwelling cold Humboldt current in the Southeast Pacific Ocean and the high-pressure belt generated by the global Hadley circulation [7]. In addition, the AD, specifically the Antofagasta region, hosts Chile’s major extractive mining economy. Antofagasta represents 51% of the mining Gross Domestic Product (GDP), and 26% of the world production of lithium comes entirely from the Atacama Salt Lake [8].



On the other hand, the Sonoran Desert (SD) is located between 23° N and 33° N in North America including the states of Sinaloa and Sonora, and the Peninsula of Baja California [9]. The SD covers an area of 260,000 km2 [10]. This region is surrounded by the Gulf of California and the Pacific Ocean and has less than 50 mm of rainfall per annum; however, Sonora’s plain can receive up to 250 mm [10]. The temperature within the SD drops to −5 °C in winter, while in summer it can be up to 50 °C. The SD is one of the hottest deserts on Earth [11].




3. Circular Economy Model


The Circular Economy (CE) is a paradigm changer of the current linear production systems. In order to achieve major breakthroughs, leveraging slight shifts in perspectives is needed [12].



The CE concept was first introduced by Pearce and Turner [13] explaining the interdependence between the environment and the economy in their book. Among the different CE definitions, the following two exemplify its context.



The CE can be defined as “an economic system that replaces the ‘end-of-life’ concept with reducing, reusing, recycling, and recovering materials in production, distribution, and consumption processes” [14].



The Ellen Macarthur Foundation [15] defines the CE as “a new economic model that is restorative or regenerative by design and focuses on resource-related challenges for economies and businesses”. In the CE, the life cycle must be well planned to eliminate waste by utilising it as a feedstock or recirculating it.



CE can be successfully implemented as a management model to achieve sustainable development. This management model can be used for establishing and executing regulations to protect the environment; establishing a system of preferences for circularly managing resources; promoting cooperation between stakeholders to achieve a collaborative sharing economy; and strengthening the social capital [16]. Studies from Neves and Marques [17] have shown the drivers and barriers to transition from a linear to a circular economy, evaluating the role of social, environmental, and economic factors. The authors recommend that, in order to achieve an effective transition to a CE, promoting policies targeting specifically older and less-educated people is needed, due to the lack of environmental awareness of these groups. Smol, Adam, and Preisner [18] proposed a circular economy model for the water and wastewater sector focusing on the circular economy principles of reduction, reclamation, reuse, recycling, recovery, and rethink. They found that the sustainable management of water resources is not sufficient to achieve the CE objectives and that a special emphasis is needed on wastewater disposal.



Furthermore, Mannina et al. [2] reviewed the water and sewage sludge policies in Europe and analysed the barriers, bottlenecks, opportunities and challenges of applying the CE in the wastewater sector. The authors concluded that the barriers should be considered as challenges to guide policymakers and water-management utilities to resource recovery decisions.



According to Ferronato et al. [19], circular economy models vary in every context due to social, environmental, financial, and political differences; hence, they cannot be equivalent for every context. The authors emphasize that the implementation of a CE model should consider applying specific plans depending on the needs of the country, state, city or community.



On the other hand, Ahmed, Mahmud, and Acet [20] exposed that circular economy models are usually applied in developed countries but rarely in developing ones. In their scientific research, they mentioned that the major practices for a CE in North America (United States) are making homes using old containers, making carpets out of plastic, recycling and reusing used clothes and making jeans from waste plastic bottles; while in South America (Chile), the focus is on recycling and reutilisation of wastewater, and recycling of solid wastes.



Research on desert areas for a circular economy is rare. For this reason, this study focused on a macroscale model for DCRs.



This study proposes a circular economy model integrating state-of-the-art technologies with the two most abundant natural resources in DCRs: solar radiation and seawater. Solar energy can be harvested from solar panels to provide electricity to a desalination plant.



A circular economy in DCRs can be possible if all the natural resources are used sensibly. One such resource is the availability of seawater next to the desert, which poses an advantage in fighting water scarcity with a desalination process to supply the water requirements fully or partially for inhabitants, food production, and industrial processes.



Another advantage of desert areas is the high solar radiation, which can be used to produce energy through solar panels.



Furthermore, clean energy production is possible in deserts, and it will fulfil the requirements for water desalination. An additional advantage is the availability of non-arable land that can be utilised for microalgae cultivation in open raceway ponds or photobioreactors. An alternative for non-arable land farming for fresh food production is hydroponic systems. Moreover, seaweed cultivation for food production is also possible.



An example of technology integration was set by Bermudez-Contreras et al. [21], who designed a reverse osmosis desalination plant powered with photovoltaics for the State of Baja California Sur. To produce 1 m3 of potable water, including pre-treatment and post-treatment processes, 3.5–4.5 kWh are needed [22]. The energy demand of the desalination plant can be satisfactorily filled with solar energy (see Section 3.2).



The desalination process has the disadvantage of producing a sidestream: brine. Brine’s main constituents are the salts removed by reverse osmosis, which are discarded in the seawater. Therefore, brine is a potential contaminant and is a candidate for environmental damage that must be mitigated since sustainability is key in a CE process. However, brine can be converted or recovered into new products (ions or molecules) like MgO, Rubidium, Uranium, NaOH, Cl2, H2, acids, bases, Lithium, and salts in pure form [23] to avoid environmental impact. High solar radiation in arid regions can be an excellent ally for evaporating the brine in a closed and controlled environment. The evaporation process can be helpful for mineral and nutrient recovery like phosphate, which could be applied in hydroponics as a fertiliser (see Section 3.3).



For the model proposed, once the water has been desalinated, the freshwater is utilised for hydroponic farming in the case of non-arable soil (e.g. Antofagasta) or it can be used for irrigation water dosing with hydrogels in the case of semi-arable soil (agricultural land in Sonora). Seawater can be utilised for microalgae production in raceway pounds, and seaweed can be farmed in the ocean. Seaweed is utilised for biochemical production, while microalgae are used for biofuels production, among other applications.



Then, the residue streams from the agricultural systems, microalgae and seaweed can be processed through anaerobic digestion for biogas production. Nutrients can be recovered from the digestate, while biogas is upgraded into biomethane, utilising CO2 as feed for the microalgae. A combined heat and power unit can also be employed to produce electrical energy for the grid and heat for the desalination process, capturing the exhaust gas, purifying it, and feeding the CO2 to the microalgae. The digestate can be directly applied in agriculture, or the recovered nutrients can be added to the hydroponic system. Byproducts, such as glycerol from biofuel production, improve biogas yields in anaerobic digestion.



