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Abstract

:

This research assesses the Ecuadorian power generation system, estimating the electricity supply and demand forecast until 2040. For this purpose, three potential alternative scenarios were analyzed using the Long-range Energy Alternatives Planning (LEAP) System; S1: Business As Usual; S2: Power Generation Master Plan; and S3: Sustainable Power Generation System. The main goal of this study is to analyze the possible alternatives for electricity supply and demand, fuel consumption, and the future structure of the Ecuadorian power generation system to transform the current system based on petroleum fuels into a sustainable system that consumes natural gas, and progressively introduces renewable power generation plants such as solar, wind, biomass, and hydroelectric until 2040. According to the estimated results through the inclusion of sustainable energy policies, S3 scenario relative to S1 scenario could reduce the average CO2 equivalent (CO2e) emissions by 11.72%, the average production costs by 9.78%, and the average petroleum fuel consumption by 15.95%. Consequently, a correct energy transition contributes to the protection of the environment and public health and has a direct effect on economic savings for the state, which benefits to improve the citizen’s quality of life.
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1. Introduction


Globally, electricity plays a vital role as a factor of economic growth and social welfare, in which it is essential to have accessible and reliable electricity at safe conditions, reasonable prices, and with the least possible damage to the environment, in other words, sustainable energy [1,2]. A sustainable electric sector is fundamental for good performance in the productive activities of any country. Thus, private organizations and public institutions from different countries have carried out numerous studies related to planning and modeling of electricity consumption [3], scenarios of electricity supply and demand [4,5,6,7], fossil fuel consumption in electricity generation industry [8], the sustainable power generation sector [9,10], electricity supply [11], performance evaluation and economic analysis of technologies [12,13], or promoting the consumption of sustainable resources such as natural gas [14]. In general, all these studies are a tiny sample of the importance that is given to this topic, designing future scenarios on the supply side to cover the electricity demand in all sectors.



Since 2007, Latin America has experienced a 2.8% average growth in the electricity demand each year until 2016. Peru and Ecuador have experienced, during the aforementioned period, the most significant increase with 6.6% and 6.1% respectively, and everything indicates that this trend continues [15], despite the fact that the per capita electricity consumption of these countries is among the lowest in the region, along with Paraguay, Colombia, Guyana, and Bolivia [16]. In the case of Ecuador, an example of a developing country, a large part of its economy is based on the exploitation and export of primary energy, which consists mainly of oil. Its oil production was around 200 million barrels and 550 million cubic meters of natural gas in 2017 [17,18].



Although the oil production in the country is significant, the production of secondary energy is deficient, predominantly refined petroleum products, in which only a quarter of the oil production goes through the country’s refineries, and the remainder is exported [19]. Consequently, this has caused the country to take advantage of petroleum byproducts together with its hydro potential to produce electricity [20,21]. Therefore, it is necessary to analyze the future behavior of the power generation system as a whole, considering its more critical factors as some subsidies and tariffs in fuels, which account for more than 90% of the household sector energy in Ecuador, mainly LPG for cooking and heating water [22].



Additionally, the population of Ecuador is smaller than the 15 most populated cities in the world [23], with 16,776,977 inhabitants in 2017 [24]. In this way, the forthcoming electricity demand will be directly linked to (a) population growth that produces an increase in consumption [3]; (b) increase in the nominal gross domestic product (MMUSD 104,296 in 2017 [25]), which corresponds to an annual average of 3.61% from 2006 to 2017 [19,20]; (c) five strategic mining projects: San Carlos Panantza, Río Blanco, Loma Larga, Mirador, Fruta del Norte [26]; (d) massive electric transport: the Quito Metro, Cuenca tram and freight train between Quito and Guayaquil [27]; (e) Yachay “Ciudad del Conocimiento” [28]; (f) construction and operation of The Pacific Refinery (RDP for its acronym in Spanish) [29]; and (g) the energy efficiency program for cooking (PEC for its acronym in Spanish) and heating water with electricity in the household sector [22,30].



In this context, this study proposes to analyze three different alternative scenarios using the Long-range Energy Alternatives Planning (LEAP) system, with the aim of converting the current structure of the thermal power generation system characterized by the consumption of petroleum fuels, into a sustainable system based on renewable energies (hydroelectric, wind, solar, biomass, biogas) and natural gas. The NGCC (natural gas combined-cycle) power plants would start operations looking to gasify the TPPs (thermal power plants) which is possible through two ways. The first action is to close as much as possible the TPPs that consume petroleum fuels (diesel, fuel oil, residue, and crude oil) and to close obsolete TPPs, for example, suppress TPPs with over 30 years in operation. The second action is to carry out modifications and technological upgrades in the internal combustion engines [10], steam turbines, and boilers that consume petroleum products in some TPPs to migrate towards the consumption of natural gas where is widely justified [31,32].



