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Abstract

:

This study presents a 100% renewable and diversified system taking advantage of the available energy potential of renewable energies in Mexico with a view to a planned energy transition in cooperation with the environment. The processes of change that are experienced worldwide in favor of the planet make us reflect and propose alternatives that break traditional schemes in the production of energy (for which reason Mexico cannot deviate from its current model). It is here that this research becomes a transcendental and important reference for decision-making and the transformation of the energy sector in Mexico. The current electrical system relies on fossil fuels that need to be replaced by renewable energy sources (and it is necessary to satisfy growing demands in the long term). The methodological process is carried out with the use of the 100% renewable energy market design tool EnergyPLAN, which puts the concept of intelligent energy into practice by 2050. Finally, after analyzing the results, it is concluded that a good energy mix for 2050 is 30% solar photovoltaic, 25% wind, 14.5% hydraulic, 13.8% CSP plants, and 16.7% other technologies. Surpluses may be sold to the United States and Central America through interconnection points.
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1. Introduction


Climate change is currently approached with deep concern as it is considered a global problem that has multiple consequences, leading in particular to environmental deterioration and altering people’s health due to the emission of carbon dioxide (CO2) emissions into the atmosphere. Among the most relevant aspects that the study focuses on at the present time is the search for alternatives for the production of electrical energy that avoid negative effects on the environment (i.e., leaving aside the use of fossil fuels) [1]. Most countries, aware of the current problems in which we are all immersed and threatened, have considered studying mechanisms that promote sustainability in electrical energy production systems and progressively abandoning the use of petroleum derivatives [2]. Many countries even see an option to leave crude oil on land as a clear and direct manifestation of responsible decision making to protect sensitive ecosystems [3]. Currently there are many renewable technologies that take advantage of the meteorological conditions of the territory itself and properly generate energy in accordance with the concern of supplying energy in an environmentally responsible manner (and above all offering accessibility to most of the populations at low costs) [4]. The renewable energy sources experiencing impressive development lately and that have been well received by multiple countries are wind power and solar photovoltaic sources [5]. There are still others that are about to take off in smaller proportions and are not it loses sight of biomass, tidal power, and green hydrogen, among others, which at any given time can achieve relevance [6].



Just as there are countries that are undergoing a clear energy transition and moving towards a sustainable energy system, there are also countries that have difficulties even accessing energy (as is the case of Haiti) [7]. In some cases, this understandable due to the poor economy of the country in question. However, if at least one country does not start with a policy framework that is geared towards change and begins to design energy models that promote the transformation of their own markets with new technologies, they would be putting future generations at risk and staying with technologies that are obsolete. In the end, they would become recipients of technological scrap and territories with high levels of contamination [8]. In this sense, it is suggested that countries that maintain systems powered by fossil fuels can start their renewal processes and avoid social inequalities. Latin America itself, despite the fact that they pollute the least worldwide, have made efforts in many cases, and despite their weak economies, to proactive with strong actions in favor of life on the planet [9]. The reality is that oil is in decline, as it has resulted in significant social inequalities [10]. It is imperative now to draw up roadmaps for energy use under much more hopeful schemes for such countries [11]. With this, polluting energy systems cannot be ruled out outright since there is a social responsibility to their current workers. They must begin with adequate training so that when these historically polluting systems stop operating, new growth options are provided in cooperation with other more environmentally friendly systems.



The IEA in its recent research has revealed the impact that each outlined scenario can achieve with reference to the years 2030 and 2050. The ‘Announced Commitments Scenario’ (APS) sees a doubling in clean energy financing over the next decade. However, this acceleration is not enough to overcome the inertia of the currently structured energy system. 2030 is a crucial period, but so far the actions taken so far in this scenario are well below the emission reductions that would be required to achieve Net Zero Emissions by 2050 (NZE). One of the key reasons for this shortfall is that today’s climate commitments, as reflected in the APS, reveal stark divergences between countries in the speeds of their energy transitions. In reality, all countries will need to make greater efforts to align their roadmaps to the promised goal and strengthen their targets for 2030. It is necessary to intensify a collaborative global transition in which no one is left behind. Unfortunately, the differences between the results in the APS and the NZE are substantial, which in many cases implies greater investment in their internal transition processes and reaching net zero worldwide by mid-century. This can be seen below in Figure 1.



In Mexico, greater environmental awareness has been achieved overall. However, it is necessary to unify efforts between the legislature and the executive of its government in order to propose solutions that are framed to decarbonize the energy sector with policies and laws that adjust to the specific needs of Mexico [12]. On the other hand, it is important that larger budgets are included for these purposes of improving air quality. Pollution is an evil that has been carried over for many years and is the source of adverse health conditions, in addition to other ills such as traffic congestion and poor working conditions [13]. Most of the electricity that is generated comes from a ‘dirty’ source [14]. However, the electrical reform proposed by President Andrés Manuel López Obrador and approved in Congress put on the table a reality for better energy production [15]. A report from the Ministry of Energy (Sender) details that during the first ten months of 2020, 75% of the energy available in the country was produced in power plants burning fossil fuels. In 2017, fossil fuels (oil, gas and coal) represented 93% of the total primary energy consumed in Mexico, although the share of renewables has been increasing at an average rate of more than 9% over the last 10 years [16]. Unfortunately, at the level of Mexico and other countries dependent on fossil fuels, it is difficult to reach a consensus on a road map for decarbonization [17]. The barriers to the expansion of renewable energies prevent the development of countries and regions [18]; in this case the modernization of the energy system is difficult. Several innovative planning schemes are notable references, including those carried out in the European Union [19], Japan [20], South Africa [21], and Australia [22], among others. Under this necessary perspective of offering options to transform the current Mexican energy market, he was motivated to carry out this research and draw up a long-term roadmap [23]. There is an awareness that concrete policies and actions are required to achieve decarbonization and that in some passages of time it requires austerity and putting this priority objective for the country in the foreground. It is well known that the task is arduous, but it is necessary to outline it so that decision makers such as legislators, energy advisors, researchers, and businessmen can discuss it [24]. This is the reason for deep analysis regarding their budgets, growing electricity demands, and social evolutionary processes. In the midst of this, one must not lose sight of the fact that a 100% renewable energy mix is needed by 2050 [25].



In Mexican territories, energy technologies of renewable origin have a high viability as a result of the fact that the country is rich in natural resources [26]. The different territorial distribution of resources allows for regionalized development (i.e., solar to the north, geothermal to the center, and wind to the south) and are strategically distributed and used in high proportions to achieve an orderly energy transition. According to the National Inventory of Renewable Energy (Iner), the energy sources with the greatest potential are solar and wind [27]. Among the key factors to make a roadmap viable are the political aspect, cost reduction and technological development. The insertion of renewables in the energy matrix has been achieved through the production of electricity [28]. However, today natural gas is gaining relevance due to its low cost and the fact that it is less polluting than other hydrocarbons. In Mexico, its importance has increased: from 2002 to 2022 its participation went from 29 to 55% in the generation of electricity, which contrasts with energy taken from renewable sources [29].



The purpose of this current study is to provide a roadmap to implement the energy transition process with 100% renewable energy by 2050. This analysis evaluates the renewable energy potentials available in Mexico, which mainly include wind, solar photovoltaic and the typical hydraulic, among others of lesser proportion but important to diversify the Mexican energy mix. It must be considered that the Mexican energy sector develops in the midst of changing legislation and a framework of developing policies. In a way, it requires caution when designing energy transition scenarios, and precisely here there are research gaps that need to be considered. Several key questions will be answered to help determine the importance of the energy transition in Mexico.



	
To what extent are wind and photovoltaic solar energy used directly?



	
How much do renewable technologies contribute to future growing energy demand?



	
What is the amount of energy coming from fossil fuels?



	
What is the amount of renewable energy that must be incorporated until 2050?



	
What other technologies of renewable origin are called to integrate the energy mix?






1.1. Literature Review and State of the Art


Planning at the macro level is carried out from the highest levels of government in cooperation with different sectors involved in each country with the purpose of changing the energy matrix specifically based on renewable energies and leaving aside polluting fossil fuels [30]. However, what is interesting is that when the policies are well established and the technologies meet the needs at the macro level, this feeling is transferred to the micro level (that is, the communities and small sectors of the population also seek to embrace these technologies to meet your needs or simply to replace them with the usual ones) [31]. In reality, achieving this level of trust has not been easy. In fact, there is still a good part of the population that is still waiting to accept or not the new renewable generation technologies. Several countries are including new energy systems such as wind and solar photovoltaic, production costs tend to drop [32]. To identify if these technologies achieve a positive impact regarding climate change, some methodologies have been created to assess the resilience of places and systems and have been widely analyzed, among which the most prominent is a German case study [33]. This study has generated an important socioeconomic impact. Specifically, various business opportunities have been created with renewable energy systems. Germany is a pioneer in RES deployment and has ambitious goals for the future. KH Lee et al. [34] also presented a preliminary approach to determine the optimal size of renewable energy resources in buildings using RETScreen.



C Li et al. [35] conducted a comparative technical and economic study of grid-connected photovoltaic power systems in five climatic zones of China. The results in this study determined that for grid/PV systems, Kunming is the most economical with the lowest NPC ($113,382) and COE ($0.073/kWh). From an economic and environmental perspective, Kunming, with its mild climatic conditions, may be particularly suitable for photovoltaic/grid power generation. Eugene Kozlovski and Umar Bawah [36] evaluated the financial decision support framework for evaluating renewable energy infrastructure in developing economies. In his proposal, he incorporates the financial evaluation of hydroelectric, wind, and solar energy infrastructures. It is formulated and applied to the country of Ghana with an approach for the optimal choice of renewable energy deployment in a specific developing region. Pedro Faria and Zita Vale [37] analyzed the demand response in the supply of electricity with an optimal approach to pricing in real time. For the analysis they used DemSi, which is a demand response simulator that allows for the study of actions and demand response schemes in distribution networks. Finally, they carried out the technical validation of the solution through realistic network simulation based on PSCAD. The burden reduction is obtained using a consumer-focused price elasticity approach supported by real-time pricing.



