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Abstract

:

Nowadays, establishing clean energy sources is an undeniable need for all territories to reconcile energy and competitiveness objectives with those of security and sustainability. This article shows the main advantages of implementing clean energy sources in the long-term Chilean electrical network. The clean energy considered in this work is based on Renewable Energy (Conventional and Non-Conventional) with the backup of gas or nuclear. Thus, four scenarios are proposed and were simulated for the year 2050, the year assumed for the decommissioning of all coal plants in the country. These scenarios contemplate a high or low penetration of Renewable Energy. Additionally, a reference and realistic scenario for the year 2018 has also been considered to compare to the clean scenarios proposed. The results obtained coincide with the goals of reducing environmental impacts such as global warming emissions and fossil fuel dependence. However, the backup that was chosen for supporting the intermittence of renewable energy may have an important role in the main system considering the expected growth of energy demands in the near future.
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1. Introduction


For a long time, energy has played an important role in industry and the economy. Furthermore, electric power is becoming an increasingly essential part of the whole energy. Currently, about 40% of the world’s commercially sold energy has been converted to electric power, and this proportion is increasing [1]. This increase in the demand and consumption of energy and the difficulties that exist to satisfy this demand with clean and reliable energy sources foreshadow a scenario of a global energy crisis. It is important to mention that the clean energy future, or the changing of the energy scenario to tackle global warming, is a compromise that was assumed by the Chilean Government, which is reflected in that Chile will be the host and organizer of the 25th session of the Conference of the Parties (COP25) [2]. Here, the main goal of the country is to get rid of coal and to become carbon neutral by 2050, producing at least 70% clean electric energy by means of Renewable Energy (RE). This was proposed in the recent national plan “Energy Policy 2050” [3] and was confirmed in the “2018–2022 Energy Roadmap” [4]. Furthermore, from an economic point of view, the scope of the national plan has also been to be between the three OECD countries with the lowest electricity generation cost. Nowadays, Chile is in the middle according to global petrol prices [5].



This path also implies that we should leave behind the country’s heavy and external dependence on fossil fuels. In fact, according to the Chilean Energy National Commission [6], in the national energy balance flows of 2017, around 62% of the total energy consumed in the country was imported (28% oil, 22% coal, and 12% gas). From these imports, around 50% (22% coal and 8% gas) was intended to produce electricity. Consequently, the use of clean energy can lead to reduced imports of fossil fuels, which may lead to a significant saving for the country.



Additionally, governments regulate the environmental impact of electric power and specifically the Greenhouses Gases emissions (GWE). Particularly, the Chilean GWE are low at the worldwide level; indeed, according the Emission Database for Global Atmospheric Research (EDGAR) [7], it represented only 0.25% of what the total world released in 2017. However, it is very vulnerable to climate change. This country complies with seven of the nine vulnerability conditions, which places the country among the 10 nations most affected by this phenomenon, according to the Global Climate Risk Index 2014 report [8]. Figure 1 shows that the country’s emissions have been scaling up to reach 3.5 times the level of 1970, which is the opposite to many developed countries that are members of the OECD or Europe, of which is even slightly reducing its emissions (yellow line). This rise is mainly due to the increase of emissions of the electric power generation industry, which represented around 40% of emissions in 2017, and the increase of the transport industry, which contributed 30% of the emissions. This is shown in Figure 2 in the blue and grey areas, respectively. Furthermore, since the transport sector is one of the government targets to become electrified by 2050 (40% for private and 100% for public transport) [9], it is estimated that the electricity needed would be around three times the production of 2018 [10]. Therefore, the reduction of both the electric and transport industry emissions can be considered as the key for a clean future.