The details discussed above can be visualized in Figure 1, which details a schematic of a circular economy model that could be implemented in coastal arid regions.



This model represents a macro scale system of a CE and does not consider other factors like industries, pollution, tax policies, environmental laws, etc. Nevertheless, this model can be considered as a starting point for implementing an action plan for the social economy in Chile, Mexico or Latin America, as the European Commission suggested [24].



The fundamental principle of the proposed model is integrating state-of-the-art technology with abundant natural resources, i.e., ocean water and solar radiation, exploited through renewable energy and responsible reintegration of treated brine into ocean waters. In summary, this paper proposes the use of desalinated water for food production using a hydroponic or irrigation system that doses water with hydrogels. Whereas, seawater will be utilised for macroalgae and microalgae farming to produce biochemical and biofuels. Crop and algae residues will be processed through anaerobic digestion to obtain biogas and digestate, where the biogas will be upgraded, and the carbon dioxide stream is fed to the microalgae. Nutrients will be recovered from the digestate and used for food production. Alternatively, the biogas can be burnt in a combined heat and power unit to produce electrical and thermal energy, from which the resultant CO2 can be fed to the microalgae.



In the following section, the subsystems of the model and their current state in the Atacama and Sonoran deserts are described.



3.1. Water Desalination


Water scarcity in desert places is a challenge for the inhabitants of the regions. The World Resources Institute has ranked Chile as number one and Mexico seventh in having a high baseline water stress [25]. Nevertheless, AD and SD have the advantage that they are next to the Pacific Ocean; therefore, water desalination plants play an essential role in freshwater conversion. Water desalination (WD) can be achieved by reverse osmosis with membranes or thermal energy. In reverse osmosis desalination, membranes remove all the salts and unwanted particles to convert seawater into drinking water (Figure 2). However, WD is a costly, energy-intensive and non-environmentally friendly process. In South America, Chile has the most extensive system of desalination plants [26]. The oldest desalination plant started operations in 2003 in Antofagasta (Figure 3A). The plant supplies 85% of the Antofagasta population with potable water, making it the biggest desalination plant in Latin America. In total, in Antofagasta, it is produced 73,440 m3 of desalinated water per day [27].



Chile discards the brine by pumping it back into the ocean; however, other countries utilise other disposal methods, such as evaporation ponds, deep-well injection, conventional crystallisers and discharge to the sewage system [28].





[image: Land 11 01506 g003 550] 





Figure 3. (A) Desalination plant in Antofagasta, Chile [29]. (B) Desalination plant in Guaymas, Sonora, Mexico [30]. 
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Mexico has over 435 desalination plants, of which 71 are in the state of Baja California Sur [31], part of the Sonoran Desert. In the case of Sonora State, in 2008, three desalination plants were approved with varying capacities of 200 L s−1 for Guaymas (Figure 3B) and Hermosillo, and 120 L s−1 for Puerto Peñasco [32]. Robles-Lizárraga et al. [33] designed an optimal desalination plant for the city of Puerto Peñasco in Sonora. The 200 L s−1 (720 m3 h−1) desalination plant in Guaymas started operations this year to provide fresh water to its city [34].



The ambitious binational water desalination opportunities report for the Sea of Cortez aims to find the most optimal sites to install desalination plants to provide fresh water to the states of Sonora and Baja California Norte in Mexico and Arizona, Nevada and a small part of California in the United States of America [35].




3.2. Solar Energy


Globally, the Atacama Desert in Chile is one of the best places for astronomy due to its lack of clouds and possesses one of the most significant solar resources. Additionally, global irradiation in the AD is above 2500 kWh m−2 year−1, making it the place with the highest radiation level on the planet [36]. This solar potential means that the production of energy through solar panels is possible. Currently, nine of the ten biggest solar plants in Chile are in the AD (El Romero, Solar Bolero (Figure 4), Luz del Norte, Finis Terrae, Cornejo Solar, Amanecer CAP, El Pelícano, Carrera Pinto, and Pampa Solar Norte). Antofagasta has one of South America’s biggest solar power plants, producing 439.1 GWh [37].



In the state of Sonora, the eighth biggest solar plant in the world, comprised of 240 hectares, is currently under construction, which will harvest 1000 MWh [39]. If just 1% of Sonora’s land was used for solar projects, it could provide enough energy to power all of Mexico [40].




3.3. Hydroponic Systems for Food Production


Hydroponic systems are soilless agricultural systems that grow plants in water with mineral nutrients. Hydroponics have many advantages compared to traditional agriculture due to limited water consumption, a limited need for pesticides, and a lack of arable use. Additionally, the system is completely controlled in terms of nutrient supply, temperature, light, humidity, and carbon dioxide concentration [41]. In desert regions, it is advantageous to apply these techniques since there is a lack of fertile soils for agriculture combined with a limited freshwater supply.



In Antofagasta, Chile, specifically in the “La Chimba” and “Altos la Portada” zones, hydroponic cultures have been developed to supply a fraction of the food requirement for the population. The main products available through this type of agriculture are lettuces, spinach, coriander, parsley, bell pepper (Figure 5), chard, basil and others. These vegetables are sold in the city farmer’s market “La Vega Central”, as well as in supermarkets, and on the internet. The hydroponic system is supplied by desalinated water, making it the most extensive hydroponic production in Chile.



Before the hydroponic system was set up in Antofagasta (2012), all the fresh vegetables came from Arica or La Serena (the vegetables produced at present by hydroponics). Terrestrial transport was needed due to the long distances to fertile soils (La Serena to Antofagasta: 865 km; or Arica to Antofagasta: 716 km) to provide fresh food to consumers.



In the case of Mexico, Rafael Martinez-Cordova et al. [42] evaluated an integrated multitrophic aquaculture system that utilised fish aquaculture of Tilapia spp. and the agriculture of jalapeño and mini bell peppers in greenhouses in Hermosillo. However, they found that jalapeño pepper plants were not an adequate candidate for hydroponics in the proposed system. De Anda and Shear [43] stated that vertical hydroponic agriculture could help resolve the food shortage caused by non-arable land and water scarcity. Shrivastava et al. [44] proposed a vertical automated hydroponic system that monitors the water flow, temperature, moisture and nutrients present in the water, while also recycling the utilised water. The authors developed a vertical hydroponic system that can reduce water consumption by up to 70%.



In Mexico in 2010, 60% of the installed hydroponic greenhouses failed due to the absence of qualified technicians, lack of producer training, and inadequate location of markets [45]. However, by 2014, more than 20,000 ha were working with hydroponics [46].