In the last ten years, scientists and researchers from different parts of the world have focused on energy analysis 100% renewable [38]. Different strategies have been proposed to achieve complete systems that include variable renewable energies. Roadmaps have been drawn up in markets in different parts of the world, including countries such as Spain [39], Japan [20], Sweden [40], United Kingdom [41], Australia [22], Ecuador [3], Brazil [42], Denmark [43] and Portugal [44]. Connolly et al. [19] went further in his analysis and presented a scenario for achieve 100% renewable energy in the European Union by 2050. The energy potential of renewable resources in the territory was analyzed in each of the proposals, the current market was evaluated and served as a base year to draw up the long-term scenarios. Menapace et al. [45] used EnergyPLAN to design the future energy market as a route for the transition of France’s energy system to achieve 100% renewable energy. The different studies that involve energy markets completely designed with renewable energies show that it is possible carry out a diversified and 100% renewable energy supply, and this has motivated researchers to carry out different studies in different territories, including islands as presented [46]. Paul Arevalo et al. [47] structured an energy system using EnergyPLAN where the different economic and long-term impact scenarios are analyzed with the diversification of renewable sources for sensitive environments such as the Galapagos Islands. The future decarbonized energy was also analyzed for China for the years 2030 and 2050 and the progress of the scenarios, the participation rate of renewables, and the growing demand for energy were identified [48].



Other investigations have also focused on designing 100% RES energy markets of regional order that involve extensive areas of territory and the energy potential of the entire area is evaluated [49]. For this purpose, cartography has been used where the energy potential by source is identified part by part and discriminates the protected areas that have despite being energetically usable by the order or legislation does not allow it [10]. The feasibility of structuring 100% RES systems destined for much smaller areas where it is not possible to diversify their energy sources such as islands, cities, or remote communities are also the subject of exhaustive analysis [50]. Among their results it has been identified that several energy systems are able to consolidate thanks to the high percentages of wind and solar photovoltaic energy sources [38]. The results of various studies of this nature have been designed with specialized software such as LUT [51], EnergyPLAN [52], LEAP [53], Message [54], MATPLAN [55], among others [56]. All of them have been of immense contribution to outline the scenarios in the medium and long term. Denmark has achieved a great deployment of renewable energy, and is one of countries that serves as an example for promoting the application of sustainable energy [57]. The transition of cities in various social aspects and physical structures are the subject of comprehensive analysis. In addition, 100% RES systems are studied with greater interest today and seek long-term projection in Ref. [58]. There is an interesting methodology proposed by Ilhami Colak [59] for the design of smart cities where next-generation communication systems and artificial intelligence are integrated with energy systems [60]. Other researchers such as M. Mastoi [61] go even further and analyze the fusion of vehicle systems to the great information network and the electrical system and among their results the needs to look for user behavior patterns are specified in order to supply energy from a more organized way in a city that is growing at an accelerated rate.



One of the latest investigations provided by Jacobson et al. [62] in which the development of roadmaps for the transition of 53 towns and cities in United States, Canada and Mexico to 100% renewable energy is discussed is one of the most outstanding examples of interest. The results obtained showed that the fuel costs of the electricity sector may be reduced by $133/person/year. Another important aspect that would be achieved as an impact of renewable energy systems in the long term is the improvement of air quality in the atmosphere. Vidal-Amaro and Sheinbaum-Pardo [63] proposed long-term schemes for the production of electricity based on renewable energy in Mexico. Its methodology is designed where each transition step corresponds to the optimal energy mix for each of the target years. The results indicate that to achieve a 100% RES-based electrical system, the forecast 70 GW of capacity must be replaced by a renewable energy source such as bioenergy, hydroelectric dam, or CSP.



The development of renewable energies is visible and is beginning to have an important deployment throughout the world [64] with few exceptions, and Mexico is in that line of welcoming these clean technologies [65]. Since the early years of this century, wind farms have already been operating in Mexico, especially in the area of the Isthmus of Tehuantepec in the state of Oaxaca, which has extremely high energy potential [66]. The most recently implemented wind farms are being deployed in the Yucatan Peninsula [67]. Although Mexico has access from both the Gulf of Mexico and the Pacific, all of the wind farms in Mexico are inland. This opens an important possibility for study and also falls in line with a global trend to install offshore wind farms and harness energy to speed up energy transition [68]. Getting to develop wind farms in Mexico involves going through adverse circumstances and internal conflicts [69]. For example, in Yucatán, the environmental impact studies carried out for the recent wind energy project have been criticized by the majority of citizens due to their poor socialization [70]. In the Isthmus of Tehuantepec, multiple conflicts with the inhabitants have even led to some companies to abandon their projects [71]. Considering the series of conflicts that have occurred in the past, those promoted by radical environmentalists against onshore wind energy projects, one must have a good understanding of all of the most rigorous forecasts and studies before putting them into practice. On the other hand, the suitability of offshore wind systems in the Yucatan platform [72]. According to experiences in other parts of the world such as France and Spain, offshore areas generally provide more wind energy potential especially for being free of obstacles and other significant advantages of a social order. A very notorious problem in Mexico is land tenure and its legalization, which prevents collective projects from being carried out, a situation that must be legislated and favorable policies created that eliminate certain barriers that prevent the strong deployment of renewable energies (especially wind power) [73]. Although the environmental impacts on the marine area can be an aspect to study strongly and need adequate attention, the impacts of onshore wind farms are considered much more sensitive in Mexico.



Seyedfarzad Sarfarazi [74] developed a strategy for real-time pricing optimization for adding distributed generation and battery storage systems in power communities. This research highlights the use of the storage potential of battery electric vehicles (BEVs) to contribute to vehicle-to-grid (V2G) stability. In this same aspect, C Villante [75] developed a new tool for the evaluation of the expected benefits of the use of V2H charging devices in V2B construction contexts. Thus, the possible coupling of renewable energy generation and electrified mobility. In Mexico it is important to plan an energy system that is more friendly to the environment, the year 2050 is a promising reference point, and it is necessary to make efforts to support new approaches.




1.2. Research Location


Mexico is a country located at the southern tip of North America, (Figure 2). It borders the United States to the north and Guatemala and Belize to the south [76]. It has an eastern coast framed by the Gulf of Mexico, and the Caribbean Sea, which are part of the Atlantic Ocean. To the west, it has a huge coastline framed by the Pacific Ocean. Mexico shares a long northern border with the United States of America and one to the south with Guatemala and Belize. To the east it is bordered by the Gulf of Mexico and to the west by the Pacific Ocean. Approximately 85% of the country is made up of mountain ranges, plateaus and numerous valleys. The Sierra Madre Occidental and the Sierra Madre Oriental run parallel to both coasts. Among them is a vast region of valleys, plateaus and plateaus (average altitude 2000 m.a.s.l.). At the southern end of the plateau are the highest peaks in Mexico: the peak of Orizaba or Citlaltépetl, Popocatépetl and Iztaccíhuatl. The Mexican territory includes numerous islands located in its patrimonial sea, of which Guadalupe Island and the Revillagigedo archipelago stand out. The approximate area of the country is 1,964,375 km², which places it in fourteenth place worldwide and fifth in America, after Canada, the United States, Brazil and the Argentine Republic.





2. Methodology


This study presents a roadmap for the energy transition of the Mexican energy market with the purpose of progressively derailing the use of fossil fuels in energy generation processes and on the other hand increasing the percentages of penetration of renewable energies until achieving 100% by 2050. The methodology proposes three strategic phases consisting of data entry of usable energy resources in the territory, adjustment or regulation, and results. Additionally, indirect aspects are included for evaluation, such as the technological modernization of the energy structure and, in what is related to the economic aspect, services at affordable prices are included. These objectives are related to the desire to finally present the technical and economic results that satisfy the future demand for energy by 2050.



In the methodological scientific development, three fully defined phases are contemplated. The first phase consists of entering data from the current energy market and its available energy potentials. The second phase consists of calibration or adjustment, depending on indirect aspects that will surely affect the future, such as the legal structure, environmental and energy policies, among others. All of these aspects that are finally included will have an impact on the results determined in the study and the composition of the future market in Mexico for the increase in renewable systems and macro motivations that can be promoted by the governments in power to accelerate the transition. Finally, in the third phase, the results are presented in terms of installed capacity or long-term energy. The technologies and the socioeconomic results are valued according to the increasing demand for 2050 that is provided by state entities of reliable cut. Additionally, global technological development and international agreements reached at the United Nations Conference on Climate Change are considered.



Long-Term Projection Model


To evaluate the Mexican energy system in the long term, after knowing the energy potentials and determining the base year (that is, the current state in terms of data, especially installed capacity and energy production). It is decided to use the EnergyPLAN design software developed by the Aalborg University of Denmark, considered a reliable tool by different researchers to carry out this type of research regarding long-term energy systems [77]. In this sense, there are step-by-step instructions on how to correctly use the software, there are models developed for different countries on the official website (https://www.energyplan.eu/, accessed on 14 September 2023) on energy transition designs using 100% renewable energy systems under different conditions [78]. This model in its version V16.2 (Figure 3), put online since May 2022 [79] and is detailed in Figure 2. The important thing is to identify the data of the current structure to be entered. The model is easy to use and allows analysis by time jumps until reaching the time horizon (in this case study it is 2050). In the end, the results are obtained in terms of installed capacity and energy balances.