2. Background


Although clean energies, such as wind, solar, biomass, and geothermal power, are still considered as Non-Conventional Renewable Energy (NCRE) sources, they are showing that they will be part of the conventional sources, therefore the scenario for a low carbon energy system in Chile looks promising in the short/medium term. According to several studies [11,12,13], the solar power potential in the north could supply most of the demand for several decades and in the south, wind and marine current power energy may also be auspicious. In fact, many companies are investing in these technologies with sight of the “sustainable” tag for their products, taking advantage of the well-known decreased investment cost [14,15]. Further, Chilean laws are also helping to deploy them and new grids are being created or interconnected for avoiding energy loses to take the most from renewables [16]. These facts, among others, are pushing for a significant increase of the installed capacity of these types of sources that have been contributing over the last 10 years around the world, such as Figure 3; Figure 4 show for solar and wind, respectively [17,18]. However, an overestimated electric system is a sustainability problem. In fact, countries with larger capacities than requirements tend to lose resources, especially when solar and wind have a big weight in the system without storage capacity [19]. When weather conditions are good enough, the electric output may exceed the demand, creating conditions for selling the electricity at zero or negative prices during a number of hours [20,21]. In deregulate markets, this problem can be considered a financial and operational disadvantage, reducing the interest for investment in these technologies.



Additionally, there is an economic issue to solve before getting rid of fossil fuel by using NCRE. Although a range of studies differ about the dichotomy between a low carbon energy mix and low generation cost, they have been based, mainly, on data taken from the immaturity of wind and solar. In fact, the path to reducing fossil fuels dependence in the past has required the development of strategies that included technologies that lacked reliability or, from an economic point of view, were not competitive as they are nowadays [13]. Therefore, further researches are needed to understand the role of new energy sources, technologies on generation costs, and the reliability of the system. Additionally, the role that will play baseload NCREs, such as geothermal and biomass, need to also be studied [22], although the potential of these sources seems to be low and well understood [10].



Another issue has to be taken into account before the further deployment of the new energy sources. Despite huge investments in renewables, many developed countries are only reducing their direct global warming gases (GWG) baseload electricity emissions by replacing coal with gas, which is the “natural” backup for intermittent sources such as wind and solar power, in cases where no storage capacity is available (dams, batteries, fuel cells, etc.). However, although its contribution to GWG is roughly half that of the coal [23], studies show that leaking problems can lead to discharge that is similar to more GWG than coal [24,25,26]. Other countries that have strongly opted for NCRE, like Germany, Denmark, and the US, are still using coal as a baseload source. In fact, Germany is a case that summarizes the complex scenario that Chile could face. In fact, during the spring of 2017, 40% of Germany’s electricity was provided by coal, despite the 45% installed capacity of wind and solar (90 GW) [27].



To solve the intrinsic dependence that renewable energy without storage has on fossil fuels, new nuclear power plants are expected to be deployed in the next decades which are known as Small Modular Reactors, or also Small and Medium Reactors (SMR), belonging to the Generation IV of this technology [28,29]. The advantages of these new reactors, besides their inherently safe designs, are their capacity of load following [30] and fast and modular construction [31], which is very important when they are part of a mix like the one proposed by Chile. However, although there is no plan to build them in the short–medium term in Chile, its deployment is not restricted and further studies will be needed for the country, most of which will be led by the Chilean Nuclear Energy Commission. It has to be mentioned here that since this source emits very little GWG, it is considered a clean energy source [3]. So, that SMR option will also be included to complete different scenarios that can possibly be deployed by the 2050 horizon.



Regarding the Chilean electricity system, the Chilean Energy National Commission of the Ministry of Energy provides valuable data for seeing the context of the current electric mix production [32]. As Figure 5 shows, before this century, hydropower was the main clean energy source; however, it is clear that fossil fuels sources (all presented in grey) have been increasing their contributions along the time to the detriment of hydropower, generating 55% of the electricity in 2018 (with a peak of 67% in the year 2013). Fortunately, the eruption of clean energy sources, such as solar, wind, and biomass, has broken that tendency and they contributed 15% during 2018, although this mix share is not enough to reduce the GWE emissions, which are still increasing (see the blue area in Figure 2). In summary, the information presented in these figures represents the first problem to solve. On one hand, the growth rate of clean energy that is required to compensate for the increase of the electric demand and, on the other hand, the required decommissioning rate of fossil fuels plants to accomplish the environmental goals maintaining the resilience of the system.