3.4. Water Dosing with Hydrogels for Agriculture


According to the World Economic Forum [47], agricultural production systems need to increase their productivity by two-thirds to meet the projected demand in 2030 caused by the population increase. The implementation of more water-efficient systems is needed to meet this demand.



Hydrogels are yield enhancers and soil conditioners, which can retain nutrients and water, and then release them over an extended period [48]. Kalhapure et al. [49] found that applying hydrogels increases productivity in terms of crop yield.



The emergence of hydrophilic polymers based on polyacrylamide occurred in the 1950s in the United States of America. Over the years, its hydration capacity has improved from 20 to 400 times its weight [50].



Hydrophilic polymers help improve the water absorption capacity, allowing to improve the efficiency of water use, the effect of which depends on the quality of the water, with the hydration capacity of the polymer being significantly reduced in the presence of salts in the irrigation water [51].



The combination of superabsorbent hydrogels and fertiliser produces slow-release fertiliser hydrogels, improves plant nutrition, and reduces the environmental impact of conventional fertilisers since there are fewer losses by evaporation and the irrigation frequency is reduced [52].



López-Elías et al. [51] implemented hydrogels for the greenhouse production of Anaheim peppers. They found that this initiative favours the reduction of the volume of water applied and the frequency of irrigation, favouring the increase in chlorophyll content without affecting the crop.



Macías-Duarte et al. [53] performed a study on the integration of hydrogels with irrigation systems for the cultivation of olives. They found that, with an irrigation deficit of 50%, the yields and quality of olive trees were not affected, nor was the soil’s moisture content.




3.5. Microalgae Culture as a Biomass and Seaweed Farming and Processing for Food Supply and Biochemicals


Microalgal biomass represents an attractive feedstock for producing human protein supplements, liquid fuel, feed for the aquaculture industry, biofuels and CO2 capture. In addition, microalgae produce high-value byproducts like pigments, enzymes, lipids, sugars, sterols and vitamins [54]. The advantages of microalgal biomass production are that they can be grown using wastewater, seawater, brackish water, and sunlight, and there is no need for arable lands [55]. Consequently, AD and SD have the potential for microalgae production due to the proximity to the ocean, sunlight, and the availability of non-arable soils, making an ideal scenario for biomass production. Rasheed et al. [56] described the possibilities of cultivating microalgae in Qatar, which is located next to the Persian Gulf. The climate conditions of Qatar improved the microalgae’s nutritional potential in terms of lipids, polyunsaturated fatty acids, and proteins.



Furthermore, Schipper et al. [57] have demonstrated four novel isolated microalgae strains from the Arabian Gulf. Their results suggested that Picochlorum sp. can grow in elevated temperatures (40 °C) and high carbon dioxide concentrations, making them promising organisms for CO2 sequestration. Regarding biofuels, Gao et al. [58] successfully improved Chlorella sp. cultures using a mixture of seawater and domestic sewage for biofuel production, obtaining the highest productivity of lipid when 60% seawater was used. On the other hand, more than 70 different local microalgae species have been characterised and isolated in Mexico. However, only a small fraction of them has been explored for producing valuable products [59]. In Chile, some attempts to investigate phycoremediation using Muriellopsis sp. in the AD at a pilot-scale level have been done [60].



In the scientific literature, many applications and benefits of microalgae have been described; hence, microalgae production could be implemented in the CE model for DCRs due to their intrinsic value and low water demand.



Regarding macroalgae production, high-interest compounds have been identified for potential applications. Namely, fatty acids, phenols, pigments, polysaccharides and monosaccharides are target compounds obtained from seaweed [61].



The seaweed industry is most developed in Asian countries where most of the seaweed is cultivated with smaller amounts harvested or obtained from the wild. While in Europe, most of the seaweed industry utilises imported algae or is obtained from wild harvesting [62]. In the case of Latin America, Chile contributes 88% of the total seaweed harvested, while Mexico only contributes 3.7% [63].



According to the project AlgaHealth [64], ocean farming in the desert is needed to supply all the required dietary supplements. However, a lack of research on this topic has been found.




3.6. Biogas Production


The popularity of biogas production for energy production and waste neutralisation has been increasing worldwide since the early 2000s. Biogas is composed of the following concentrations: 60–70% methane, 30–40% carbon dioxide, 1–2% nitrogen, 1000–3000 ppm hydrogen-sulfide and 10–30 ppm ammonia [65]. Biogas is obtained by a process called anaerobic digestion.



Anaerobic digestion or degradation is a biological process that converts organic carbon by subsequent reductions and oxidations to its most reduced state (CH4) and its most oxidised state (CO2) in the absence of oxygen [65]. Biogas main applications are in the area of treatment of sludge from wastewater, Organic Fraction of Municipal Solid Waste (OFMSW), manures, agricultural and industrial residues [66].



In the case of Mexico, the federal government has expressed its interest to develop Wastewater Treatment Plants (WWTP) integrated with anaerobic digestion to produce and use their own energy to decrease operational costs [67]. An example of this is the WWTP of Hermosillo, which has two 12,000 m3 anaerobic digesters, three combined heat and power units of 874 kW (two in operation and one on stand-by) and two gas holders of 2150 m3 [68].



Kim, Lee, and An [69] proposed retrofitting the biogas plant of Hermosillo’s main WWTP for co-digestion with the OFMSW, to generate electricity and heat for the WWTP. Whereas, Noyola et al. [70] carried out three pre-feasibility studies for anaerobic digestion in pig farms in Sonora; an up flow anaerobic sludge blanket at NORSON slaughterhouse and co-digestion of industrial residues at the WWTP of Hermosillo.



Mexico has no legislative framework allowing the utilisation of digestate from pig slurry for agricultural purposes [70]. Currently, there are no anaerobic digestion plants operating with manure or OFMSW on the AD or on the SD.




3.7. Nutrient Recovery from Wastewater Treatment Streams and Anaerobic Digestion


The increase in agricultural practices has led to the generation of a large amount of nutrient-rich wastewater [71]. Even though several reports address nutrient recovery technologies and the challenges of nutrient recovery from different nutrient-rich wastewaters, there is no standardised methodology to assess the feasibility of real-life applications [71].



Domestic wastewater treatment is a mature technology that impacts human health and the environment [72]. The two main alternative domestic wastewater treatment processes that recover energy and nutrients are low energy mainline for phosphorus recovery and partition–release–recover for nitrogen and potassium recovery [72].