The principle of the energy system of the EnergyPLAN model may seem extensive, in reality it consists of only three phases.



	-

	
The input of the energy system consists of energy demands and existing energy production units or resources (wind turbines, power plants, etc.).




	-

	
Simulation (defining the simulation and operation of each plant and system including technical limitations such as transmission capacity, etc.).




	-

	
Results (Reports in terms of energy production) for the year of analysis, in this case to 2050.









3. Base Year and Its Input Parameters


Figure 4 shows the performance and evolution of the Mexican energy sector during the year 2021 and allows analysis comparisons of its main variables, with what has been observed since 1990 [80]. For the 2021 Preliminary National Energy Balance, the data on qualified supply, portage and losses have been considered for the second time non-technical electrical energy, resulting in the energy independence index, which shows the relationship between the production and national consumption of energy, were equal to 0.71 (dimensionless) presenting a growth of 4.84% compared to the previous year, going from 0.68 in 2021 to 0.71 in 2022 according to the most recent data provided by [81]. In 2022 energy consumption in the industrial sector grew 28.14% in the residential, commercial and public sectors grew by 5.25%, while that the agricultural sector increased by 5.28%.



Mexico maintains a fairly stable economy. It has gone from presenting a high dependence on oil at the beginning of the 1990s to develop as a manufacturing center and today, it is integrated into the value chains world. Social spending and public investment have grown recently. The expansion of the tax base, through the elimination of inefficient and regressive exemptions, it would mean an increase in revenue without raising tax rates. This does not mean that the country is on a clear course towards decarbonization, in reality there is much to be developed to achieve this purpose and rather it is necessary to intensify policies and allocate greater investments in renewable energies with a better structured socialization towards all sectors.



Mexico is a country that historically appears as a net producer of primary energy, as indicated by the self-sufficiency index energy, this is due to the use especially of hydrocarbons; however, since 2004 when the maximum production of crude oil, the exploitation of this energy has declined by 3.88% annually. In 2022, energy production increased 5.47%, which is equivalent to going from 7081.42 PJ in 2021 to 7468.99 PJ in 2022 [82]. Hydrocarbons represented 80.71% of all national production, especially crude oil, which was the energy source with the highest participation in the primary energy matrix (50.98%), so any change in the behavior of hydrocarbon production, It has a great impact on the national energy matrix. In 2022 the production of crude oil decreased by 2.51%, from 3905.63 PJ (1664.71 Mbd) in 2021 to 3807.56 PJ (1622.50 Mbd) in 2022 [81]. Crude oil production is classified by its API degrees, in accordance with the provisions of the “Agreement by which the rules of general character to define the methods of adjustment of the value of the hydrocarbons of the rights on hydrocarbons”.



On the other hand, 93.89% of crude oil production was from PEMEX contracts and assignments and 6.11% from exploration and extraction granted to the private initiative. The second energy source with the highest participation was natural gas, which represented 22.20% of the total production of primary energy, with 1657.94 PJ, compared to the natural gas production of the year 2021, it increased 5.17%. The third largest energy sector corresponds to the group of renewable energies, with 15.40% of the total, which grew 10.28%, going from 1042.97 PJ in 2021 to 1150.13 PJ in 2022 [81]. As in the last year, this item presents growth in solar energy, hydroenergy, wind energy, sugarcane bagasse, and geoenergy, with increases of 30.91%, 11.74%, 8.73%, 8.33%, and 6.47%, respectively. In the area of non-renewable clean energy, there is growth in the consumption of uranium at the Nuclear Power Plant of 22.23%, going from 124.99 PJ in 2021 to 152.77 PJ. Condensates were the fuel with the highest growth, since they went from 293.79 PJ in 2021 to 563.00 in 2022, equivalent to an increase of 91.63%. On the other hand, mineral coal had a growth of 0.02% compared to 2021, going from 137.56 PJ to 137.59 PJ in 2022. Below in Figure 5 you can see the levels of electricity consumption by sector in Mexico.



Table 1 shows the historical production and consumption of electricity from 2015 to 2021 in Mexico. Analyzed the values, the generation system supplies enough energy towards the demand for electricity.



3.1. Renewable Energy Potentials in Mexico


Around the world, billions of people and industries are demanding power 24 h a day, seven days a week. Likewise, it is known that the energy coming from the burning of fossil fuels is extremely polluting for our environment. For these reasons, it is essential to start gravitating towards technologies that do not have negative impacts on our environment.



According to the International Renewable Energy Agency (IRENA), between 2010 and 2019, the world doubled its capacity to produce energy from renewable sources from 1,226,853 MW to 2,536,853 MW [84]. Mexico was not the exception. Within the same time period, it increased its amount of power generated from renewable sources by 90%, from 13,515 MW to 25,648 MW [85]. Currently, Mexico has around 63 photovoltaic parks, 70 wind farms, 4 geothermal energy projects, and 66 hydroelectric plants. Thanks to this, last year it was able to generate 29% of the country’s energy from clean sources.



Let’s not lose sight of the fact that Mexico has great potential to generate renewable energy. The south of the country has important aquifer resources, of great relevance for the generation of hydroelectric power [86]. On the other hand, in the northern region of the country there are plenty of hours of sunshine, essential for solar energy. Finally, in several areas of Mexico, the presence of the wind is strong, favoring the production of wind energy [87].



However, the National Electric System Development Program (PRODESEN) estimates that the country’s electricity demand will grow at an average annual rate of 3.1% in the next 15 years [88]. In order to provide energy to all of Mexico, it is necessary to continue investing in renewable generation plants, since apart from the fact that they do not harm the environment, they turn out to be more efficient and economical.




3.2. Referential Cartography to Identify Existing Energy Potentials in Mexico


In Mexico there is considerable potential for the growth of renewable energies already present in the country such as hydraulic, wind, solar and geothermal sources, with suitable spaces for the establishment of production plants, be it the north of Veracruz or Baja California Sur for the wind energy; the northern part of the country with a desert climate and little cloudiness, ideal for the use of solar energy; or the region of the Transversal Neovolcanic Axis that includes states such as Hidalgo, Guanajuato and Querétaro for geothermal energy. In the case of tidal energy, although it is not yet exploited in Mexico, prospective studies indicate that the northwestern coast of the country has potential for its use [89].



The federal government through the Law of Use of Renewable Energies and the Financing of the Energy Transition (LAERFTE), has the goal that by 2024 the 35% of the capacity installed in Mexico comes from clean sources [90].



3.2.1. Hydropower


According to PRODESEN data [91] (Figure 6), hydroelectric generation represents 17% of installed capacity, with 12,589 MW in 84 hydroelectric plants, that is, 1 out of every 4 MW installed nationwide, the annual generation is clean energy contributes 20.3%, that is, 64,868 GWh, where hydroelectric plants provide the 48% of total generation [92].




3.2.2. Solar Photovoltaic Power


In reference to Latin America, Mexico is one of the countries with the greatest potential to promote the installation of solar panels and generate clean electricity in homes, businesses and industries. According to the Global Solar Atlas (Figure 7), the Mexican Republic is one of the countries with the highest solar radiation, receiving up to 8.06 kilowatts per square meter (kWh/m2) per day and the possibility of transforming 5.5 kWh/m2 of electrical energy [93], very similar to those of Chile, Australia, South Africa, and Saudi Arabia.



The Mexican Association of Solar Energy (Asolmex) reported that throughout 2019 the first 100,000 interconnection contracts were reached in Mexico, of which 75 percent correspond to homes, 20 percent to businesses, and 5 percent to industries [94]. In addition, by the end of 2019, Mexico added 55 large-scale solar power generation plants. Currently, there are around 50 facilities spread over 15 states of the Republic, with an installed capacity of more than 3700 MW.



The entities where the fields with solar panels are located are San Luis Potosí, Sonora, Aguascalientes, Baja California Norte and Sur, Chihuahua, Coahuila, Durango, State of Mexico, Guanajuato, Hidalgo, Jalisco, Querétaro, Yucatán and Zacatecas.




3.2.3. Wind Power


Mexico has unquestionable wind potential. Although it has only begun exploded in recent years, the sector already shows high dynamism and competitiveness. This is the more than 1900 MW in operation in independent production and self-supply, such as the more than 5000 MW at different levels of development [95].



In independent production, projects such as Oaxaca I-IV and Sureste II show that the wind technology is an effective solution to provide energy to the basic services suppliers through long-term auction processes, at a competitive price.



Analyzing the Mexican wind atlas, the average annual wind speeds exceed 7 m/s at 50 m from land, the usable potential according to the speed ranges correspond to important areas where this renewable resource can be used, especially in the Pacific Ocean and the Gulf of Mexico (see Figure 8).




3.2.4. Biomass Power


In Mexico, the installed capacity to generate energy from biomass in 21 states of the republic totaled 646.37 MW and a power generation of 1399.33 GWh [97]. Veracruz is the state that registered the highest installed capacity with 264.06 MW, in addition to Jalisco, Tabasco and San Luis Potosí with 83.32, 41.7 and 40.7 MW, respectively.



Mexico seeks how to take advantage of its potential of 70 million tons of organic, agricultural, livestock and forestry waste per year [98] and fulfill its commitments in the fight against climate change and transition to a low-carbon economy while its economy continues to grow and responds to the needs of its 120 million inhabitants (mostly young people, according to the National Institute of Statistics and Geography) [99].