Although the deployment of the NCRE in Chile is just starting, the targets of reaching high levels of penetration of these technologies are not well known. However, international experience (see Figure 3 and Figure 4) shows that the evolution of solar and wind electricity contribution to the total electricity generated undergo similar behaviors. There is a fast exponential increase in many cases and a plateau effect after a few years running. Therefore, according to the data presented for both solar and wind, deployment may not be fast enough to reach the 2050 target. This statement could also be intensified when considering the constant decreasing of the hydropower. As stated previously, hydropower has been a clean energy source in Chile. However, despite the constant increase of its installed capacity, as Figure 6shows with the blue line and Figure 7 shows with the dashed blue line (plotted against the left axis), hydropower generation shows a decreasing trend. This decrease is mainly because its contribution cannot compensate for the increase of the electric demand, which is shown by the red line (plotted against the right axis). Additionally, its behavior is highly dependent on the season. In fact, it is possible to see that hydropower production can drop more than 50% between summer and winter. Nevertheless, both solar and wind, despite their exponential commissioning (yellow line), are slightly backing up the constant decrease of clean energy, gathered in the green line.



It should be noted that Chile, due to its geographical characteristics, has the possibility of generating electricity from all existing renewable sources. On the other hand, this study is the first one that includes renewable mixes along with advanced nuclear technology on a national level. Therefore, this study could be the starting point for further studies related to eradicate fossil fuel from the electrical network and the energy mix. Furthermore, the main goal of the study is to analyze different clean scenarios of the Chilean electrical network by 2050, identifying, analyzing, and quantifying the environmental impact of electricity generation, such as global warming impacts, land use, fossil fuels dependency, and others factors. Additionally, a reference case based on the year 2018 will also be studied to compare the main advantages when applying clean strategies of production.




3. Materials and Methods


All data collected regarding national electricity production comes from the Chilean Energy Commission and its related databases [32]. Thus, the scenarios proposed have taken into account the evolution of electricity and the growing estimations of the Electric network coordinator [16].



The main portion of the study was prepared according to the analysis of the electric generation technologies applying the methodology of Life Cycle Assessment (LCA). The LCA technique is commonly used to analyze the environmental cost and benefits of climate-mitigation options in electricity generation [33]. LCA is a systemic methodology with the main goal of quantifying the potential environmental, described in ISO 14040 [34] and 14044 [35], and expressing the results for 1 kWhe.



To summarize, the LCA consists of four stages [36]:




	
Defining the purpose and scope—at this stage, the functional unit, the boundaries of the system, and the basic assumptions of the analysis were established.



	
Life Cycle Inventory (LCI)—included inventory of all the data necessary for the LCA analysis.



	
The Life Cycle Impact Assessment (LCIA)—consisted of the calculation of the environmental impact category.



	
Interpretation of the results.








To perform the LCA analyses, the software SIMAPRO 8 [37] was used. This software was developed by PréConsultants for the Life Cycle Analysis (LCA) to analyze and compare the environmental aspects of a product in a systematic and consistent way, following the recommendations of the ISO 14040/44 standards. SIMAPRO has been run along with ECOINVENT 3, which is a database of consistent and transparent up-to-date Life Cycle Inventory (LCI) [38,39,40]. The Tool for the Reduction and Assessment of Chemical and other Environmental Impacts (TRACI) was used as an environmental impact assessment method. TRACI is a midpoint oriented life cycle impact assessment methodology. It includes classification, characterization, and normalization [41,42].



The function performed by the studied electrical network consists of supplying electricity to the country through the generation of electricity produced by different technologies and sources taking into account the reach of the cradle-to-grave.



For the installed capacity and the use of land impacts, most of the load factor parameters of the energy sources were taken from the Chilean Energy Commission database (due to the particular Chilean conditions) as an average of 5 years of history and calculated as the energy produced divided into the installed power. These values are summarized in Table 1(in parenthesis, those which are not available in the current Chilean mix and taken from the US Energy Information Administration [43] for fully operational Gas, Nuclear, and Geothermal plants). Note that for gas, two values are available: 29%, which is the current load factor in Chile, and 54%, the one that will be used for the proposed scenarios. Additionally, Table 1 shows the use of land per energy source taken from [44], which approximates the land used during resource production, by energy plants, for transport and transmission, and to store waste materials. Only the greatest contributors are taken into account here. This way, hydropower run-on-the-river (ROR), Geothermal, and Biomass are excluded. Note that the Biomass for the Chilean case comes from the forestry industry waste production and no biomass crops are foreseen to be used in the future for electricity generation.