Nutrient recovery technologies can be divided into low energy and high energy consumption. Struvite formation and ammonia stripping are two easily operated technologies that, when compared to membrane technologies, can be implemented at a low energy cost [73]. Membrane distillation, electrodialysis, reverse osmosis, and nanofiltration are effective nutrient recovery technologies, but their long-term operation is limited by membrane fouling [73].



A particular case of nutrient recovery is planned for the WWTP in Marineo (Italy), where phosphorus and nitrogen will be recovered from the effluent streams by means of two adsorption columns [2]. In the state of Sonora, there are examples of utilising natural resources efficiently, such as the solar-powered wastewater treatment plant (Figure 6) serving the city of Nogales with a 220 litres of sewage per second installed capacity [74].



Since the 1990s, the General Law of Ecologic Equilibrium and Protection of the Environment has pushed for wastewater treatment in Mexico. Article 92 of this law (when translated) states that “to ensure the availability of water and lower the levels of waste, the competent authorities will promote the saving and efficient use of water, the treatment of wastewater and its reuse” [76].



Due to water scarcity in Hermosillo, companies, schools, residential complexes, hotels and the airport have private wastewater treatment plants summing to 44 [77]. The two main government-owned WWTP in Hermosillo have a capacity of 2500 L s−1 (Figure 7) and 113 L s−1, respectively.



Water scarcity in DCRs can be decreased by implementing mature, proven technologies as the ones described above. Figure 8 shows the process followed in this perspectives article.





4. System’s Feasibility and Evaluation


According to Corvellec, Stowell, and Johansson [79], a circular economy model needs to be accountable for its achievements and shortcomings; hence, the feasibility of implementing the proposed technologies needs to be addressed regarding the environmental risks, ecological sustainability, the economic viability and the technology readiness level.



To evaluate the proposed circular economy model, attributes were evaluated for the processes and products. The products and processes were evaluated from 0 to 10, with zero being poor performance and ten being outstanding performance. The four evaluated attributes are technology readiness level, economic viability, ecological sustainability, and environmental risks. The technology readiness level assesses if the technology is ready for deployment; ecological sustainability evaluates the environmental effects; environmental risks refer to the irreversible environmental damage that could be done if the products or processes are not managed correctly; and economic viability evaluates the capital costs. Figure 9 shows the results of the evaluated attributes of the proposed circular economy model.



Out of the evaluated processes in Figure 9, the environmental risks are present in most of them except on solar energy harvesting, hydroponic system and water dosing with hydrogels. The worst performance for the ecological sustainability attribute is combined heat and power cogeneration, since there is an energy loss from 24% to 45% in the power generation [80]. Most of the processes analysed are mature, hence the technology readiness level is high. There is economic viability in most cases, being the lowest performance nutrient recovery.



A detailed evaluation is needed before deploying the proposed circular economy model for DCRs. To successfully integrate these technologies, feasibility can be assessed by a life cycle assessment, a techno-economic analysis, and a biodiversity study.



Finally, regional policies and governance must be available to incentivize the adoption of CE models.



The closest policy initiatives related to a CE in Chile are found in law No. 20,920 [81], residues management and recycling campaigns. However, it does not mention a circular economy per se. Nevertheless, the new Chilean constitution proposal mentioned that the state would promote the circular economy but did not explain how [82]. The priority products for recycling mentioned in article 10 of the Chilean law are lubricant oils, batteries, electric and electronic devices, containers and packaging, and tires.



The Ministry of Environment of Chile, as well as the Ministry of Economy, Development and Tourism of Chile, the Chilean Economic Development Agency (CORFO) and the Sustainability and Climate Change Agency, have made efforts to implement a Chilean circular economy by 2040 [83]. Seven goals are set to carry out a circular economy in Chile by 2040, in the following order according to priority (Ministerio de Medio Ambiente 2020): to increase green employment, decrease the municipal solid waste by inhabitants and the total waste generation by GDP, to increase the resource productivity, the general recycling rate and the recycling of municipal solid waste, and to recover sites affected by illegal waste disposal (Figure 10).



In the case of Mexico, in November 2021, the General Law of Circular Economy was approved [84]. The law aims to establish the principles of the circular economy through legislation on waste and contribute to the fight against climate change and protecting the marine environment. Valenzuela-Corral and Hinojosa-Rodriguez [85] studied the implementation of the circular economy in the south of Sonora, considering the ecological, political, social, and technological factors. The authors concluded that, to implement the circular economy in this region, companies and governments must collaborate, innovate and have a vision of change. Cansino-Loeza et al. [86] proposed a framework for developing a model that provides the optimal allocation, quantifies, and maximises the security of the water, energy, and food sectors in the state of Sonora.



International organisations, governments, investors, and businesses must work together for this model implementation. International organisations can put the circular economy on the global climate agenda, governments can enable policies and put the necessary infrastructure in place, investors are needed to mobilise capital towards circular economy solutions, and businesses can make intelligent decisions on how to design and sell their products and services [87].




5. Conclusions


A circular economy model for the development of coastal desert regions has been proposed complementing the conditions and experiences of the Atacama Desert and the Sonoran Desert.



As reviewed in this paper, integrating desalination and hydroponic farming, solar energy and wastewater treatment, wastewater treatment and biogas production, and hydrogels and irrigation are already a reality in the Atacama Desert and the Sonoran Desert. Macroalgae offshore farming, microalgae production and nutrient recovery are the missing components needed for the implementation of the proposed model.



Studies are needed to ensure environmental, social, and economic sustainability before deploying pilot testing. Within these studies, life cycle assessment, techno-economic analysis, and a biodiversity study are recommended to ensure the deployment of this model without harming the environment or protected species.







Author Contributions


Conceptualization, F.R. and M.C.-G.; methodology, F.R. and M.C.-G.; validation, F.R. and M.C.-G.; formal analysis, F.R. and M.C.-G.; investigation, F.R. and M.C.-G.; resources, M.H.; writing—original draft preparation, F.R. and M.C.-G.; writing—review and editing, F.R. and M.C.-G.; visualisation, F.R. and M.C.-G.; supervision, M.H.; project administration, M.H.; funding acquisition, M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This project has received funding from the European Union’s Horizon 2020 research and innovation programme AgRefine under the Marie Skłodowska-Curie grant agreement No 860477.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to express their great appreciation to the AgRefine colleagues Priya Pollard, Charlene Vance, and Mariana Cerca for proofreading the manuscript for English language correctness.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abad-Segura, E.; de la Fuente, A.B.; González-Zamar, M.D.; Belmonte-Ureña, L.J. Effects of Circular Economy Policies on the Environment and Sustainable Growth: Worldwide Research. Sustainability 2020, 12, 5792. [Google Scholar] [CrossRef]