In La Trinidad, municipality of Guadalupe y Calvo, San Carlos and its annex El Vergel, municipality of Balleza and Yoquivo, Guachochi, there are already plans for electricity generation projects from forest biomass at an approximate cost of 2.7 million pesos, contributed by the National Forestry Commission and the State Government. It is not an isolated episode and, in fact, in facilities such as the Petatalco coal-fired power plant, it would be possible to reduce coal imports. Of the 2500 MW it generates, around 5% could be produced from biomass.



Below, Figure 9 shows the classification of the Mexican territory. The forest segment is very representative and can be very useful for biomass production with 37.72% according to the mapping and report presented by [100].





3.3. Expected Energy Demand by 2050


The growth in demand according to the reference [81] among the various sectors also reflects the economic development in Mexico and its long-term growth forecasts, as shown in Figure 10. Today, the industrial sector in Mexico represents 48% of total demand, meanwhile transportation far exceeds industrial demand (28%). The residential and commercial sector currently has the lowest participation in final energy consumption, but by 2050 it will increase according to the scenario proposed by [101].



One reason for the current low share of the residential and commercial sector in total final energy consumption is weather. In Mexico, the climate is more variable, leading to a demand slightly higher than 6 GJ. The gradual increase in the share of demand for housing and services reflects the expected rise in living standards, starting from fairly low levels in much of rural Mexico. Although the input studies on efficiency potentials apply a focus on the effects on final energy consumption. While the evolution scenario for Mexico shows a small reduction in demand in each sector. These potentials still largely depend on social, economic, and political aspects, such as home appliance exchange rates. Limiting future growth in energy consumption, even in newly industrialized countries, without limiting economic development is a precondition for a successful transition to a 100% renewable energy supply system.





4. Results


Table 2 shows the results up to 2050 of the final energy demand for heat and transport. The energy demand must be fully supplied at all times, so the energy mix must guarantee all sectors at all times. The electrification strategy is coherent, taking advantage of the EnergyPLAN tool and effectively proposing the quotas of diversified renewables in each period of time. The result is presented in Figure 11 according to the recommendable feasible approach of the long-term energy system for Mexico. The heat supply increases in a moderate way, meanwhile the power supply sees a very high increase based on growing demand. Particularly due to the energy demand of services, increases in efficiency and electrification of heat and transport.



4.1. Power Mix Generate by 2050


The transformation scenario of Mexico applies a strategy of progressive increase of diversified renewable energies, fulfilling phases of increase. The transport sector has a different decarbonization process, based on electrification. By 2050, road transport will be dominated by battery electric vehicles (BEVs) and electric extension cars. Meanwhile, for heavy-duty vehicles, hydrogen fuel cells will play a major role in 2050. As expected according to the energy potential available in the Mexican territory, the energy mix is called to be sustained on solar PV (30%), wind (25%) and hydro (14.5%) instead of fossil fuels that need to be displaced in the medium term above all, see Table 3 and Figure 11. It is clear that the producers of fossil fuels will look for all kinds of legal and political devices to extend their life in the market. This is where governments and legislators must agree and turn around Mexico’s energy destination for effective decarbonization and not allow the purpose of decarbonizing the planet to be truncated.




4.2. Expected Development in Transportation


Bus rapid transit systems are already on the way and will be supported by massive investments given the real opportunities that the sector will present, according to reference analysis [102]. With higher economic income for Mexico, electric mobility in private cars is dynamized in a way and the maturity of mobility technologies will allow us to penetrate the national market in addition to achieving affordable prices for different social strata. The transport and electricity sectors tend to merge in a more compact way. This, on the one hand, generates additional burdens for the electricity sector, which needs to provide additional capacity but also provides benefits for the integration of variable renewables (especially in renewable shares above 90%).



This transformation of the automotive market also affects the production of hydrogen. In the long term, the direct use of electricity must be supplemented by green hydrogen produced based on renewable sources. With this, a renewable and environmentally friendly transport supply can be achieved. Battery capacities limit the deployment of BEVs for long-range heavy cargo transportation. The biomass alone is constrained and can only provide a reduced 14% share of the transportation sector in Mexico. For this reason, if the consumption of biomass is balanced, it will be a result of the diversification of renewable sources that allocate energy to the different demand sectors [103]. From this point of view, Mexico is called upon to apply a broader diversification of transportation technologies, with which transportation meets the CO2 reduction targets in 2050. See Table 4 and Figure 12.




4.3. Main Policies Currently Developed in Mexico That Will Impact Decarbonization by 2050


The regulatory transformations carried out on the Mexican electricity sector during this century have been oriented towards an accelerated energy transition. Which has been the result of various interests fostered by certain sectors over others (mainly economic rather than social and environmental). This is due to the fact that it is the private actors who have a greater interest in benefiting from the reduction in costs represented by electricity production using alternative means. In this way, it is understood that the energy transition process has two very high barriers to overcome, namely fossil fuels and the private sector trying to make a high profit over citizen interest. Worldwide and particularly in Mexico, the objective is to reduce environmental impact, since concerns about the use of renewable energy sources still do not reflect the initiative from the point of view of energy policy. Unfortunately, there are commitments to generate electricity through sources with a focus more on reducing economic costs instead of prioritizing those with the least environmental impact. The notable efforts made in the search for the development of a regulatory framework for environmental protection in Mexico can be rescued and that the policies are detailed in Table 5 and that have been developed since the 80 s of the last century. However, the lack of normative harmonization in an attempt to protect the environment and in the governmental institutional action in this regard weaken this interest.



It is observed that the regulation that governs the Mexican energy transition has an interesting short-term perspective, but more aggressive regulations are required to apply it with a long-term vision (especially ones that require greater government investment). For example, in 2008 the Law for the Use of Renewable Energies and the Financing of the Energy Transition was issued, which states that the process of use of the different sources and processes to obtain renewable energy that had objectives will be regulated (other than those of the public service in order to promote and encourage the adoption of this type of technology to obtain electricity). This law was soon amended in the same year in order to ensure the participation of the public and private sectors in the development and benefit of the use of renewable energies.



Analyzed and compared with different methods, it is important to consider several works that are highlighted below. Ning Zhang et al. [104] presented an event-driven distributed hybrid control scheme for the integrated power system. Meanwhile, Lingxiao Yang et al. [105] developed a hybrid reinforcement learning system based on adaptive power management policies for the group of islands with restricted power transmission. In the end, an island energy center (IEH) model is proposed that can carry out the use of energy in cascade. However, Wujing Huang et al. [106] go beyond the two previous proposals and consider the need for optimal planning and configuration of multi-energy systems considering distributed renewable energy. Xuan Wu et al. [107] agree with the previous reference but fail to include optimal energy storage systems and smart switch placement in dynamic microgrids with applications to the integration of marine energy. The article presented here includes a novel component regarding developing policies that are time-varying and subject to change. Therefore, the energy transition will be dependent, it will allow an acceleration or decrease in the development of the proposed processes. This analysis differs from previous studies that are framed in an eminently technical analysis.





5. Discussion


Renewable energy technologies must replace the 86% of energy supplied provided by fossil fuels. This implies greater production of diversified variable energy sources and energy storage to keep the grid stable. By 2050, fluctuating wind (25%) can be very well complemented by photovoltaic energy (30%). This has already been extensively addressed in the literature and very good experiences have been mentioned in other parts of the world. On the other hand, CSP plants (13.8%) with integrated thermal storage provide the required insured capacity for the growing future market. The appropriate thing is to take better advantage of the high potential of solar irradiation in Mexico. As has been stated, wind energy and photovoltaic solar energy would be fully complemented. Old hydroelectric energy sources tend to grow. In fact, there are government projects that are in the pipeline to start up in the future, and in 2050 it could be responsible for 14.5% of energy production. In the scenario approach using EnergyPLAN, hydroelectric energy is considered with a measured growth in order to diversify renewable energy sources, which is the most advisable thing to guarantee energy security in Mexico. The remaining 16.7% of energy production will be made up of other renewable energies that cannot be neglected since they will serve as a basis to avoid large storage volumes and will serve as a cushion for wind, solar photovoltaic, hydropower, and CSP energy to grow.



In Mexico, the power generation capacity tends to increase considerably at least around 2.5 times to supply the long-term demand for electricity. For this reason, a high proportion of renewable energy is necessary and should be increased in investments in the country (but also with less hours of full load production coming from plants that use fossil fuels). Wind and photovoltaic turbines would be dominating the Mexican market and will represent 55% of all total capacity. The permanently secured capacity would be delivered by dispatchable power plants such as CSP, biomass, and geothermal. Batteries can offer additional demand flexibility, demand-side management such as controlled charging of battery electric vehicles applying the V2G concept, and long-range balancing of supply and demand via the power grid.



With nuclear power currently providing less than 3% of power production in Mexico, phasing out this technology does not lead to significant restructuring of power systems. However, for energy security it is appropriate to phase it out. The additional capacity will not only provide higher direct power demand, but also additional demands from electric transportation and electric heating applications. Our analyzes show the technical feasibility of a coupling of this sector, even with much higher percentages of renewable energies, are possible. However, in this study we treat measured data. The scenario developed here for Mexico describes possible future developments of the energy system, which are technically feasible and economically viable.



Reference [12] already stated the importance of developing a roadmap to carry out the energy transition in the Mexican state. In this study we offer this approach within the framework of changes in national policy. Reference [108] considers it essential to carry out a social impact assessment (SIA) in the management of the energy transition. The conclusions of this study highlight the importance of project stakeholders being aware of the changes that are going to be made in the localities of Mexico and the incidence that renewable energy will have. On the other hand, reference [109] provides an analysis from various perspectives on the evolution of clean energy technologies in Mexico and the contributions they can provide in the long term.