This research is designed for the Ecuador case, but this model could be applied to other countries that share similar characteristics, especially regarding their development condition, and natural and economic resources. Hence, this study offers valuable information on a potentially suitable solution towards a sustainable power generation system that needs to be reliable, economically profitable, and environmentally sustainable. This purpose fits within with the Sustainable Development Goals (SDGs) agreed upon by large nations under the United Nations Charter [33], which manifests the measures to achieve a better sustainable future for everyone, considering topics such as climate change, environmental degradation, and sustainable energy. The Goals consider the correct use of energy sources an essential target to improve by 2030.




2. Power Generation System Status of Ecuador


In the current status review of the power generation system of Ecuador, is included the structure of the system, the electricity supply and demand, and relevant information that will be considered in the design of the model is detailed below.



2.1. Ecuadorian Electricity Generation Structure


The power generation plants in Ecuador are divided into two groups: (a) Renewables, which correspond to energy sources such as wind, biomass, solar, biogas, and hydraulic, the latter the most important for its installed capacity and under expansion, and (b) Non-renewables, which are TPPs that consume petroleum fuels and correspond to turbo-gas, turbo-steam, and internal combustion engines (ICE) [34]. The total nominal power for 2017 (see Table 1) is divided into three types of companies controlled exclusively by the state, and belonging to the renewable and non-renewable groups. They are the following: (a) The Generators, which hold an enabling title and permit economic exploitation of one or more power generation plants of any type and that delivers its total or partial production at one or several points in the National Transmission System (SNT for its acronym in Spanish), in an isolated system or a distribution network; (b) The Distributors, who have an enabling title and who, by express mandate of the law, assumes the obligation to provide a public service of electric power to the final customers, within their area of service provision; and (c) The Self-Generators, which are dedicated to a productive or commercial activity, whose electricity generation is destined to its consumption and to produce electricity surpluses available for the public service [34].



As a consequence of a significant construction plan for electricity generation in the country, the installed capacity increased since 2007 from 4478 to 6005 MW in 2015. At the end of 2017, the hydroelectric installed power capacity was the most important in the country with 4516 MW. This variation happened particularly for the start-up of eight hydroelectric projects; the two most significant ones were Sopladora of 487 MW and Coca Codo Sinclair of 1500 MW [35]. The other renewables (wind, biomass, solar, and biogas) with an installed capacity of 199 MW, and the thermal was of 3321 MW of which 500 MW was from “Machala Power” that consumed natural gas, giving a total of 8036 MW [20]. Due to the current expansion of the power generation system, the renewable sources have surpassed non-renewable sources, going from 50.59% in 2005 to 58.68% in 2017, and with a forecast that will continue to increase in the future.




2.2. Analysis of Electricity Supply


In 2007, the total gross electricity generation (GEG) was 17,337 GWh; while in 2017 it was 28,033 GWh (see Table 2), that means an increase by 61.69% in 10 years for all types of sources of the power generation system in the country.



In 2017, the total GEG was not available for public service due to several factors such as (a) self-consumption in auxiliary systems by 1.53% of GEG; (b) self-consumption of electricity from companies related to the oil activities for production and exploration processes by 13.28% of GEG; (c) losses in transmission and distribution by 12.43% of GEG; and (d) exports that are viable for economic benefits and geographic location. It is worth mentioning that electricity coverage has increased significantly in the last 10 years, from 92.9% in 2006 to 99.5% in 2017 [20,34].



The TPPs consume refined petroleum products as an energy source. Table 3 shows the types of companies with their respective sources of fuel consumption in 2017 [20,34], which shows the high consumption of fuel oil and diesel around 40% of the total. In the case of total consumption of natural gas (24.62%), the free gas production of the “Amistad” field represents 59.71%, and the self-consumption of associated gas corresponds to 40.29% of the total oil production.



The consumption of fuel oil, diesel, and other petroleum fuels represent more than half of the total consumption (60.70%). In Ecuador, diesel is an imported product that represents 2557 kTOE (56.99%) of the total consumption, representing 4486 kTOE in 2017 [36]. Nowadays, importing diesel is mandatory for Ecuador, it is attributed to the reduced capacity of the refining park. Its production does not satisfy the demand in all sectors of the economy of the country, which makes it a vulnerable product to the incessant fluctuations of the oil price in the international market. However, a possible alternative is to increase the consumption of natural gas with the production of the reserves from the “Amistad” gas natural field (located offshore in Ecuador) to reduce the consumption of petroleum fuels, which are expensive for the country and whose by-products during the combustion are gases that contribute to global warming.