	



Mannina, G.; Badalucco, L.; Barbara, L.; Cosenza, A.; Di Trapani, D.; Gallo, G.; Laudicina, V.A.; Marino, G.; Muscarella, S.M.; Presti, D.; et al. Enhancing a Transition to a Circular Economy in the Water Sector: The EU Project WIDER UPTAKE. Water 2021, 13, 946. [Google Scholar] [CrossRef]

	



Bull, A.T.; Andrews, B.A.; Dorador, C.; Goodfellow, M. Introducing the Atacama Desert. Antonie Van LeeuwenhoekInt. J. Gen. Mol. Microbiol. 2018, 111, 1269–1272. [Google Scholar] [CrossRef] [PubMed]

	



Arenas-Díaz, F.; Fuentes, B.; Reyers, M.; Fiedler, S.; Böhm, C.; Campos, E.; Shao, Y.; Bol, R. Dust and Aerosols in the Atacama Desert. Earth-Sci. Rev. 2022, 226, 103925. [Google Scholar] [CrossRef]

	



Jara, I.A.; Maldonado, A.; de Porras, M.E. Did Modern Precipitation Drivers Influence Centennial Trends in the Highlands of the Atacama Desert During the Most Recent Millennium? Geophys. Res. Lett. 2022, 49, e2021GL095927. [Google Scholar] [CrossRef]

	



Ezcurra, E.; Mellink, E. Desert Ecosystems. Encycl. Biodivers. Second Ed. 2013, 2, 457–478. [Google Scholar] [CrossRef]

	



Reyers, M.; Shao, Y. Cutoff Lows off the Coast of the Atacama Desert under Present Day Conditions and in the Last Glacial Maximum. Glob. Planet. Chang. 2019, 181, 102983. [Google Scholar] [CrossRef]

	



Prieto, M.; Calderón-Seguel, M.; Fragkou, M.C.; Fuster, R. The (Not-so-Free) Chilean Water Model. The Case of the Antofagasta Region, Atacama Desert, Chile. Extr. Ind. Soc. 2022, 101081. [Google Scholar] [CrossRef]

	



Cortés-Ramos, J.; Farfán, L.M.; Brito-Castillo, L. Extreme Freezing in the Sonoran Desert, Mexico: Intense and Short-Duration Events. Int. J. Climatol. 2021, 41, 4339–4358. [Google Scholar] [CrossRef]

	



Zolotokrylin, A.N.; Brito-Castillo, L.; Titkova, T.B. Local Climatically-Driven Changes of Albedo and Surface Temperatures in the Sonoran Desert. J. Arid Environ. 2020, 178, 104147. [Google Scholar] [CrossRef]

	



Zhao, Y.; Norouzi, H.; Azarderakhsh, M.; AghaKouchak, A. Global Patterns of Hottest, Coldest, and Extreme Diurnal Variability on Earth. Bull. Am. Meteorol. Soc. 2021, 102, E1672–E1681. [Google Scholar] [CrossRef]

	



Boardman, J.; Sauser, B. Systems Thinking: Coping with 21st Century Problems, 1st ed.; CRC Press: Boca Raton, FL, USA, 2008; ISBN 9780429146404. [Google Scholar]

	



Pearce, D.W.; Turner, R.K. Economics of Natural Resources and the Environment; The Johns Hopkins University Press: Baltimore, 1990; ISBN 0-8018-3986-6. [Google Scholar]

	



Rigamonti, L.; Mancini, E. Life Cycle Assessment and Circularity Indicators. Int. J. Life Cycle Assess. 2021, 26, 1937–1942. [Google Scholar] [CrossRef]

	



Ellen Macarthur Foundation. Towards a Circular Economy: Business Rationale for an Accelerated Transition|Report; Ellen Macarthur Foundation: Cowes, UK, 2015. [Google Scholar]

	



Skawińska, E.; Zalewski, R.I. Circular Economy as a Management Model in the Paradigm of Sustainable Development. Management 2018, 22, 217–233. [Google Scholar] [CrossRef]

	



Neves, S.A.; Marques, A.C. Drivers and Barriers in the Transition from a Linear Economy to a Circular Economy. J. Clean. Prod. 2022, 341, 130865. [Google Scholar] [CrossRef]

	



Smol, M.; Adam, C.; Preisner, M. Circular Economy Model Framework in the European Water and Wastewater Sector. J. Mater. Cycles Waste Manag. 2020, 22, 682–697. [Google Scholar] [CrossRef]

	



Ferronato, N.; Rada, E.C.; Gorritty Portillo, M.A.; Cioca, L.I.; Ragazzi, M.; Torretta, V. Introduction of the Circular Economy within Developing Regions: A Comparative Analysis of Advantages and Opportunities for Waste Valorization. J. Environ. Manag. 2019, 230, 366–378. [Google Scholar] [CrossRef]

	



Ahmed, Z.; Mahmud, S.; Acet, D.H. Circular Economy Model for Developing Countries: Evidence from Bangladesh. Heliyon 2022, 8, e09530. [Google Scholar] [CrossRef]

	



Bermudez-Contreras, A.; Thomson, M.; Infield, D.G. Renewable Energy Powered Desalination in Baja California Sur, Mexico. Desalination 2008, 220, 431–440. [Google Scholar] [CrossRef]

	



Kim, J.; Park, K.; Yang, D.R.; Hong, S. A Comprehensive Review of Energy Consumption of Seawater Reverse Osmosis Desalination Plants. Appl. Energy 2019, 254, 113652. [Google Scholar] [CrossRef]

	



Mavukkandy, M.O.; Chabib, C.M.; Mustafa, I.; Al Ghaferi, A.; AlMarzooqi, F. Brine Management in Desalination Industry: From Waste to Resources Generation. Desalination 2019, 472, 114187. [Google Scholar] [CrossRef]

	



European Comission Social Committee and the Committee of the Regions. A New Circular Economy Action Plan for a Cleaner and More Competitive Europe. COM 2020, 98 Final. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2020%3A98%3AFIN (accessed on 28 July 2022).

	



Hofste, R.W.; Reig, P.; Schleifer, L. 17 Countries, Home to One-Quarter of the World’s Population, Face Extremely High Water Stress. Available online: https://www.wri.org/insights/17-countries-home-one-quarter-worlds-population-face-extremely-high-water-stress (accessed on 27 July 2022).