Additionally, reference [110] highlights the drivers of GHG emissions from electricity and the role of natural gas in the Mexican energy transition. Finally, accelerating the speed of diffusion of clean energy in Mexico can result in annual net savings of up to USD 11.6 billion in national energy system costs by 2030 and at least USD 70 billion by 2050, taking into account externalities such as health effects and reductions in carbon emissions. The profiles of the main energy parameters are presented as supplemantary material and are highlighted in Figure S1.




6. Conclusions


Currently, the energy transition in Mexico is in a process of change and adaptation. The legal reforms from the energy point of view have sought the diversification of the country’s energy matrix and the promotion of the generation of renewable energy, which is abundant in the country and should be taken advantage of. In this sense, wind, solar and hydraulic energy projects have already been carried out in various parts of the nation. However, changes in the government in recent periods have systematically slowed down the development of the energy sector, which should have accelerated and resulted in a change in the orientation of energy policy with a view to effective energy transition.



In the electricity sector alone, there is potential to generate up to 46 percent from renewables each year by 2030, or 280 terawatt-hours, with the largest deployment being wind and solar photovoltaic (PV), followed by small and large hydroelectric, geothermal, and biomass sources.



The recent electricity reform has increased the country’s potential to generate more renewable energy. A decade ago, the government eliminated the state utility CFE’s monopoly in the Mexican electricity market and expanded it to private sector participation. Mexico is also part of the group of countries that has international commitments to reduce greenhouse gases and a goal of generating renewable energy with low carbon emissions by 2035. By 2050, this research proposes reaching zero emissions, as other countries have already developed a structure to expand the variable renewable energy market.



In the analyses carried out with the support of EnergyPLAN, the combination of wind and photovoltaic solar energy would represent around 55% of Mexico’s renewable energy generation by 2050. Hydroelectric will also be influential in the energy mix, as will CSP between the two; in total, 28.3% is accounted for. Among the minor contributions are biomass and geothermal energy as some of the least expensive energy supply options with the most interesting potential. Renewable energy for heating, cooling, and cooking in the home and in various industries offer the greatest potential for growth in relation to current traditional uses and tend to be replaced by modern systems. Total biomass consumption in all end-use sectors for heating or transport fuel will be significant and can reach more than a third of total renewable energy use.



Analyzing the policy framework, it is necessary to take into account the greater land area of Mexico, in which supply and demand are often very separated. Planning must begin to be established with broad criteria that lead to making its execution viable in the short, medium, and long term. It is essential for grid transmission, expansion, and integration to accommodate a full structure of diversified renewables in the face of increasing load interactive demand.
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	Mexican Association of Solar Energy (In English)



	BEV
	Battery electric vehicles
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	Photovoltaic



	RE
	Renewable energy



	TES
	Thermal energy storage



	V2B
	Vehicle to building



	V2G
	Vehicle to grid



	V2H
	Vehicle to home







References


	



Satrovic, E.; Adedoyin, F.F. The Role of Energy Transition and International Tourism in Mitigating Environmental Degradation: Evidence from SEE Countries. Energies 2023, 16, 1002. [Google Scholar] [CrossRef]

	



Ahmad, M.; Ahmed, Z.; Khan, S.A.; Alvarado, R. Towards Environmental Sustainability in E−7 Countries: Assessing the Roles of Natural Resources, Economic Growth, Country Risk, and Energy Transition. Resour. Policy 2023, 82, 103486. [Google Scholar] [CrossRef]

	



Icaza-Alvarez, D.; Jurado, F.; Tostado-Véliz, M.; Arevalo, P. Decarbonization of the Galapagos Islands. Proposal to Transform the Energy System into 100% Renewable by 2050. Renew. Energy 2022, 189, 199–220. [Google Scholar] [CrossRef]

	



Murshed, M. Efficacies of Technological Progress and Renewable Energy Transition in Amplifying National Electrification Rates: Contextual Evidence from Developing Countries. Util. Policy 2023, 81, 101512. [Google Scholar] [CrossRef]

	



Campion, N.; Nami, H.; Swisher, P.R.; Vang Hendriksen, P.; Münster, M. Techno-Economic Assessment of Green Ammonia Production with Different Wind and Solar Potentials. Renew. Sustain. Energy Rev. 2023, 173, 113057. [Google Scholar] [CrossRef]

	



Spiru, P. Assessment of Renewable Energy Generated by a Hybrid System Based on Wind, Hydro, Solar, and Biomass Sources for Decarbonizing the Energy Sector and Achieving a Sustainable Energy Transition. Energy Rep. 2023, 9, 167–174. [Google Scholar] [CrossRef]

	



Icaza, D.; Borge-Diez, D.; Galindo, S.P. Analysis and Proposal of Energy Planning and Renewable Energy Plans in South America: Case Study of Ecuador. Renew. Energy 2022, 182, 314–342. [Google Scholar] [CrossRef]

	



McCauley, D.; Ramasar, V.; Heffron, R.J.; Sovacool, B.K.; Mebratu, D.; Mundaca, L. Energy Justice in the Transition to Low Carbon Energy Systems: Exploring Key Themes in Interdisciplinary Research. Appl. Energy 2019, 233–234, 916–921. [Google Scholar] [CrossRef]

	



Oliveira, J.C.; Nogueira, M.C.; Madaleno, M. Do the Reduction of Traditional Energy Consumption and the Acceleration of the Energy Transition Bring Economic Benefits to South America? Energies 2023, 16, 5527. [Google Scholar] [CrossRef]

	



Icaza-Alvarez, D.; Arias Reyes, P.; Jurado, F.; Tostado-Véliz, M. Smart Strategies for the Penetration of 100% Renewable Energy for the Ecuadorian Amazon Region by 2050. J. Clean. Prod. 2023, 382, 135298. [Google Scholar] [CrossRef]

	



Khojasteh, M.; Faria, P.; Lezama, F.; Vale, Z. A Novel Adaptive Robust Model for Scheduling Distributed Energy Resources in Local Electricity and Flexibility Markets. Appl. Energy 2023, 342, 121144. [Google Scholar] [CrossRef]

	



Diezmartínez, C.V. Clean Energy Transition in Mexico: Policy Recommendations for the Deployment of Energy Storage Technologies. Renew. Sustain. Energy Rev. 2021, 135, 110407. [Google Scholar] [CrossRef]

	



Rivera, G.; Felix, A.; Mendoza, E. A Review on Environmental and Social Impacts of Thermal Gradient and Tidal Currents Energy Conversion and Application to the Case of Chiapas, Mexico. Int. J. Environ. Res. Public Health 2020, 17, 7791. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, C. Boycott Products from States with Dirty Energy. Nature 2017, 551, 294–295. [Google Scholar] [CrossRef]

	



Villanueva Ulfgard, R.; Villanueva, C. The Power to Transform? Mexico’s ‘Fourth Transformation’ under President Andrés Manuel López Obrador. Globalizations 2020, 17, 1027–1042. [Google Scholar] [CrossRef]

	



Energía, S. de Reporte Anual del Potencial de Mitigación de GEI en el Sector Eléctrico. Available online: http://www.gob.mx/sener/articulos/reporte-anual-del-potencial-de-mitigacion-de-gei-en-el-sector-electrico (accessed on 1 August 2023).

	



De La Peña, L.; Guo, R.; Cao, X.; Ni, X.; Zhang, W. Accelerating the Energy Transition to Achieve Carbon Neutrality. Resour. Conserv. Recycl. 2022, 177, 105957. [Google Scholar] [CrossRef]

	



Cajot, S.; Peter, M.; Bahu, J.-M.; Guignet, F.; Koch, A.; Maréchal, F. Obstacles in Energy Planning at the Urban Scale. Sustain. Cities Soc. 2017, 30, 223–236. [Google Scholar] [CrossRef]

	



Connolly, D.; Lund, H.; Mathiesen, B.V. Smart Energy Europe: The Technical and Economic Impact of One Potential 100% Renewable Energy Scenario for the European Union. Renew. Sustain. Energy Rev. 2016, 60, 1634–1653. [Google Scholar] [CrossRef]

	



Cheng, C.; Blakers, A.; Stocks, M.; Lu, B. 100% Renewable Energy in Japan. Energy Convers. Manag. 2022, 255, 115299. [Google Scholar] [CrossRef]

	



Oyewo, A.S.; Aghahosseini, A.; Ram, M.; Lohrmann, A.; Breyer, C. Pathway towards Achieving 100% Renewable Electricity by 2050 for South Africa. Sol. Energy 2019, 191, 549–565. [Google Scholar] [CrossRef]

	



Blakers, A.; Lu, B.; Stocks, M. 100% Renewable Electricity in Australia. Energy 2017, 133, 471–482. [Google Scholar] [CrossRef]

	



Elizondo, A.; Pérez-Cirera, V.; Strapasson, A.; Fernández, J.C.; Cruz-Cano, D. Mexico’s Low Carbon Futures: An Integrated Assessment for Energy Planning and Climate Change Mitigation by 2050. Futures 2017, 93, 14–26. [Google Scholar] [CrossRef]

	



Hillman, A.J.; Hitt, M.A. Corporate Political Strategy Formulation: A Model of Approach, Participation, and Strategy Decisions. Acad. Manag. Rev. 1999, 24, 825. [Google Scholar] [CrossRef]

	



Abdul, D.; Wenqi, J.; Sameeroddin, M. Prioritization of Ecopreneurship Barriers Overcoming Renewable Energy Technologies Promotion: A Comparative Analysis of Novel Spherical Fuzzy and Pythagorean Fuzzy AHP Approach. Technol. Forecast. Soc. Change 2023, 186, 122133. [Google Scholar] [CrossRef]

	



Ojekemi, O.S.; Ağa, M. In the Era of Globalization, Can Renewable Energy and Eco-Innovation Be Viable for Environmental Sustainability in BRICS Economies? Env. Sci. Pollut. Res. 2023, 30, 85249–85262. [Google Scholar] [CrossRef] [PubMed]

	



Sarmiento, L.; Burandt, T.; Löffler, K.; Oei, P.-Y. Analyzing Scenarios for the Integration of Renewable Energy Sources in the Mexican Energy System—An Application of the Global Energy System Model (GENeSYS-MOD). Energies 2019, 12, 3270. [Google Scholar] [CrossRef]

	



Zheng, J.; Du, J.; Wang, B.; Klemeš, J.J.; Liao, Q.; Liang, Y. A Hybrid Framework for Forecasting Power Generation of Multiple Renewable Energy Sources. Renew. Sustain. Energy Rev. 2023, 172, 113046. [Google Scholar] [CrossRef]

	



Mexico Electricity Production, 2002–2023|CEIC Data. Available online: https://www.ceicdata.com/en/indicator/mexico/electricity-production (accessed on 28 August 2023).