Scenarios Definition


Five scenarios have been proposed to be studied. SC-1 is the reference scenario, which considers a total electricity production of 75 TWh for the year 2018 and it is based on the current Chilean network mix. The next four are proposed for the year 2050 based on the renewable energy potential [11,12,13]. These scenarios reach a total electricity generated up to 225 TWh due mainly to the increases of the electricity demand (three times the current one [16]). SC-2 and SC-3 are based on the National Electrical Coordinator projections [16] and SC-4 and SC-5 are based on tentative projections of the authors, considering historical Chilean and international trends for clean energies [17,18,32].



Table 2 shows a brief description of the scenarios, meanwhile the electrical contribution of each one is shown in Table 3. No scenario considers backup storage directly, such as batteries or pumped storage power plants. However, they can be assumed implicitly in the calculations, since these options would have a very small role in the mix.





4. Results and Discussion


Although the scenarios simulated are, in fact, a simplification of the reality, the current scenario (SC-1) is consistent with other more detailed LCA studies [45,46]. Therefore, it can be assumed that the clean scenarios proposed can be compared to the reality.



As a summary, Table 4 shows the main eco-indicators to show the reduction (or increase) of the indicators per scenario. Each scenario has been compared in percentages to the reference scenario (SC-1). For eco-indicators of human health (carcinogenic, non-carcinogenic, and respiratory effects), clean scenarios are very promising. The maximum impacts of eco-indicators: carcinogenic, non-carcinogenic, and respiratory are 2%, 7.7%, and 0.5%, respectively. These scenarios could lead to a significant reduction of premature deaths and a saving in medical treatments. In addition, the impact of ecotoxicity and eutrophication is drastically reduced in clean scenarios. The reduction of the ecotoxity implies a pollution reduction that affects organisms and their ecosystems. In eutrophication, the mass of Neq is less than 1% with respect to SC-1. This decrease in impact is due to the fact that new scenarios do not consider the use of coal in the generation of energy. Therefore, there are no emissions of NOx and SOx, which react in the atmosphere, producing acid rain, bringing nutrients to masses of water. So, smog and acidification eco-indicators are between 0.9% and 15.6%. Smog refers to ozone which is formed due to the interaction of volatile organic compounds and oxides of nitrogen in the presence of sunlight [47]. Ozone is located in the upper atmosphere and at the ground level of the earth, which has severe effects on sensitivity vegetation and ecosystems, including forests, wildlife, trees, and plants as well as causing human health effects such as skin cancer, cataracts, and serious breathing problem [41,48]. Therefore, a reduction in smog carries a great benefit for the ecosystem and human health. Acidification exceeds 8% in scenarios that consider the use of gas. This is an environmental problem caused by acidified rivers/streams and soil due to anthropogenic air pollutants such as SO2, NH3, and NOx [49,50,51]. Therefore, the decrease in the impact of acidification reduces the mobilization and leaching behavior of heavy metals in soil and exerts adverse impacts on aquatic and terrestrial animals and plants by disturbing the food web. The eco-indicator ozone depletion (ODP) is the relative amount of degradation to the ozone layer caused by trichlorofluoromethane (CCl3F or R-11 or CFC-11) being fixed at an ODP of 1.0. This eco-indicator duplicates its impact in scenarios that consider the use of nuclear energy, since this technology uses refrigerants in its process. However, SC-1 emits just 1 Mg CFC-11 eq, so double is still a negligible amount (global emission de CFC-11 eq = 60 Gg/year [52]). Furthermore, it should be noted that the impact of fuel consumption is assessed on the basis of an increase in the cost of acquiring energy resources in the future as a result of their reduced quality. SC-3 has a minimum resource depletion because this scenario does not consider the use of gas and coal, but nevertheless, biomass is considered. Finally, one of the most important tools nowadays is the Global Warming indicator. This eco-indicator refers to greenhouse gas emissions and expresses the radiative forcing of greenhouse gas emissions, expressed in kilograms of CO2 equivalent [23]. Again, the SC-3 delivers promising results, since its contribution to global warming is almost nil. For all of the above, SC-3 is the scenario that allows the cleanest generation of energy.