	



Herrera-León, S.; Cruz, C.; Kraslawski, A.; Cisternas, L.A. Current Situation and Major Challenges of Desalination in Chile. Desalin. Water Treat. 2019, 171, 93–104. [Google Scholar] [CrossRef]

	



Aguas Antofagasta Aguas Antofagasta Grupo EPM. Available online: www.desalar.cl (accessed on 9 June 2022).

	



Shalaby, S.M.; Sharshir, S.W.; Kabeel, A.E.; Kandeal, A.W.; Abosheiasha, H.F.; Abdelgaied, M.; Hamed, M.H.; Yang, N. Reverse Osmosis Desalination Systems Powered by Solar Energy: Preheating Techniques and Brine Disposal Challenges—A Detailed Review. Energy Convers. Manag. 2022, 251, 114971. [Google Scholar] [CrossRef]

	



Google. n.d. Google Earth Pro 7.3.4.8642 (64-Bit). Desalination Plant in Antofagasta, Chile. Available online: https://www.google.com/maps/place/Desaladora+Aguas+Antofagasta/@-23.5425926,-70.3991642,15z/data=!4m5!3m4!1s0x96ae2a24d07789ed:0x32a45bdc2b1c5469!8m2!3d-23.5425926!4d-70.3991642 (accessed on 29 July 2022).

	



Google. n.d. Google Earth Pro 7.3.4.8642 (64-Bit). Desalination Plant in Guaymas, Mexico. Available online: https://www.google.com/maps/place/Planta+Desaladora+Guaymas/@27.9175022,-110.7425767,20z/data=!4m13!1m7!3m6!1s0x0:0xb44144b192eef538!2zMjfCsDU1JzAzLjQiTiAxMTDCsDQ0JzMyLjgiVw!3b1!8m2!3d27.9176111!4d-110.7424444!3m4!1s0x86c9730648d01d37:0x23f566817fd9ce8f!8m2!3d27.9174051!4d-110.7423246 (accessed on 29 July 2022).

	



IMTA Gaceta Del Instituto Mexicano de Tecnologia Del Agua. Available online: https://www.imta.gob.mx/gaceta/anteriores/g06-10-2007/desalacion.html (accessed on 30 June 2022).

	



CONAGUA CMIC. Programa para la Modernización de Organismos Operadores de agua Promagua. 2008. Available online: https://www.cmic.org.mx/comisiones/Sectoriales/infraestructurahidraulica/varios/Ejecucion_de_proyectos/Listado_proyectos_para_empresas.pdf (accessed on 30 June 2022).

	



Robles-Lizárraga, A.; Del Rosario Martínez-Macías, M.; Encinas-Guzmán, I.; De, O.; Larraguibel-Aganza, J.; Rodríguez-López, J.; Dévora-Isiordia, G.E. Design of Reverse Osmosis Desalination Plant in Puerto Peñasco, Sonora, México. Desalin. Water Treat. 2019, 175, 1–10. [Google Scholar] [CrossRef]

	



Proyectos Mexico Planta Desalinizadora de Guaymas y Empalme, Sonora—Proyectos México. Available online: https://www.proyectosmexico.gob.mx/proyecto_inversion/010-planta-desalinizadora-de-guaymas-y-empalme-sonora/ (accessed on 30 June 2022).

	



Black & Veatch; LIBRA. Binational Study of Water Desalination Opportunities in the Sea of Cortez; Black & Veatch: Burnaby, BC, Canada, 2020. [Google Scholar]

	



Correa-Puerta, J.; Ferrada, P.; Häberle, P.; Díaz-Almeida, D.; Sanz, A.; Zubillaga, O.; Marzo, A.; Portillo, C.; del Campo, V. Comparing the Effects of Ultraviolet Radiation on Four Different Encapsulants for Photovoltaic Applications in the Atacama Desert. Sol. Energy 2021, 228, 625–635. [Google Scholar] [CrossRef]

	



INE. Generacion y Distribucion de Energia; Electrica: Region de Antofagasta, Chile, 2022. [Google Scholar]

	



Google. n.d. Google Earth Pro 7.3.4.8642 (64-Bit). Bolero Photovoltaic Park, Sierra Gorda, Chile. Available online: https://www.google.com/maps/place/23%C2%B029’37.5%22S+69%C2%B025’06.7%22W/@-23.4937602,-69.4207054,17z/data=!3m1!4b1!4m5!3m4!1s0x0:0x919c1ecd05e01541!8m2!3d-23.4937602!4d-69.4185167 (accessed on 29 July 2022).

	



Fronteradesk Sonora Moves Forward with Massive Solar Plant near Rocky Point|Fronteras. Available online: https://fronterasdesk.org/content/1748961/sonora-moves-forward-massive-solar-plant-near-rocky-point (accessed on 30 June 2022).

	



Arancibia-Bulnes, C.A.; Peón-Anaya, R.; Riveros-Rosas, D.; Quiñones, J.J.; Cabanillas, R.E.; Estrada, C.A. Beam Solar Irradiation Assessment for Sonora, Mexico. Energy Procedia 2014, 49, 2290–2296. [Google Scholar] [CrossRef]

	



Swain, A.; Chatterjee, S.; Viswanath, M.; Roy, A.; Biswas, A. Hydroponics in Vegetable Crops: A Review. Pharma Innov. J. 2021, 10, 629–634. [Google Scholar]

	



Martinez-Cordova, L.R.; Lopez-Elias, J.; Martinez-Porchas, M.; Bringas-Burgos, B.; Naranjo-Paramo, J. A Preliminary Evaluation of an Integrated Aquaculture-Agriculture Systems (Tilapia and Peppers) at Mesocosm Scale. J. Aquac. Mar. Biol. 2020, 9, 19–22. [Google Scholar] [CrossRef]

	



de Anda, J.; Shear, H. Potential of Vertical Hydroponic Agriculture in Mexico. Sustainability 2017, 9, 140. [Google Scholar] [CrossRef]

	



Shrivastava, A.; Nayak, C.K.; Dilip, R.; Samal, S.R.; Rout, S.; Ashfaque, S.M. Automatic Robotic System Design and Development for Vertical Hydroponic Farming Using IoT and Big Data Analysis. Mater. Today: Proc. 2021; in press. [Google Scholar] [CrossRef]

	



2000Agro Hidroponia. Available online: http://www.2000agro.com.mx/hidroponia/fracasa-60-de-invernaderos-de-hidroponia-por-falta-de-capacitacion-uach/ (accessed on 30 June 2022).

	



Promueve Hidroponia Hidroponia. Available online: http://hidroponia.mx/agricultura-protegida-en-mexico/ (accessed on 30 June 2022).