2.3. Analysis of Electricity Demand


In 2017, the total gross electricity demand was 28,033 GWh [34]. Thus, the gross electricity consumption per capita corresponded to 1670.91 kWh for that year, where it presented a slight increase of 1.68% concerning 2016 [36]. Table 4 shows the total net electricity demand [20], which grew significantly from 10,940 GWh in 2007 to 20,204 GWh in 2017 showing an increase of 84.68% with a net electricity consumption per capita of 1204.28 kWh. Between 2016 and 2017 there was an increase in electricity demand going from 18,867 GWh to 20,204 GWh, which represents 7.09% more, mainly due to the expansion of the industrial sector. Hence, the total net electricity demand is the total GEG less the electricity consumed by the auxiliary systems, less the losses in the transmission and distribution systems, and therefore it was 20,204 GWh.




2.4. Relevant Information for the LEAP Model


The national plan for electricity generation, transport, and distribution needs to cover all the electricity demand and promote renewable energies to become a sustainable system. In this way, electricity production has been planned from hydroelectric generation due to the theoretical hydroelectric potential of the country with around 90,976 MW [37]. In fact, in the 2013–2018 period, 16 hydroelectric projects with 2877 MW of nominal capacity have been developed. Furthermore, it has been necessary to rehabilitate old power plants and, to a lesser extent, to build new energy-efficient TPPs that consume fossil fuels, since their contribution is essential to provide the necessary energy stability during periods of water scarcity.



According to the development of TPPs, only the “Machala Power” is an NGCC power plant [38]. The natural gas needed to operate this power plant is obtained from the “Amistad” field, also called “Bloque 6”, which is a natural gas field operated by Petroamazonas EP. It is located offshore in the Pacific Ocean in the Gulf of Guayaquil, 65 km from Puerto Bolivar in Ecuador, and approximately 72 km from the natural gas treatment plant in the Bajo Alto town, where seven gas wells are currently in production [39]. Throughout 2018, the production of free natural gas has remained constant at around 763 tonnes of oil equivalent per day (TOE/day) (33 million standard cubic feet per day) [18]. According to the latest studies, the proven reserves of natural gas in the “Amistad” field are around 40,000 kTOE (1.7 trillion cubic feet) [40,41].



Once it is determined that the reserves assessments are correct, the natural gas of the Amistad field would help to substitute the consumption of diesel, fuel oil, residue and crude oil for electricity generation, which currently corresponds to 1277 kTOE per year. Hence, Ecuador has enough natural gas reserves to give the necessary time for building the essential infrastructure to continue with the total conversion towards a fully sustainable power generation system. At this time, it is crucial to consider natural gas as a backup of renewable energy sources according to the national reserves and the high efficiency that can be reached through NGCC technology [32].





3. Methodology


The Long-range Energy Alternatives Planning (LEAP) system is an integrated software tool used to perform energy policy analysis, which is a widely-used for energy policy planning, climate change assessment, and cost analysis in a defined period. It is done by designing alternative scenarios, where each one has its specific information. All these characteristics allow developing a demand energy analysis based on demographic and macroeconomic data of the study area [42].



Accordingly, for the demand analysis of the total energy consumption is defined through Equation (1):


  E  C i  = ∑ A  L i   ( t )    ×   T  E i   ( t )  ,  



(1)




where EC represents the total energy consumption for a specific sector i, AL is the activity level in percentage (%) of the social or economic activity sector i for which energy is consumed in the time t in years, and TE is the annual total final consumption of energy in GWh of the sector i, in the time t in years. Then, the result of the total energy consumption of the country is obtained by adding up the results of each demand sector [43].



According to the analysis for atmospheric polluting, the used method for emissions is per consumed energy unit for each fuel source based on the Technology and Environmental Database (TED). TED includes polluting emission factors proposed by the Intergovernmental Panel on Climate Change (IPCC) [44], where the polluting emissions are classified by default in a hierarchical form according to the energy demand by sectors of a system [42]. The pollutant emissions were analyzed with Equation (2):


  P E = ∑ E  C  i j    ( t )  × E  F  j k    ( t )  ,  



(2)




where EC is the total energy consumption of the sector i under fuel type j, and EF is the emission factor of pollutant type k under fuel type j, in the time t in years [45].