To go further with the impacts, three items will be addressed in order to clarify the effects of having clean energy electric systems. The first one is regarding global warming gases, the second is related to fossil fuel dependence, and the final one examines the impacts on the installed capacity and, consequently, the use of land required to deploy the scenarios.



4.1. Global Warming Gases


The main goal of the study is to estimate the reduction of the GWG emissions for the four different mix options proposed as clean solutions by 2050. Such as Figure 8 summarizes, the new scenarios drastically reduce the GWG emissions per unit of electricity compared to the reference (SC-1), which emits around 500 g for every kW produced and is in line with other studies [45,46]. This amount comes mainly from the burning of coal, around 83%, followed by gas and oil, which contribute around 15% and 3%, respectively, according to the LCA analysis for the scenario. For this case, the production and transport of these are only small fractions of the GWG releases.



Continuing with Figure 8, both SC-2 and SC-5 reduce the emission up to one fifth, despite that they are different approaches to solving the emissions problem. On the other hand, the worst case of the clean scenarios would be SC-4 (when a low deployment of renewable energy is predicted and gas is the main source of energy). Here, the emissions were halved compared to the reference case (SC-1). Finally, the best case, or cleanest solution, is represented in SC-3, when using a fraction of nuclear energy in a high penetration of renewable energy. Here, emissions are negligible due to the phasing-out of fossil fuels (coal and gas) for electricity generation.



However, the reduction of the GWG emission per unit of energy is a parameter that can be misleading. Although all the scenarios substantially reduce the current emissions (as Figure 8 exposes), the reduction of the total emissions required to be carbon neutral could not be achieved when the energy demand increases. Thus, the values from Figure 8. have been multiplied by the total electricity generated by 2050 (225 TWh), which obtained the total emissions by scenario, which can be seen in Figure 9. It can be seen that the SC-4 emissions are about 30% higher than the current total emissions in 2018 (the dashed black line). The cause is the intensive use of natural gas, which represents 99% of the emissions, according to the LCA analysis. On the other side, SC-2 and SC-5 can, in fact, lead to reaching the main goal of being carbon neutral if the forestry industry size continues the same way [53,54]. On the contrary, when phasing out fossil fuels by means of RE and nuclear (SC-3), Chile could obtain a carbon negative system.



Therefore, the four new electrical networks simulated accomplish the objectives of reducing Global Warming Gases per unit of energy produced; however, when assuming a goal of reduction of the total releases, the fourth scenario (SC-4) (Low penetration of clean sources and 50% gas) may be 40% higher than the amount produced by the current mix in the year 2018 (SC-1). This problem can be solved if 25% of gas is replaced by nuclear (SC-5). In this case, the emissions will be around 25 Mt, which is around 30% of the total Chilean GHG emissions in 2018, and the country may be considered as carbon neutral if the current forestry is maintained.



More promising are those cases of high penetration of Renewable Energy, SC-2 and SC-3. On one hand, when using gas as a backup, greenhouse emissions can be reduced up to 24 Mt of CO2. Here, the scenario could be carbon neutral, the same way as in the previous SC-5. On the other hand, when using 25% of electricity from nuclear instead of gas (SC-3), the emissions are insignificant and the scenario becomes carbon negative due to current forestry. Additionally, this scenario could be helpful in contributing to the eradication of the fossil fuel dependence of the electrical network.




4.2. Fossil Fuel Dependence


It was mentioned before that Chile has a strong dependence on fossil fuels. Indeed, nowadays, more than 60% of the primary energy comes from overseas, where 50% of that is destined to produce electricity. A relevant result that directly shows how fossil fuel dependence can be reduced is the Cumulative Energy Demand [55] given by SIMAPRO. However, although in the study the reduction of fossil fuels in the total energy mix has not been considered, there is a good understanding of how clean electric networks reduce their imports. According to this, Table 5 shows the energy required to generate 1 kWh of electricity by scenario. In fact, clean scenarios significantly reduce the fossil fuel dependency of the reference scenario. The worst case is when using 50% gas (SC-4), in 40% and both SC-2 and SC-5 of around 65%. The relevant case is SC-3, as it has obvious results when no fossil fuels are foreseen to be directly used in the electricity production; here, the reduction is 95%.