	



Lerman, L.V.; Gerstlberger, W.; Ferreira Lima, M.; Frank, A.G. How Governments, Universities, and Companies Contribute to Renewable Energy Development? A Municipal Innovation Policy Perspective of the Triple Helix. Energy Res. Soc. Sci. 2021, 71, 101854. [Google Scholar] [CrossRef]

	



Shahbaz, M.; Raghutla, C.; Chittedi, K.R.; Jiao, Z.; Vo, X.V. The Effect of Renewable Energy Consumption on Economic Growth: Evidence from the Renewable Energy Country Attractive Index. Energy 2020, 207, 118162. [Google Scholar] [CrossRef]

	



Macedo, D.P.; Marques, A.C. Is the Energy Transition Ready for Declining Budgets in RD&D for Fossil Fuels? Evidence from a Panel of European Countries. J. Clean. Prod. 2023, 417, 138102. [Google Scholar] [CrossRef]

	



Tafarte, P.; Lehmann, P. Quantifying Trade-Offs for the Spatial Allocation of Onshore Wind Generation Capacity—A Case Study for Germany. Ecol. Econ. 2023, 209, 107812. [Google Scholar] [CrossRef]

	



Lee, K.-H.; Lee, D.-W.; Baek, N.-C.; Kwon, H.-M.; Lee, C.-J. Preliminary Determination of Optimal Size for Renewable Energy Resources in Buildings Using RETScreen. Energy 2012, 47, 83–96. [Google Scholar] [CrossRef]

	



Li, C.; Zhou, D.; Zheng, Y. Techno-Economic Comparative Study of Grid-Connected PV Power Systems in Five Climate Zones, China. Energy 2018, 165, 1352–1369. [Google Scholar] [CrossRef]

	



Kozlovski, E.; Bawah, U. A Financial Decision Support Framework for the Appraisal of Renewable Energy Infrastructures in Developing Economies. Int. J. Energy Sect. Manag. 2015, 9, 176–203. [Google Scholar] [CrossRef]

	



Faria, P.; Vale, Z. Demand Response in Electrical Energy Supply: An Optimal Real Time Pricing Approach. Energy 2011, 36, 5374–5384. [Google Scholar] [CrossRef]

	



Chen, X.; Xiao, J.; Yuan, J.; Xiao, Z.; Gang, W. Application and Performance Analysis of 100% Renewable Energy Systems Serving Low-Density Communities. Renew. Energy 2021, 176, 433–446. [Google Scholar] [CrossRef]

	



Girard, A.; Gago, E.J.; Ordoñez, J.; Muneer, T. Spain’s Energy Outlook: A Review of PV Potential and Energy Export. Renew. Energy 2016, 86, 703–715. [Google Scholar] [CrossRef]

	



Nykvist, B.; Whitmarsh, L. A Multi-Level Analysis of Sustainable Mobility Transitions: Niche Development in the UK and Sweden. Technol. Forecast. Soc. Change 2008, 75, 1373–1387. [Google Scholar] [CrossRef]

	



Alexander, M.J.; James, P.; Richardson, N. Energy Storage against Interconnection as a Balancing Mechanism for a 100% Renewable UK Electricity Grid. IET Renew. Power Gener. 2015, 9, 131–141. [Google Scholar] [CrossRef]

	



de Moura, G.N.P.; Legey, L.F.L.; Howells, M. A Brazilian Perspective of Power Systems Integration Using OSeMOSYS SAMBA—South America Model Base—And the Bargaining Power of Neighbouring Countries: A Cooperative Games Approach. Energy Policy 2018, 115, 470–485. [Google Scholar] [CrossRef]

	



Lund, H.; Mathiesen, B.V. Energy System Analysis of 100% Renewable Energy Systems—The Case of Denmark in Years 2030 and 2050. Energy 2009, 34, 524–531. [Google Scholar] [CrossRef]

	



Doepfert, M.; Castro, R. Techno-Economic Optimization of a 100% Renewable Energy System in 2050 for Countries with High Shares of Hydropower: The Case of Portugal. Renew. Energy 2021, 165, 491–503. [Google Scholar] [CrossRef]

	



Menapace, A.; Thellufsen, J.Z.; Pernigotto, G.; Roberti, F.; Gasparella, A.; Righetti, M.; Baratieri, M.; Lund, H. The Design of 100% Renewable Smart Urb an Energy Systems: The Case of Bozen-Bolzano. Energy 2020, 207, 118198. [Google Scholar] [CrossRef]

	



Alves, M.; Segurado, R.; Costa, M. On the Road to 100% Renewable Energy Systems in Isolated Islands. Energy 2020, 198, 117321. [Google Scholar] [CrossRef]

	



Arévalo, P.; Cano, A.; Jurado, F. Mitigation of Carbon Footprint with 100% Renewable Energy System by 2050: The Case of Galapagos Islands. Energy 2022, 245, 123247. [Google Scholar] [CrossRef]

	



Bamisile, O.; Wang, X.; Adun, H.; Joseph Ejiyi, C.; Obiora, S.; Huang, Q.; Hu, W. A 2030 and 2050 Feasible/Sustainable Decarbonization Perusal for China’s Sichuan Province: A Deep Carbon Neutrality Analysis and EnergyPLAN. Energy Convers. Manag. 2022, 261, 115605. [Google Scholar] [CrossRef]

	



Dominković, D.F.; Bačeković, I.; Ćosić, B.; Krajačić, G.; Pukšec, T.; Duić, N.; Markovska, N. Zero Carbon Energy System of South East Europe in 2050. Appl. Energy 2016, 184, 1517–1528. [Google Scholar] [CrossRef]

	



Meschede, H.; Bertheau, P.; Khalili, S.; Breyer, C. A Review of 100% Renewable Energy Scenarios on Islands. WIREs Energy Environ. 2022, 11, e450. [Google Scholar] [CrossRef]

	



Lopez, G.; Aghahosseini, A.; Child, M.; Khalili, S.; Fasihi, M.; Bogdanov, D.; Breyer, C. Impacts of Model Structure, Framework, and Flexibility on Perspectives of 100% Renewable Energy Transition Decision-Making. Renew. Sustain. Energy Rev. 2022, 164, 112452. [Google Scholar] [CrossRef]

	



Østergaard, P.A.; Lund, H.; Thellufsen, J.Z.; Sorknæs, P.; Mathiesen, B.V. Review and Validation of EnergyPLAN. Renew. Sustain. Energy Rev. 2022, 168, 112724. [Google Scholar] [CrossRef]

	



Yang, D.; Liu, D.; Huang, A.; Lin, J.; Xu, L. Critical Transformation Pathways and Socio-Environmental Benefits of Energy Substitution Using a LEAP Scenario Modeling. Renew. Sustain. Energy Rev. 2021, 135, 110116. [Google Scholar] [CrossRef]

	



Hainoun, A.; Seif Aldin, M.; Almoustafa, S. Formulating an Optimal Long-Term Energy Supply Strategy for Syria Using MESSAGE Model. Energy Policy 2010, 38, 1701–1714. [Google Scholar] [CrossRef]

	



Chen, T.; Pipattanasomporn, M.; Rahman, I.; Jing, Z.; Rahman, S. MATPLAN: A Probability-Based Planning Tool for Cost-Effective Grid Integration of Renewable Energy. Renew. Energy 2020, 156, 1089–1099. [Google Scholar] [CrossRef]

	



Connolly, D.; Lund, H.; Mathiesen, B.V.; Leahy, M. A Review of Computer Tools for Analysing the Integration of Renewable Energy into Various Energy Systems. Appl. Energy 2010, 87, 1059–1082. [Google Scholar] [CrossRef]

	



Lund, H.; Thellufsen, J.Z.; Sorknæs, P.; Mathiesen, B.V.; Chang, M.; Madsen, P.T.; Kany, M.S.; Skov, I.R. Smart Energy Denmark. A Consistent and Detailed Strategy for a Fully Decarbonized Society. Renew. Sustain. Energy Rev. 2022, 168, 112777. [Google Scholar] [CrossRef]

	



Kamani, D.; Ardehali, M.M. Long-Term Forecast of Electrical Energy Consumption with Considerations for Solar and Wind Energy Sources. Energy 2023, 268, 126617. [Google Scholar] [CrossRef]

	