3.1. Ecuador’s LEAP Model Framework


In the 2018–2040 study period, the LEAP software system was used to analyze the long-term electricity supply and demand forecast, and where the statistical data from 2017 was included as the baseline year into LEAP. Although, there are similar studies mainly related with the assessment of electricity supply and demand forecast such as (a) the case of Maharashtra (India) developed by Kale and Pohekar (2014); (b) Pakistan´s electricity sector studied by Hussain et al. (2018); (c) Bangladesh´s case studied by Mondal, Boie, and Denich (2010) [46]; and the study of Panama´s electricity sector analyzed by McPherson and Karney (2014); the current study presents a significant difference: to introduce a massive consumption of natural gas in S2 and S3 to progressively transform the current electricity power generation system into a sustainable power system.



The S2 and S3 scenarios would be composed mostly by hydroelectric, other renewables (wind, solar, biomass, biogas) and NGCC power plants, and simultaneously, the TPPs that consume oil products (diesel, fuel oil, residual oil, and crude oil) will be progressively closing.



Apart from the three alternative proposed scenarios to evaluate the future structure and behavior of the Ecuadorian power generation system, this work also includes a summary of emissions analysis in CO2 equivalent (CO2e) units through TED [42], and an analysis of the electricity production cost.



Additionally, relevant input data was included from two previously published studies as a part of the baseline year data for the analysis of the three alternative scenarios where (i) Ponce-Jara et al. (2018) made a complete review of the Ecuadorian electric sector between 2007 and 2017 and discussed the different energy policies and their impact on the economy of the country, and (ii) Pinzón (2018) studied the dynamics between energy consumption and economic growth [47], where Ecuador seeks to achieve sustainable development by analyzing energy consumption and economic growth based on demand and dependence on petroleum products and their subsidies.



On the other hand, historical and statistical data about the power generation system developed by public organizations of the national government was included regarding (a) population growth and gross domestic product per capita [24]; (b) the report of “Scenarios of energy prospects for Ecuador in 2050” [48]; (c) Annual and Multiannual Statistics of the Ecuadorian Electricity Sector 2017 [34]; (d) The National Energy Balance 2017 [20]; (e) the reports “Electrification Master Plan 2016–2025” and “National Energy Efficiency Plan 2016–2035” [49].



All input data used for designing the scenarios into the LEAP model is detailed in Section 3.2; this data will support the scenario design development until 2040. Thereby, Figure 1 shows the base of the power generation system framework of Ecuador´s LEAP model.




3.2. Base Values and Main Assumptions into the LEAP Model for Ecuador


The demand growth for each scenario is deliberately different attributed to the discrepancy of electricity consumption per capita in the last years. Thereby the S3 demand is higher than S2 demand, and the S2 demand is higher than the S1 demand. This decision will allow simulating different levels of demand to identify and evaluate the behavior of the future structure of the power generation system. Then, Table 5 shows the parameters, base values, and assumptions for 2017 (baseline year), which are the same for the three scenarios S1, S2, and S3, and Table 6 shows the summary of input data used in the LEAP model for the renewables, thermal, and NGCC power plants.




3.3. Scenario Design Description


The LEAP model for forecasting energy demand scenarios has no definite theory or criterion to determine the exact number of scenarios. Therefore, each scenario can represent logical forecasts of how a power generation system could develop over time according to their policies or as a combination between them [42].



Thus, in this research, the authors decided to formulate and analyze three alternative electricity demand scenarios. S1: Business As Usual; S2: Power Generation Master Plan; and S3: Sustainable Power Generation System.



Moreover, some parameters, considerations, and assumptions for S1, S2, and S3 are described in Table 7, showing the summary of six applied energy efficiency plans or programs in Ecuador´s scenarios in the LEAP model, and their particular conditions are shown in Table 8, respectively [55].



3.3.1. S1: Business as Usual


The design of this scenario is based on the behavior of the Ecuadorian electric sector during the last 11 years, which describes a trend that could be kept over the next years if no energy policy measures are introduced and only small changes of the system can happen. Additionally, the power generation plants that culminate their useful life will be replaced by power generation plants with the same technology, and the new power electricity demand will be covered mainly by hydroelectric and TPPs; while the new renewable and NGCC power plants will follow the trend of recent years.