In global terms, according to the Energy National Commission data [32], the total energy required for Chile was around 325,000 Tcal for the year 2017, which is equivalent to 32.5 MTOE (Mega tons of oil equivalent). From that energy, around 17.3 MTOE were destined for the electricity produced that year (74 TWh). Assuming that the scenario has not appreciably changed for the year 2018, the energy expected for year 2018 would be around 17.5 MTOE to produce the 75 TWh. This means that by 2050, the energy required to produce the 225 TWh of electricity will be around 52.5 MTOE if SC-1 is used. Extrapolating the results of the Energy from Fossil Fuel column, the significant reduction on fossil fuels resulted when applying clean mixes of electricity generation, as the table also shows. Again, when phasing-out fossil fuels (SC-3) by using renewables and nuclear energy, the demand for fossil fuels is negligible compared to the rest of the scenarios, creating valuable economic savings.




4.3. Impact on the Installed Capacity and Land Use


An interesting outcome with a significant impact on the electricity distribution is the installed capacity needed to satisfy the electricity demand. In this respect, as a direct result of the replacement of coal by means of the deployment of new renewable sources, an increase of the electric systems and thus, the use of land, is foreseen due to their lower energy density [44]. This means that renewable energy requires more installed capacity and consequently more infrastructure and grids to dispatch the electricity and, although these impacts are not quantified in the LCA study, it is possible to give an approximation of the size of the system and the land use needed to satisfy the electricity demand.



For the size of the system, or installed capacity needed, the variable depends mostly on the load (or capacity) factor of the energy sources. For this study, those values were mostly taken from the historic Chilean electricity production, explained in Section 2 and shown in Table 1. Nowadays, as Table 6 shows, the installed capacity of the system is around 2.4 times the electricity demand (calculated as installed power divided by the electricity production). On the other hand, when assuming a high penetration of renewable energy, the installed power is between 20% and 30% more than for a lower deployment of those technologies.



On the other hand, Figure 10 shows a rough estimation of the required area to satisfy the electricity demand by 2050. These values are calculated as a function of the energy source type, their electricity production, load factor, and a conversion factor (area per electricity produced) taken from Table 1. As previously mentioned in Section 2, only the most contributors to the use of land are taken into account and, despite biomass crops having big impacts on land in some countries [56,57], for these simulations, it comes from the forestry industry waste, so no land was considered. Concerning the results, solar, wind, and hydro (reservoir) are the biggest contributors to the use of land. On the contrary, gas, coal, and nuclear are the lowest.



Globally, around 15,000 km2 are predicted to be used if SC-1 continues to 2050 (from the current 5000 km2 in the year 2018). This value is expected to increase around 2.5 times when there is a high deployment of renewable energy (SC-2 and SC-3), which means eight times the current land occupied for energy production. From this area, around 10,000 km2 are needed for solar energy, or around 10% of the Atacama Desert (the most likely and effective place to install this source). On the other hand, for scenarios with a lower renewable energy deployment (SC-4 and SC-5), the required land would be around 1.6 times that needed for SC-1 in 2050 (or five times the same scenario in 2018).




4.4. Results Summary


Aside from the results obtained for the ecological impact of the scenarios shown in Table 4 and given by the LCA analysis by means of eco-indicators, it was found that with the scenarios proposed, they could effectively reduce most of the environmental impacts. Table 7 shows a summary of the scenarios for the three main points addressed, and also of Ecotoxicity, which refers to the effect on living organisms and their non-living (abiotic) environment due to human activities or natural phenomenons. Every percentage is the production of each scenario compared to the reference scenario (SC-1). This means that the lowest contributor would be chosen as the best scenario for each impact (highlighted in blue).



This summary provides useful information to researchers and policymakers when deciding to change their current electric network. This decision will depend on the geopolitical context which, nowadays, is focused on the reduction of global warming. Therefore, if a high penetration of renewable energy is achievable, SC-3 can be recommended for further studies. On the other hand, SC-5 would also be taken into account if a lower renewable energy is predicted.