Colak, I.; Sagiroglu, S.; Fulli, G.; Yesilbudak, M.; Covrig, C.-F. A Survey on the Critical Issues in Smart Grid Technologies. Renew. Sustain. Energy Rev. 2016, 54, 396–405. [Google Scholar] [CrossRef]

	



Mishra, A.; Jha, A.V.; Appasani, B.; Ray, A.K.; Gupta, D.K.; Ghazali, A.N. Emerging Technologies and Design Aspects of next Generation Cyber Physical System with a Smart City Application Perspective. Int. J. Syst. Assur. Eng. Manag. 2023, 14, 699–721. [Google Scholar] [CrossRef]

	



Mastoi, M.S.; Zhuang, S.; Munir, H.M.; Haris, M.; Hassan, M.; Alqarni, M.; Alamri, B. A Study of Charging-Dispatch Strategies and Vehicle-to-Grid Technologies for Electric Vehicles in Distribution Networks. Energy Rep. 2023, 9, 1777–1806. [Google Scholar] [CrossRef]

	



Jacobson, M.Z.; Cameron, M.A.; Hennessy, E.M.; Petkov, I.; Meyer, C.B.; Gambhir, T.K.; Maki, A.T.; Pfleeger, K.; Clonts, H.; McEvoy, A.L.; et al. 100% Clean and Renewable Wind, Water, and Sunlight (WWS) All-Sector Energy Roadmaps for 53 Towns and Cities in North America. Sustain. Cities Soc. 2018, 42, 22–37. [Google Scholar] [CrossRef]

	



Vidal-Amaro, J.J.; Sheinbaum-Pardo, C. A Transition Strategy from Fossil Fuels to Renewable Energy Sources in the Mexican Electricity System. J. Sustain. Dev. Energy Water Environ. Syst. 2018, 6, 47–66. [Google Scholar] [CrossRef]

	



Burke, M.J.; Stephens, J.C. Political Power and Renewable Energy Futures: A Critical Review. Energy Res. Soc. Sci. 2018, 35, 78–93. [Google Scholar] [CrossRef]

	



Alemán-Nava, G.S.; Casiano-Flores, V.H.; Cárdenas-Chávez, D.L.; Díaz-Chavez, R.; Scarlat, N.; Mahlknecht, J.; Dallemand, J.-F.; Parra, R. Renewable Energy Research Progress in Mexico: A Review. Renew. Sustain. Energy Rev. 2014, 32, 140–153. [Google Scholar] [CrossRef]

	



Mejía-Montero, A.; Alonso-Serna, L.; Altamirano-Allende, C. Chapter 17—The Role of Social Resistance in Shaping Energy Transition Policy in Mexico: The Case of Wind Power in Oaxaca. In The Regulation and Policy of Latin American Energy Transitions; Noura Guimarães, L., Ed.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 303–318. ISBN 978-0-12-819521-5. [Google Scholar]

	



Echeverri Martinez, R.; Zayas Pérez, B.E.; Espinosa Reza, A.; Rodríguez-Martínez, A.; Caicedo Bravo, E.; Alfonso Morales, W. Optimal Planning, Design and Operation of a Regional Energy Mix Using Renewable Generation. Study Case: Yucatan Peninsula. Int. J. Sustain. Energy 2021, 40, 283–309. [Google Scholar] [CrossRef]

	



Arenas-López, J.P.; Badaoui, M. Analysis of the Offshore Wind Resource and Its Economic Assessment in Two Zones of Mexico. Sustain. Energy Technol. Assess. 2022, 52, 101997. [Google Scholar] [CrossRef]

	



Dunlap, A. More Wind Energy Colonialism(s) in Oaxaca? Reasonable Findings, Unacceptable Development. Energy Res. Soc. Sci. 2021, 82, 102304. [Google Scholar] [CrossRef]

	



Zárate-Toledo, E.; Wood, P.; Patiño, R. In Search of Wind Farm Sustainability on the Yucatan Coast: Deficiencies and Public Perception of Environmental Impact Assessment in Mexico. Energy Policy 2021, 158, 112525. [Google Scholar] [CrossRef]

	



Martínez-Mendoza, E.; Rivas-Tovar, L.A.; García-Santamaría, L.E. Wind Energy in the Isthmus of Tehuantepec: Conflicts and Social Implications. Environ. Dev. Sustain. 2021, 23, 11706–11731. [Google Scholar] [CrossRef]

	



Sovacool, B.K. Clean, Low-Carbon but Corrupt? Examining Corruption Risks and Solutions for the Renewable Energy Sector in Mexico, Malaysia, Kenya and South Africa. Energy Strategy Rev. 2021, 38, 100723. [Google Scholar] [CrossRef]

	



Bouquet, E. State-Led Land Reform and Local Institutional Change: Land Titles, Land Markets and Tenure Security in Mexican Communities. World Dev. 2009, 37, 1390–1399. [Google Scholar] [CrossRef]

	



Sarfarazi, S.; Mohammadi, S.; Khastieva, D.; Hesamzadeh, M.R.; Bertsch, V.; Bunn, D. An Optimal Real-Time Pricing Strategy for Aggregating Distributed Generation and Battery Storage Systems in Energy Communities: A Stochastic Bilevel Optimization Approach. Int. J. Electr. Power Energy Syst. 2023, 147, 108770. [Google Scholar] [CrossRef]

	



Villante, C. A Novel SW Tool for the Evaluation of Expected Benefits of V2H Charging Devices Utilization in V2B Building Contexts. Energies 2023, 16, 2969. [Google Scholar] [CrossRef]

	



Geografía de México. Wikipedia, la Enciclopedia Libre. 2023. Available online: https://es.wikipedia.org/wiki/M%C3%A9xico (accessed on 7 August 2023).

	



Lund, H.; Thellufsen, J.Z.; Østergaard, P.A.; Sorknæs, P.; Skov, I.R.; Mathiesen, B.V. EnergyPLAN—Advanced Analysis of Smart Energy Systems. Smart Energy 2021, 1, 100007. [Google Scholar] [CrossRef]

	



Case Studies. EnergyPLAN. 2013. Available online: https://www.energyplan.eu/useful_resources/casestudies/ (accessed on 7 August 2023).

	



Documentation. EnergyPLAN. 2013. Available online: https://www.energyplan.eu/training/documentation/ (accessed on 7 August 2023).

	



Mexico—Countries & Regions. Available online: https://www.iea.org/countries/mexico (accessed on 7 August 2023).

	



Energía, S. de Balance Nacional de Energía. Available online: http://www.gob.mx/sener/articulos/balance-nacional-de-energia-296106 (accessed on 7 August 2023).

	



Electricity in Mexico. Available online: https://www.statista.com/study/136740/electricity-in-mexico/ (accessed on 28 August 2023).

	



México—Consumo de Electricidad 2021|Datosmacro.com. Available online: https://datosmacro.expansion.com/energia-y-medio-ambiente/electricidad-consumo/mexico (accessed on 8 August 2023).

	



Outlook. Available online: https://www.irena.org/Energy-Transition/Outlook (accessed on 8 August 2023).

	



Padilla, F. Energía Renovable En México ¿Cuál Es Su Potencial? Available online: https://www.ric.mx/cultura/energia/energia-renovable-en-mexico/ (accessed on 8 August 2023).

	



BID. ¿Cuál es el potencial de la energía renovable en México y Centroamérica? Sostenibilidad. 2014. Available online: https://blogs.iadb.org/sostenibilidad/es/cual-es-el-potencial-de-la-energia-renovable-en-mexico-y-centroamerica/ (accessed on 7 August 2023).

	



Energy & Commerce. Potencial de la energía eólica en México 2021. Energy & Commerce. 2021. Available online: https://energyandcommerce.com.mx/potencial-de-la-energia-eolica-en-mexico-2021/ (accessed on 7 August 2023).

	



Energía, S. de Programa de Desarrollo del Sistema Eléctrico Nacional 2023–2037. Available online: http://www.gob.mx/sener/articulos/programa-de-desarrollo-del-sistema-electrico-nacional-2023-2037 (accessed on 8 August 2023).

	



Twenergy Estados líderes en la producción de energías renovables en México. Available online: https://twenergy.com/energia/energias-renovables/estados-lideres-energias-renovables-mexico/ (accessed on 28 August 2023).

	



Energy Transition Law|Climate Policy Database. Available online: https://climatepolicydatabase.org/policies/energy-transition-law (accessed on 29 August 2023).

	



Programa de Desarrollo del Sistema Eléctrico Nacional 2017–2031|Ariae. Available online: https://www.ariae.org/servicio-documental/programa-de-desarrollo-del-sistema-electrico-nacional-2017-2031 (accessed on 8 August 2023).

	



CEMIE-Hidro Potencial Hidroeléctrico de México. Available online: https://www.imta.gob.mx/biblioteca/libros/Potencial-Hidroelectrico-Mexico-1era-Parte.pdf (accessed on 10 September 2023).

	



Mapas de Recursos Solares de Mexico. Available online: https://solargis.com/es/maps-and-gis-data/download/mexico (accessed on 8 August 2023).

	



Generación distribuida Alcanza 100,000 Contratos de Interconexión: Asolmex. Energía Hoy. 2019. Available online: https://162.214.97.163/~energiah/2019/08/06/generacion-distribuida-alcanza-100000-contratos-de-interconexion-asolmex/ (accessed on 7 August 2023).

	



Asociación Mexicana de Energía Eólica El Potencial Eólico Mexicano. Available online: https://amdee.org/Publicaciones/AMDEE-PwC-El-potencial-eolico-mexicano.pdf (accessed on 7 August 2023).