3.3.2. S2: Power Generation Master Plan


Initially, this scenario considers the approved official proposal from CONELEC (2013c) and MEER (2017a), who developed the “Electrification Master Plan 2016–2025”. This study contemplates that new power generation plants will start operation in 2019, of which five are hydroelectric, and two are NGCC power plants. In 2020, 11 new power generation plants are planned to start operations of which eight are hydroelectric. In 2021, two NGCC power plants of 250 and 125 MW and, some TPPs are scheduled to start operation with 150 MW in the Guayas Province. In 2022, two hydroelectric power plants of 915 MW are scheduled to open, and other non-conventional renewable power generation projects of 200 MW in power.



Furthermore, the power of the TPPs remains constant between 2017 and 2040, and those power generation plants currently in operation that finish their operational cycle are replaced by electricity generations plants of the same type. It is considered that the TPPs will cover the generation deficiencies when the hydroelectric, other renewables, and NGCC power plants cannot start operations attributed to any circumstance.



Additionally, the current TPPs with obsolete technologies that consume petroleum fuels are replaced by NGCC power plants to cover the new electricity demand (see Table 6, about Merit Order Dispatch for S2).



Finally, the “Santiago” hydroelectric project of 3600 MW is included in 2030 [60], which is currently at the stage of final studies for final construction.




3.3.3. S3: Sustainable Power Generation System


In this scenario, the most relevant decisions have been taken to refurbish the current power generation system that consumes petroleum fuels by a sustainable system composed by hydroelectric, renewables, and NGCC power plants. Similar to S2, energy policy decisions are included regarding the execution of “Electrification Master Plan 2016–2025” [30]. Additionally, the “Santiago” hydroelectric project is considered to start in 2025 [60].



Furthermore, the TPPs currently in operation continue their useful life until the final closure, and no new TPPs will be installed because NGCC power plants will replace them. Additionally, replacement measures are applied to TPPs with obsolete technologies that consume petroleum fuels by NGCC power plants to supply the current and future power demand. The new hydroelectric, renewable, and NGCC power plants will open to cover the 100% of the total electricity demand, and in this way to convert the power generation system in a sustainable system until 2040, considering Ecuador´s Electric Law that puts emphasis on the promotion of renewable energy sources for electricity generation [15].






4. Results and Discussion


4.1. Forecast of the Total Net Electricity Demand


The total net electricity demand is defined by the total gross electricity generation less the electricity absorbed by the self-consumption in auxiliary systems, and the losses in transmission and distribution systems. Thus, the forecast for the total net demand in the three scenarios shows significant differences. It was divided into six different sectors for scenarios S1, S2, and S3. Figure 2 shows the total net electricity demand for the three scenarios S1, S2, and S3. S1 net electricity demand increased by 121.97%, from 20,204 GWh in 2017 to 44,847 GWh in 2040. In the case of S2, there is an increase of 220.37%, which reaches 64,728 GWh in 2040. S3 shows the most significant growth increasing 256.63%, going from 20,204 GWh in 2017 to 72,053 GWh in 2040.



On the other hand, the most significant electricity demand in the three scenarios is the residential sector, followed by the industrial, and then by the commercial and public service sectors (see Supplementary Information for electricity demand by sector in Figures SI1, SI2, and SI3). Moreover, in S1 the percentage trend in the electricity demand of the transport sector is practically maintained because there are no significant changes in the structure of the new demand. Only in S2 and S3 are important changes observed in that sector, from 0.05% in 2017 to 6.55% and 6.10% of the net demand in 2040, respectively.



Finally, on one hand, scenarios S2 and S3 show significant values of electricity demand for the transport sector since 2020. This condition is mainly due to the income of the electric vehicles fleet, but also to the massive passenger transport (The Quito Metro and Cuenca tram), and the freight train between Quito and Guayaquil. On the other hand, in S1 the growth trend of electricity demand is minimal.




4.2. Forecast of the Total Installed Capacity


In the case of the total installed capacity in the 2017–2040 period, Figure 3 shows that for S1 it increases 94.06%, from 8036 to 15,595 MW, for S2 it increases 196.68%, reaching 23,841 MW, and as a result of the highest demand growth, S3 total installed capacity increases 221.27% reaching 25,817 MW, respectively. Thus, S3 installed capacity has tripled in 22 years. Therefore, S3 would be an ideal alternative scenario considering the power generation system sources, because it has a large installed capacity formed by sustainable sources to cover all the demand, sharing the generation quota with hydroelectric, NGCC, and other renewable power plants (see Figure 4). Simultaneously, it has a direct connection with the electricity generation structure shown in Figure 6.



One of the most relevant findings was that the installed capacity of renewable energies (wind, solar, biogas, and bagasse) do not become reliable support for hydroelectric and NGCC power plants in any of the three scenarios due to the current capital cost and O&M cost (see Figure 4 and Supplementary Material, Figures SI4 and SI5). The whole power generation system is supported mainly by the water resources, and due to the estimated natural gas reserves of the country.