5. Limitations of the Study


This study presents some limitations regarding the data availability. Due to the lack of information, energy sources, such as concentrated solar and SMR, have been modelled as conventional photovoltaic and Pressure Water Reactor (PWR) technologies, respectively. Nevertheless, updating those systems is expected in future works.



Additionally, the LCA analysis excludes the transportation and distribution of electricity to the suitable voltage of the grid destined for the final users. However, it is expected that in the future, it will be possible to include this information.



As mentioned prior, to calculate the use of land of the scenarios, hydropower ROR, Geothermal, and Biomass are excluded from the total to simplify the model since their contribution is small. Note that no biomass crops are foreseen to be used for electricity generation in Chile.




6. Conclusions


Chile is facing one of the most important steps to control its Global Warming Emissions, the cleaning of its electrical network by new and low carbon emission electric sources. For this reason, the study presented intends to show the main advantages of implementing these kinds of strategies and their impacts on the environment by means of the Life Cycle Analysis, global warming gases, fossil fuel dependence, and land needed to generate the electricity needed in the future.



Principally, four clean electric systems scenarios for the year 2050 were assessed for the Chilean electrical network and compared to the current mix in 2018. By analyzing the results, it can be said that the four new electrical modelled networks simulated accomplish the objectives of reducing the main impacts on the environment per unit of energy produced; however, the increase of electricity expected in the future would give different outcomes between the scenarios for global warming gases and the use of land needed for electricity production.



Regarding the ecological impacts, most of the environmental indicators show that new mixes for the year 2050 are, in fact, cleaner and safer for human health and the environment. When assuming a goal of the reduction of Global Warming Gases, the analysis shows that this can be reached with a high penetration of RE (75% of production). In fact, one scenario could be carbon neutral (when using gas as a backup) and the other becomes carbon negative (when generating 25% of nuclear) due to the absorption of emissions by the current national forestry. Additionally, this last scenario could be helpful in contributing to the eradication of the fossil fuel dependence of the electrical network. The disadvantage of these scenarios is that they would require about 2.5 times more land for electricity production and, consequently, more use of resources.



On the other hand, if a lower RE production is foreseen (50%), total releases may be 40% higher than the amount produced by the current mix in the year 2018 if gas is the main backup (50%). In this context, the problem can be solved if half of this gas is replaced by nuclear. In this case, the country may be considered carbon neutral if the current forestry is maintained. However, the country would still be highly fossil fuel dependent, as it is nowadays.



Finally, this study showed realistic alternatives for the country that can also be carried out by other countries in the region with similar resources and the same goals.
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Figure 1. Total Greenhouses Gases emissions (GWE) evolution since 1970 to 2017 (authors’ own contribution is based on the Emission Database for Global Atmospheric Research (EDGAR) [2]). An averaged European country is represented by the yellow line. 
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Figure 2. Total Chilean GWG (global warming gases) per year by industrial sector (authors’ own contribution is based on EDGAR [2]). 
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Figure 3. Percentage electricity contribution by solar power (authors’ own contribution based on [17,18]). 
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Figure 4. Percentage electricity contribution by wind power (authors’ own contribution based on [17,18]). 
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Figure 5. Evolution of the electric contribution per energy source (authors’ own contribution is based on [32]). 
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Figure 6. Evolution of the installed capacity in Chile (authors’ own contribution is based on [32]). 
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Figure 7. Clean energy contribution versus electric production (authors’ own contribution is based on [32]). 
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Figure 8. Emissions per kWh by 2050 by scenario. 
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Figure 9. Total Chilean emissions by 2050. 
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Figure 10. Total land used for the main contributor by scenario for the year 2050. For SC-1 in the year 2018, the land use would be close to 5000 km2. 
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Table 1. Load factors and land use by energy source (authors’ own contribution is based on [32,43,44]).
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	Source
	Load Factor (%)
	Land Use (km2/GW)





	Biomass
	54%
	-



	Coal
	70%
	49



	Wind
	27%
	283



	Natural Gas
	29% (54%) 1
	50



	Hydro Reservoir
	38%
	1276



	Hydro ROR 2
	42%
	-



	Solar
	25%
	176



	Geothermal
	(75%)
	-



	Nuclear
	(92%)
	51







1 Including liquefied natural gas (LNG); 2 Run-on-the-river, including mini Hydro.
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