	



World Economic Forum. System Initiative on Shaping the Future of Food Security and Agriculture; Summary Report; World Economic Forum: Cologny, Switzerland, 2017. [Google Scholar]

	



Michalik, R.; Wandzik, I. A Mini-Review on Chitosan-Based Hydrogels with Potential for Sustainable Agricultural Applications. Polymers 2020, 12, 2425. [Google Scholar] [CrossRef] [PubMed]

	



Kalhapure, A.; Kumar, R.; Singh, V.P.; Pandey, D.S. Hydrogels: A Boon for Increasing Agricultural Productivity in Water-Stressed Environment on JSTOR. Curr. Sci. 2016, 111, 1773–1779. [Google Scholar]

	



Freitas-Azevedo, L.; Tédson, D.; Bertonha, A.; Andrade-Gonçalves, A.C. USO DE HIDROGEL NA AGRICULTURA. Rev. Do Programa De Cienc. Ago-Ambient. 2002, 1, 23–31. [Google Scholar]

	



López-Elías, J.; Garza, S.; Jiménez, J.L.; Huez, M.A.; Garrido, O.D. Uso De Un Polímero Hidrófilo A Base De Poliacrilamida Para Mejorar La Eficiencia En El Uso Del Agua. Eur. Sci. J. Esj 2016, 12, 160. [Google Scholar] [CrossRef]

	



Ramli, R.A. Slow Release Fertilizer Hydrogels: A Review. Polym. Chem. 2019, 10, 6073–6090. [Google Scholar] [CrossRef]

	



Macías-Duarte, R.; Grijalva-Contreras, R.L.; Robles-Contreras, F.; López-Carvajal, A.; Núñez-Ramírez, F. Irrigation Deficit and Hydrogel Application in Olive Productivity in Desert Regions. Rev. Mex. De Cienc. Agrícolas 2019, 10, 393–404. [Google Scholar] [CrossRef]

	



Alam, M.A.; Xu, J.L.; Wang, Z. Microalgae Biotechnology for Food, Health and High Value Products; Springer: Singapore, 2020; ISBN 9789811501692. [Google Scholar]

	



Das, P.; Thaher, M.I.; Khan, S.; AbdulQuadir, M.; Chaudhary, A.K.; Alghasal, G.; Al-Jabri, H. Comparison of Biocrude Oil Production from Self-Settling and Non-Settling Microalgae Biomass Produced in the Qatari Desert Environment. Int. J. Environ. Sci. Technol. 2019, 16, 7443–7454. [Google Scholar] [CrossRef]

	



Rasheed, R.; Thaher, M.; Younes, N.; Bounnit, T.; Schipper, K.; Nasrallah, G.K.; Al Jabri, H.; Gifuni, I.; Goncalves, O.; Pruvost, J. Solar Cultivation of Microalgae in a Desert Environment for the Development of Techno-Functional Feed Ingredients for Aquaculture in Qatar. Sci. Total Environ. 2022, 835, 155538. [Google Scholar] [CrossRef]

	



Schipper, K.; Al Muraikhi, M.; Alghasal, G.S.H.S.; Saadaoui, I.; Bounnit, T.; Rasheed, R.; Dalgamouni, T.; Al Jabri, H.M.S.J.; Wijffels, R.H.; Barbosa, M.J. Potential of Novel Desert Microalgae and Cyanobacteria for Commercial Applications and CO2 Sequestration. J. Appl. Phycol. 2019, 31, 2231–2243. [Google Scholar] [CrossRef]

	



Gao, F.; Zhang, X.L.; Zhu, C.J.; Huang, K.H.; Liu, Q. High-Efficiency Biofuel Production by Mixing Seawater and Domestic Sewage to Culture Freshwater Microalgae. Chem. Eng. J. 2022, 443, 136361. [Google Scholar] [CrossRef]

	



Sosa-Hernández, J.E.; Romero-Castillo, K.D.; Parra-Arroyo, L.; Aguilar-Aguila-Isaías, M.A.; García-Reyes, I.E.; Ahmed, I.; Parra-Saldivar, R.; Bilal, M.; Iqbal, H.M.N. Mexican Microalgae Biodiversity and State-Of-The-Art Extraction Strategies to Meet Sustainable Circular Economy Challenges: High-Value Compounds and Their Applied Perspectives. Mar. Drugs 2019, 17, 174. [Google Scholar] [CrossRef]

	



Cavieres, L.; Bazaes, J.; Marticorena, P.; Riveros, K.; Medina, P.; Sepúlveda, C.; Riquelme, C. Pilot-Scale Phycoremediation Using Muriellopsis Sp. For Wastewater Reclamation in the Atacama Desert: Microalgae Biomass Production and Pigment Recovery. Water Sci. Technol. 2021, 83, 331–343. [Google Scholar] [CrossRef] [PubMed]

	



Pardilhó, S.; Cotas, J.; Pereira, L.; Oliveira, M.B.; Dias, J.M. Marine Macroalgae in a Circular Economy Context: A Comprehensive Analysis Focused on Residual Biomass. Biotechnol. Adv. 2022, 60. [Google Scholar] [CrossRef] [PubMed]

	



Filote, C.; Santos, S.C.R.; Popa, V.I.; Botelho, C.M.S.; Volf, I. Biorefinery of Marine Macroalgae into High-Tech Bioproducts: A Review; Springer International Publishing: Berlin/Heidelberg, Germany, 2021; Volume 19, ISBN 0123456789. [Google Scholar]

	



Alemañ, A.E.; Robledo, D.; Hayashi, L. Development of Seaweed Cultivation in Latin America: Current Trends and Future Prospects. Phycologia 2019, 58, 462–471. [Google Scholar] [CrossRef]

	



AlgaHealth AlgaHealth Project Ocean Farming in the Desert Commission. Available online: https://cordis.europa.eu/article/id/415806-ocean-farming-in-the-desert (accessed on 30 June 2022).

	



Angelidaki, I.; Ellegaard, L.; Ahring, B.K. Applications of the Anaerobic Digestion Process. Adv. Biochem. Eng./Biotechnol. 2003, 82, 1–33. [Google Scholar] [CrossRef]

	



Kougias, P.G.; Angelidaki, I. Biogas and Its Opportunities—A Review. Front. Environ. Sci. Eng. 2018, 12, 14. [Google Scholar] [CrossRef]

	



Casiano Flores, C.; Bressers, H.; Gutierrez, C.; de Boer, C. Towards Circular Economy—A Wastewater Treatment Perspective, the Presa Guadalupe Case. Manag. Res. Rev. 2018, 41, 554–571. [Google Scholar] [CrossRef]

	



Danish Energy Agency; Ea Energy Analyses. In IBTech Pre-Feasibility Studies for Biogas in Sonora; Ea Energianalyse: København, Denmark, 2019.