4.3. Forecast of the Total Gross Electricity Generation


The result of the electricity generation by type of sources for S1 estimates an increase of 123.10% between 2018 to 2040, from 28,033 GWh to 62,541 GWh (see Figure 5). Then, the GEG growth in S2 is even more noteworthy (216.05%), which reaches 88,599 GWh. In this scenario, the hydroelectric and NGCC power plants would cover nearly all electricity demand. Thus, the TPPs will operate only in the case when cleaner generation power plants could not do it.



Then, in S3 the electricity generation growth would be the highest reaching 97,968 GWh, which means 249.47% more than the base year. Interestingly, the most significant result appears in 2037 onwards, where only in S3 the 100% of the total electricity generation will be covered by hydroelectric, NGCC, and other renewable power plants. Therefore, in this way, the consumption of petroleum fuels is removed, as shown in Figure 6.



Additionally, it is remarkable that the hydroelectric power plants take advantage of the abundant potential water resources available in the country. This condition gives the possibility to continue building hydroelectric power plants in “cascade”, i.e., one power plant next to another in order to use of the same reservoir water for more than one hydroelectric power plant as it happens in “Paute Integral Complex” [61]. Finally, the NGCC power plants penetrate in S2 and S3 as reliable support for the hydroelectric power plants to cover the most electricity demand, converting the current power system into a sustainable system.




4.4. Forecast of Electricity Production Cost


The average electricity production cost in S1 is higher than the S2 and S3 scenarios during the total analysis period, showing the highest average value of 21.73 (USD/MWh) in 2030. Closer inspection of Figure 7 shows that for S1 the average value of the electricity production cost is 19.52 (USD/MWh), for S2 is 17.48 (USD/MWh), and for S3 is 17.78 (USD/MWh).



The results estimate that the average electricity production cost for S2 and S3 is 11.67% and 9.78% less than S1, respectively, and this is a consequence of the substitution of petroleum fuels by natural gas. Significant differences there were not found between renewable sources of the average electricity production cost, where it nearly is the same for the three scenarios due to the installed capacity growth of this type of sources.




4.5. Forecast of Fuel Consumption


The ratio between the total fuel consumption of the power generation plants and the electricity generation for the three scenarios in the period 2018 to 2040 is shown in Figure 8. The analysis shows that the ratio is reduced from 300 TOE/GWh in S1 to 244 TOE/GWh in S3.



Hence, this effect contributes and supports the decision to transform the structure of the current power generation system and convert it in a sustainable system where the saving of petroleum fuels for electricity generation is proven due to the progressive closure of TPPs.



The ratios at the end of the analysis period of S2 and S3 compared with S1 are 16.93% and 21.72% less respectively, and it is supported in large proportion by the consumption of biogas, bagasse, and natural gas.



Figure 9 shows the fuel consumption forecasts for electricity generation for the three scenarios until 2040, and where the estimated reduction of petroleum fuel consumption in TPPs is proven.



In S3 the total consumption increases in 313.02%, that represents 6.41% less than S2. Then, the fuel demand will be covered mostly by natural gas with the 83.40% and bagasse with the 15.29% in 2040 (see Figure 10). Thus, the matrix of petroleum fuel consumption changes significantly between 2018 and 2040.



The total fuel consumption in S1 for electricity generation increases 241.04% from 2017 to 2040. In kTOE units, the natural gas goes from 524 to 2870 (+447.71%), diesel from 358 to 522 (+45.81%), residual fuel oil from 574 to 814 (+41.81%), crude oil from 343 to 1041 (+203.49%), bagasse from 304 to 1732 (+469.74%), propane from 16 to 55 (+243.75%), and biogas from 9 to 79 (+777.78%).



For S2, the total amount increases by 319.43%. The consumption in terms of kTOE of diesel goes from 358 to 305 −17.38%), residual fuel oil from 574 to 508 (−12.99%), crude oil from 343 to 421 (+22.74%), bagasse from 304 to 1417 (+366.12%), propane from 16 to 44 (+175%), biogas from 9 to 74 (+722.22%), and the natural gas increased significantly, where it goes from 524 to 6151 (+1073.85%), that represents 24.64% in 2017 to 68.95% in 2040 of the total fuel consumption.