	



Global Wind Atlas. Available online: https://globalwindatlas.info (accessed on 17 October 2020).

	



Intelligence, S. Bioenergía. Available online: https://www.oise.mx/biomasa (accessed on 9 August 2023).

	



La biomasa en México, un negocio por desarrollar|RETEMA. Available online: https://www.retema.es/actualidad/biomasa-mexico-un-negocio-desarrollar (accessed on 9 August 2023).

	



Instituto Nacional de Estadística y Geografía (INEGI). Available online: https://www.inegi.org.mx/ (accessed on 9 August 2023).

	



Welcome to Global Land Cover Viewer. Available online: http://lcviewer.vito.be/2019/Mexico (accessed on 9 August 2023).

	



Simon, S.; Naegler, T.; Gils, H.C. Transformation towards a Renewable Energy System in Brazil and Mexico—Technological and Structural Options for Latin America. Energies 2018, 11, 907. [Google Scholar] [CrossRef]

	



Basheer, M.A.; Boelens, L.; Bijl, R. van der Bus Rapid Transit System: A Study of Sustainable Land-Use Transformation, Urban Density and Economic Impacts. Sustainability 2020, 12, 3376. [Google Scholar] [CrossRef]

	



Lozano, F.J.; Lozano-García, D.F.; Castellanos, A.M.; Flores-Tlacuahuac, A. Residual Biomass Use for Energy Generation. In Energy Issues and Transition to a Low Carbon Economy: Insights from Mexico; Lozano, F.J., Mendoza, A., Molina, A., Eds.; Strategies for Sustainability; Springer International Publishing: Cham, Switzerland, 2022; pp. 237–270. ISBN 978-3-030-75661-1. [Google Scholar]

	



Zhang, N.; Sun, Q.; Yang, L.; Li, Y. Event-Triggered Distributed Hybrid Control Scheme for the Integrated Energy System. IEEE Trans. Ind. Inform. 2022, 18, 835–846. [Google Scholar] [CrossRef]

	



Yang, L.; Li, X.; Sun, M.; Sun, C. Hybrid Policy-Based Reinforcement Learning of Adaptive Energy Management for the Energy Transmission-Constrained Island Group. IEEE Transactions on Industrial Informatics 2023, 19, 10751–10762. [Google Scholar] [CrossRef]

	



Huang, W.; Zhang, N.; Yang, J.; Wang, Y.; Kang, C. Optimal Configuration Planning of Multi-Energy Systems Considering Distributed Renewable Energy. IEEE Trans. Smart Grid 2019, 10, 1452–1464. [Google Scholar] [CrossRef]

	



Wu, X.; Liu, J.; Men, Y.; Chen, B.; Lu, X. Optimal Energy Storage System and Smart Switch Placement in Dynamic Microgrids With Applications to Marine Energy Integration. IEEE Trans. Sustain. Energy 2023, 14, 1205–1216. [Google Scholar] [CrossRef]

	



Martinez, N.; Komendantova, N. The Effectiveness of the Social Impact Assessment (SIA) in Energy Transition Management: Stakeholders’ Insights from Renewable Energy Projects in Mexico. Energy Policy 2020, 145, 111744. [Google Scholar] [CrossRef]

	



Castrejon-Campos, O. Evolution of Clean Energy Technologies in Mexico: A Multi-Perspective Analysis. Energy Sustain. Dev. 2022, 67, 29–53. [Google Scholar] [CrossRef]

	



Santillán Vera, M.; García Manrique, L.; Rodríguez Peña, I.; De La Vega Navarro, A. Drivers of Electricity GHG Emissions and the Role of Natural Gas in Mexican Energy Transition. Energy Policy 2023, 173, 113316. [Google Scholar] [CrossRef]








[image: Energies 16 07121 g001] 





Figure 1. Global emissions by scenario, 2020–2050. 
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Figure 2. Geographical location of Mexico. 
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Figure 3. Analysis model for smart energy planning, EnergyPLAN V16.2. Model inspired in [77]. 
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Figure 4. Historical total energy supply (TES) by source in Mexico, inspired from [80]. 
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Figure 5. Electricity consumption by sector, Mexico 1990–2020. Inspired by data from [78]. 
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Figure 6. Capacity and generation in hydroelectric plants (MW/GWh). Inspired by data from PRODESEN 2017–2031, SENER [91]. 
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Figure 7. Solar photovoltaic power potential in Mexico, analyzed by the authors in free software Global Solar Atlas [93]. 
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Figure 8. Wind power potential in Mexico, analyzed by the authors in free software Global Wind Atlas [96]. 
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Figure 9. Mapping of Mexican land use for biomass exploitation purposes using the Land Cover Viewer tool [100]. 
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Figure 10. Expected energy demand by sectors in Mexico by 2050. 






Figure 10. Expected energy demand by sectors in Mexico by 2050.



[image: Energies 16 07121 g010]







[image: Energies 16 07121 g011] 





Figure 11. Power production in Mexico for 2050. 






Figure 11. Power production in Mexico for 2050.



[image: Energies 16 07121 g011]







[image: Energies 16 07121 g012] 





Figure 12. Interaction in the Mexican energy mix. Increased renewable energy and reduced fuel in the long term for transportation. 
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Table 1. Historical generation and final consumption of electricity in Mexico provided by ref. [83].






Table 1. Historical generation and final consumption of electricity in Mexico provided by ref. [83].





	Year
	Electricity Supply GWh
	Consumption GWh
	Consumption Per Capita kWh





	2021
	336,958
	300,957
	2375.30



	2020
	325,506
	292,530
	2289.10



	2019
	318,078
	278,883
	2203.30



	2018
	332,010
	291,182
	2323.40



	2017
	309,143
	265,575
	2141.00



	2016
	303,036
	263,298
	2145.60



	2015
	297,867
	256,557
	2114.20










 





Table 2. Disaggregated energy demand for transport and heat by 2050 in PJ/a.
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	(PJ/a)
	2020
	2030
	2040
	2050





	Transport (incl. electricity)
	2269
	2194
	1839
	1710



	Heat (incl. electricity)
	1538
	1538
	2131
	2618



	Power
	1331
	1331
	2565
	3367



	For the transport
	14
	14
	413
	573



	For the heat
	170
	170
	243
	400










 





Table 3. Power supply by 2050 in TWh/a.
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	2020
	2030
	2040
	2050
	% in 2050





	Nuclear
	12
	0
	0
	0
	0



	Oil & coal
	70
	15
	0
	0
	0



	Gas
	200
	170
	120
	70
	7



	Hydrogen
	0
	0
	0
	0
	0



	Hydro
	35
	75
	115
	145
	14.5



	Wind
	25
	100
	170
	250
	25



	PV
	20
	110
	210
	300
	30



	Biomass
	5
	15
	25
	25
	2.5



	Geothermal
	22
	30
	35
	42
	4.2



	CSP
	0
	35
	80
	138
	13.8



	Ocean
	0
	6
	10
	20
	2



	Total
	389
	556
	765
	1000
	100%










 





Table 4. Power supply by 2050 in TWh/a for transportation.
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	Source
	2020
	2030
	2040
	2050





	Oil Products
	2150
	1700
	900
	0



	Natural gas
	50
	75
	100
	150



	Biofuels
	100
	130
	150
	200



	Electricity
	0
	400
	1000
	1650



	RE Hidrogen
	0
	75
	250
	450



	Total
	2300
	2380
	2400
	2450










 





Table 5. Lastest main energy policies of Mexico, adapted from.
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	Policies
	Year
	Status
	Jurisdiction





	General Law of Climate Change (Mexico)
	2022
	In force
	National



	Heavy-duty Vehicle Emission Standards
	2021
	In force
	National



	2022 Package against inflation & famine-Transport fuel and power subsidies
	2022
	In force
	National



	Draft standard PROY-NOM-014-ENER-2020, Energy efficiency of alternating current, single-phase, induction electric motors, squirrel cage type, cooled with air, in nominal power from 0.180 kW to 2.238 kW. Limits, testing method and labelling.
	2021
	In force
	National



	Nationally Determined Contribution (NDC) to the Paris Agreement (2022 Update)-Mexico
	2022
	In force
	National



	NOM-031-ENER-2019: Energy efficiency of LED luminaires for roads and public outdoor areas. Specifications and testing methods
	2021
	In force
	National



	Nationally Determined Contribution (NDC) to the Paris Agreement: Mexico
	2022
	In force
	National



	Special Program on Climate Change 2021–2024
	2021
	In force
	National



	Photovoltaic Power Plant at Central de Abasto (CEFV CEDA)
	2021
	In force
	National



	Draft standard PROY-NOM-022-ENER/SE-2020, Energy efficiency and user safety requirements for self-contained commercial refrigeration appliances. Limits, testing methods and labeling.
	2021
	In force
	National



	Official Mexican Standard NOM-013-ASEA-2021. Facilities for Storage and Regasification of LNG
	2021
	Announced
	National



	NOM-012-ENER-2019: Energy efficiency in condensing and evaporating units for refrigeration. Limits, testing and labelling methods
	2020
	In force
	National



	Emissions Trading System
	2020
	In force
	National



	Transition Strategy to Promote the Use of Cleaner Technologies and Fuels
	2020
	In force
	National



	Increased electricity prices
	2020
	In force
	National



	National Programme for the Sustainable Use of Energy 2020–2024
	2020
	In force
	National



	“Hoy No Circula” Programme
	2019
	In force
	City/Municipal



	Call for Third-party Verifiers for the Guidelines for the prevention and comprehensive control of methane emissions from the hydrocarbons sector.
	2019
	In force
	National
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