	



Kim, Y.H.; Lee, J.C.; An, H.J. Developing Renewable Energy in Mesoamerica with Special Focus on Biogas from Food Waste in Hermosillo, Sonora (Mexico); Commission for Ecology and Sustainable Development of the State of Sonora: Sonora, CA, USA, 2020. [Google Scholar]

	



Noyola, A.; Morgan-Sagastume, J.; Harder, B.; Ramirez-Higareda, B.L.; Lopez, J.; Castro, M.; Lindboe, H.H. Biogas in Mexico: Lessons Learned from Partnership Projects 2018–2019; Wiley Online Library: New York, NY, USA, 2019. [Google Scholar]

	



Saliu, T.D.; Oladoja, N.A. Nutrient Recovery from Wastewater and Reuse in Agriculture: A Review. Environ. Chem. Lett. 2021, 19, 2299–2316. [Google Scholar] [CrossRef]

	



Batstone, D.J.; Hülsen, T.; Mehta, C.M.; Keller, J. Platforms for Energy and Nutrient Recovery from Domestic Wastewater: A Review. Chemosphere 2015, 140, 2–11. [Google Scholar] [CrossRef] [PubMed]

	



Shi, L.; Simplicio, W.S.; Wu, G.; Hu, Z.; Hu, H.; Zhan, X. Nutrient Recovery from Digestate of Anaerobic Digestion of Livestock Manure: A Review. Curr. Pollut. Rep. 2018, 4, 74–83. [Google Scholar] [CrossRef]

	



Navarro, C. Officials Inaugurate Solar-Powered System for Wastewater Treatment Plant in Sonora. Lat. Am. Digit. Beat 2016. [Google Scholar]

	



Google. n.d. Google Earth Pro 7.3.4.8642 (64-Bit). Solar-Powered Wastewater Treatment Plant, Nogales, Mexico. Available online: https://www.google.com/maps/place/31%C2%B007’33.0%22N+110%C2%B056’27.8%22W/@31.1258357,-110.9432304,17z/data=!4m5!3m4!1s0x0:0xcfda7759a4bf549!8m2!3d31.1258357!4d-110.9410417!5m1!1e1 (accessed on 29 July 2022).

	



Cámara De Diputados, C.D.L.U. Ley General del Equilibrio Ecológico y la Protección al Ambient; Mexican Environmental Management Agency: Mexico, Mexico, 1988; pp. 1–142. [Google Scholar]

	



ProyectoPuente Operan En Hermosillo 44 Empresas Con Plantas Tratadoras de Agua; Son Para Áreas Verdes y Actividades Industriales. Available online: https://proyectopuente.com.mx/2020/12/03/empresas-que-utilizan-plantas-tratadoras-tienen-ahorro-importante-en-recibo-hay-44-en-hermosillo-que-la-usan-para-areas-verdes-y-actividades-industriales/ (accessed on 3 August 2022).

	



Google. n.d. Google Earth Pro 7.3.4.8642 (64-Bit). The Wastewater Treatment Plant, Hermosillo, Sonora, Mexico. Available online: https://www.google.com/maps/place/29%C2%B002’07.8%22N+111%C2%B003’54.8%22W/@29.0355,-111.0674109,17z/data=!3m1!4b1!4m2!3m1!1s0x0:0xa7698df249f8e324!5m1!1e1 (accessed on 29 July 2022).

	



Corvellec, H.; Stowell, A.F.; Johansson, N. Critiques of the Circular Economy. J. Ind. Ecol. 2022, 26, 421–432. [Google Scholar] [CrossRef]

	



Erixno, O.; Rahim, N.A.; Ramadhani, F.; Adzman, N.N. Energy Management of Renewable Energy-Based Combined Heat and Power Systems: A Review. Sustain. Energy Technol. Assess. 2022, 51, 101944. [Google Scholar] [CrossRef]

	



Ministerio del Medioambiente Ley 20920. D. Of. 2016, pp. 17–20. Available online: https://www.bcn.cl/leychile/navegar?idNorma=1090894&idParte=9705129&idVersion=2016-06-01 (accessed on 3 August 2022).

	



Propuesta Constitución Política de la República de Chile; Editorial Jurídica de Chile: Santiago, Chile, 2022.

	



Ministerio de Medio Ambiente Hoja de Ruta Nacional a La Economía Circular Al 2040. 2020. Available online: https://economiacircular.mma.gob.cl/hoja-de-ruta/ (accessed on 1 August 2022).

	



Munoz-Melendez, G.; Delgado-Ramos, G.C.; Diaz-Chavez, R. Circular Economy in Mexico. In Circular Economy: Recent Trends in Global Perspective 2021; Springer: Singapore, 2021; pp. 497–523. [Google Scholar] [CrossRef]

	



Valenzuela-Corral, L.; Hinojosa-Rodriguez, C. Teoria Fundamentada Sobre Los Elementos de Implementacion de Economia Circular En El Sur Del Estado de Sonora. Rev. Entorno Acad. 2018, 20, 23–28. [Google Scholar]

	



Cansino-Loeza, B.; del Munguía-López, A.C.; Ponce-Ortega, J.M. A Water-Energy-Food Security Nexus Framework Based on Optimal Resource Allocation. Environ. Sci. Policy 2022, 133, 1–16. [Google Scholar] [CrossRef]

	



Ellen MacArthur Foundation Climate and a Circular Economy|Ellen MacArthur Foundation. Available online: https://ellenmacarthurfoundation.org/topics/climate/overview (accessed on 25 July 2022).








[image: Land 11 01506 g001 550] 





Figure 1. Schematic of a suggested circular economy to develop in coastal arid regions. 
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Figure 2. Flow diagram of water desalination. 
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Figure 4. Bolero Photovoltaic Park, Sierra Gorda, Antofagasta, Chile [38]. 
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Figure 5. Hydroponic system of bell peppers, Alto la Portada, Antofagasta, Chile. 
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Figure 6. Solar-powered wastewater treatment plant in Nogales, Mexico [75]. 
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Figure 7. The wastewater treatment plant in Hermosillo, Sonora, Mexico [78]. 
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Figure 8. Scheme of the process followed in the article. 
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Figure 9. Attributes evaluation of processes and products of proposed circular economy model. 
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Figure 10. Long-term goals in Chile to implement a circular economy, adapted from [83]. 
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