For S3, the fuel consumption of different energy sources in kTOE, the natural gas goes from 524 to 7327 (+1298.28%), bagasse from 304 to 1343 (+341.78%), biogas from 9 to 70 (+677.78%) and propane from 16 to 46 (187.5%). Next, the fuel consumption of diesel reduces from 358 to 0 (−100%), residual fuel oil from 574 to 0 (−100%), crude oil from 438 to 0 (−100%) and propane from 22 to 0 (−100%) in 2037 (see Figure 10). Thus, there is a clear trend of decreasing the consumption of diesel oil, residual fuel oil, and crude oil for electricity generation.



Finally, the trend in fuel consumption in S1 is noticeably higher compared with scenarios S2 and S3, wherein for S3 the results show that petroleum fuel consumption is scarce during the final study period (2037–2040), caused by the replacement and consumption of natural gas in the scenarios of higher demand. These results show that one of the key aims of this study is reached and justified.




4.6. Forecast of CO2e Emissions


Another critical aspect that was analyzed is the one related to the main pollutant atmospheric gases represented by CO2 equivalent (CO2e) emissions, which are the cause of global warming and climate change. In this way, Figure 11 shows the ratio between CO2e emissions and the forecast of electricity generation for the three scenarios.



This analysis estimates that the ratio is reduced from 0.25 in S1 to 0.21 in S2 and 0.18 in S3, reducing the emission in S2 and S3 around 6.23 and 37.69 million metric tonnes CO2e respectively, compared with S1 until 2040.



The results of this study show that in S2, the CO2e emissions practically remain constant in the study period, and no significant changes can be observed. The most outstanding finding from the analysis is that the emission reduction is around 39% for S3 by 2040, this is a consequence of the applied energy policies in the model, thereby another vital aim is achieved contributing to the country’s sustainable development goals.





5. Conclusions


A detailed study of the Ecuadorian power generation system was used as a baseline to propose three different future energy scenarios based on realistic economic and political decisions. The three scenarios would cover the total electricity demand of the country. In S2 (Power Generation Master Plan), and S3 (Sustainable Power Generation System) scenarios, the total electricity demand would be mainly covered by natural gas combined-cycle (NGCC) and hydroelectric power plants, unlike the S1 scenario (Business As Usual), which remains operating with thermal power plants and continues to have a significant dependence on the consumption of petroleum products that the country imports (mainly diesel oil). Additionally, these petroleum products have unstable prices attributed to the oil price fluctuations.



In S2 and S3, the thermal power plants would operate in short periods only when the NGCC and hydroelectric power plants could not cover the electricity demand, either by meteorological circumstances or due to maintenance operations. Thus, in S3, this situation would cause to reach minimum consumption levels of crude oil, residual fuel oil, and diesel oil. The expectations are that these levels would be progressively reduced from 2026 to 2036, reaching zero consumption in 2037. In conclusion, the S3 would be the most efficient and sustainable scenario.



Additionally, the forecasted growth of solar and wind energy power plants is modest throughout the study period due to energy policy decisions that have been made in recent years. This trend is expected to continue even when these technologies become more cost-competitive over time. This situation is partly caused by the theoretical hydroelectric potential of Ecuador of 90,976 MW. Consequently, it is still technically and economically viable to increase the use of this energy. However, it is also imperative to have relevant technical information to foresee critical events such as the “El Niño” phenomenon or climate change effects that could cause critical negative consequences in the system.



According to the results found for S2 and S3, the state should promote public and private investment because it is necessary to transform and expand the power generation system in a country with steadily growing energy consumption.



Additionally, environmental benefits (reduction of greenhouse gas emissions and improve air quality) and economic profits (lower imports and higher self-production) can be achieved through the correct technical and political decisions. Hence, the proposed model can act as a planning tool to make decisions related to the upgrade and construction of new power generation system infrastructures.



This study placed in Ecuador provides a LEAP model useful to analyze other regions, especially developing countries or cities that share similar characteristics such as some from Latin America.
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Figure 1. Electricity generation module framework for Ecuador in the Long-range Energy Alternatives Planning (LEAP) model. 
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Figure 2. Total net electricity demand in the three scenarios from 2018 to 2040. 
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Figure 3. Total installed power capacity in the three scenarios from 2018 to 2040. 
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Figure 4. Installed power capacity by sources in the S3 scenario from 2018 to 2040. 
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Figure 5. Electricity generation by sources in the three scenarios from 2018 to 2040 (see complete data in Figures SI6 and SI7 of the Supplementary Material and Figure 10). 
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Figure 6. Electricity generation by sources in the S3 scenario from 2018 to 2040. 






Figure 6. Electricity generation by sources in the S3 scenario from 2018 to 2040.



[image: Sustainability 11 05316 g006]







[image: Sustainability 11 05316 g007 550] 





Figure 7. Average electricity production cost in the S1, S2, and S3 scenarios from 2018 to 2040. 
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Figure 8. Ratio between fuel consumption and electricity generation from 2018 to 2040. 
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Figure 9. Total fuel consumption for electricity generation in the three scenarios from 2018 to 2040 (see complete data in Figures SI8 and SI9 of the Supplementary Material and Figure 10). 
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Figure 10. Total fuel consumption in the S3 scenario for electricity generation from 2018 to 2040. 
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Figure 11. Ratio between CO2e emissions and electricity generation from 2018 to 2040. 
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Table 1. Nominal power for electricity generation by type of sources in 2017 (MW) [34].
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Type of Company

	
Renewables

	
Non-Renewables

	
Total




	
Hydroelectric

	
Wind

	
Biomass

	
Solar

	
Biogas

	
Thermal




	
Turbovapor

	
Photovoltaic

	
ICE

	
ICE

	
Turbogas

	
Turbovapor






	
Generator

	
4193.27

	
16.50

	
-

	
24.46

	
7.26

	
814.53

	
612.53

	
411.50

	
6080.05




	
Distributor

	
142.16

	
4.65

	
-

	
2.02

	
-

	
59.06

	
208.07

	
34.74

	
450.69




	
Self-generator

	
180.53

	
-

	
144.30

	
-

	
-

	
1063.90

	
101.25

	
15.63

	
1505.60




	
Total Nominal

	
4515.96

	
21.15

	
144.30

	
26.48

	
7.26

	
1937.48

	
921.85

	
461.87

	
8036.34
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Table 2. Electricity production by sources in 2017 (GWh) [34].
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Type of Company

	
Type of Sources




	
Hydroelectric

	
Wind

	
Biomass

	
Solar

	
Biogas

	
Thermal

	
TOTAL






	
Generator

	
18,380.96

	
67.19

	
0.00

	
34.24

	
27.82

	
3674.71

	
22,184.93




	
Distributor

	
625.98

	
6.21

	
0.00

	
3.24

	
0.00

	
70.27

	
705.69




	
Self-generator

	
1081.67

	
0.00

	
430.85

	
0.00

	
0.00

	
3629.76

	
5142.28




	
Total

	
20,088.61

	
73.40

	
430.85

	
37.48

	
27.82

	
7374.74

	
28,032.9
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Table 3. Total fuel consumption for electricity generation in 2017 (kTOE) [34].
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	Type of Company
	Fuel Oil
	Diesel
	Natural Gas
	Oil Residue
	Crude Oil
	Propane (LPG)
	Bagasse
	Biogas
	Total





	Generators
	450.71
	56.33
	313.04
	59.73
	-
	-
	-
	8.98
	888.79



	Distributors
	12.04
	6.11
	-
	-
	-
	-
	-
	-
	18.15



	Self-generators
	17.14
	295.35
	211.22
	34.16
	345.07
	15.69
	303.67
	-
	1222.30



	Total
	479.89
	357.79
	524.26
	93.89
	345.07
	15.69
	303.67
	8.98
	2129.24
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Table 4. Total electricity demand for public service by sectors in 2007–2017 (GWh) [36].
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	SECTOR
	2007
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017





	Residential
	4095.19
	4384.86
	4672.28
	5114.18
	5350.95
	5628.67
	5881.39
	6364
	6927.71
	7104.85
	7297.97



	Commercial
	2204.74
	2367.52
	2527.84
	2672.01
	2955.49
	3209.14
	3485.54
	3785.72
	3981.06
	3838.26
	3843.88



	Industrial
	1782.05
	2063.69
	3675.6
	4110.2
	4480.5
	4685.93
	4684.27
	4974.56
	4972.67
	4778.08
	5699.62



	Public
	765.46
	806.4
	819.57
	812.03
	882.97
	913.08
	963.73
	1023.34
	1081.32
	1127.1
	1213.75



	Others **
	2092.58
	2379.34
	1516.25
	1368.19
	1578.89
	1738.07
	2057.56
	1835.26
	2043.15
	2019.1
	2149.01



	Total
	10,940 *
	12,002 *
	13,212
	14,077
	15,249
	16,175
	17,072
	17,983
	19,006
	18,867
	20,204







* Energy was delivered to large consumers in sub-transmission: 397.81 GWh in 2007 and 264.70 GWh in 2008. ** Unusual subscribers, social assistance, water pumping, official entities, sports venues, and electric vehicles.
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