

  atmosphere-10-00476




atmosphere-10-00476







Atmosphere 2019, 10(8), 476; doi:10.3390/atmos10080476




Article



The 21st Century Coal Question: China, India, Development, and Climate Change



Kevin J. Warner[image: Orcid] and Glenn A. Jones *





Department of Marine Sciences, Texas A&M University Galveston Campus, Galveston, TX 77554, USA









*



Correspondence: jonesg@tamug.edu; Tel.: +01-409-741-4360







Received: 11 July 2019 / Accepted: 16 August 2019 / Published: 20 August 2019



Abstract

:

China and India are not only the two most populous nations on Earth, they are also two of the most rapidly growing economies. Historically, economic and social development have been subsidized by cheap and abundant fossil-fuels. Climate change from fossil-fuel emissions has resulted in the need to reduce fossil-fuel emissions in order to avoid catastrophic warming. If climate goals are achieved, China and India will have been the first major economies to develop via renewable energy sources. In this article, we examine the factors of projected population growth, available fossil-fuel reserves, and renewable energy installations required to develop scenarios in which both China and India may increase per capita energy consumption while remaining on trach to meet ambitious climate goals. Here, we show that China and India will have to expand their renewable energy infrastructure at unprecedented rates in order to support both population growth and development goals. In the larger scope of the literature, we recommend community-based approaches to microgrid and cookstove development in both China and India.
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1. Introduction


In 1865, Jevons published ‘The Coal Question: An Inquiry Concerning the Progress of the Nation, and the Probable Exhaustion of Our Coal Mines’ [1]. The coal question in his work related to the possibility that the United Kingdom might someday run out of coal to fuel the ongoing Industrial Revolution. In fact, coal production in the United Kingdom peaked in 1913, and the last deep coal mine there closed in 2015, with only minor surface mining still occurring. Though coal is a non-renewable and finite resource, the 21st century coal question may better be focused on the climate change implications of combusting fossil fuels. Coal is, after all, the most carbon intensive globally-utilized fuel. Thus, in the face of climate change and a slow transition to a renewable energy infrastructure, are the developing nations (particularly those with large populations) arriving late to the table for cheap, rapid economic development?



As a more detailed understanding of fossil-fuel emissions develops, serious concerns continue to arise [2]. From 1870–2010, 1890 gigatonnes of carbon dioxide equivalent (GtCO2) were emitted globally [3]. Another 229 GtCO2 were emitted from 2011–2017 [4]. The Intergovernmental Panel on Climate Change (IPCC) warns that catastrophic climate change impacts are likely if these emissions surpass 2900 GtCO2 [5]. The December 2015 UN climate summit (COP21) was a major step towards binding agreements to limit global temperature rise to 1.5–2.0 °C above pre-industrial levels by limiting the use of fossil fuels. Prior to the summit, every nation submitted an intended nationally determined contribution (INDC) stating the goals of the country for reducing greenhouse gas emissions. However, the majority of INDCs only cover the time period of 2015–2030. We are interested here in the entirety of the 21st century.



Yet, all this understood, the most developed economies in the world have been built on cheap fossil fuel energy [6]. The threat of global climate change and projected global population growth will require the development of careful energy strategies and policies. In 2017, the world’s share of renewable energy sources (RES) and hydropower production reached only eleven percent of global total energy production. Over half of total global RES production was in Europe and the United States.



Furthermore, Europe, the United States, and the Russian Federation were among the first to industrialize [7] and are in a favorable position to transition away from coal. However, China and India represent the world’s most populated and fastest developing countries. In 2017, the two nations’ combined 2.75 billion inhabitants represented 36% of the world total [8], they consumed 163 exajoules (EJ) of energy, or 29% of the world’s total consumption [4], and they emitted 12 gigatonnes of CO2 equivalent, or 35% of global emissions [4]. It is clear that any discussion of global sustainability must include an analysis of these two nations. This paper is an evaluation of the world’s two most populous nations’ potential role in 21st century energy demand. Our approach is similar to that of Jones and Warner [9], scaled now to a national-level. It may be considered a partner study to our previous work with sub-Saharan Africa.



Our primary interest is climate change in the pursuit of per capita energy consumption growth among these large populations. In 2017, per capita energy consumption was 93 gigajoules (GJ) per person in China and 24 GJ/person in India. The 2017 world average consumption was 75 GJ/person. China is both the most populous and the most carbon emitting country in the world [4,8]. India is on track to overtake China’s population by 2024 [8] to 2030 [10]. Both China and India are members of the Group of Twenty (G20) major economies forum. These 20 nations represent the world’s largest economies and account for roughly 90% of global GDP and 80% of global trade [11]. The countries are also members of the BRICS nations (Brazil, Russia, India, China, and South Africa). These nations are characterized by large populations, relatively rich resource reserves, and development toward becoming more influential in world economic affairs [12]. Inclusion in both of these groups indicates that the two nations are among the closest to achieving developed economic status.



Both of these nations show strong linear correlation between fossil fuel energy production and population growth since 1981 (R2China = 0.781, R2India = 0.981). China became a net energy importer in 1992 and India has been a net importer since before 1970. In 2017, Chinese energy consumption was fuelled by 86% fossil fuels, 2% nuclear, and 12% renewable energy. India’s consumption was 92% fossil fuels, 1% nuclear, and 7% renewable energy [4]. The two most competitive sources of (relatively) carbon-free energy are nuclear and hydropower. Combined, these sources provide 11% of total global energy consumption, 10% in China, and 5% in India [4].



The following statistics are sourced from the ‘2018 BP Statistical Review of World Energy’ [4]. The proven reserves of fossil fuels in China total 4120 EJ (92% of which is coal). The reserves-to-production ratio (R/P) is 18 years for oil, 39 years for coal, and 37 years for natural gas. Proven fossil fuel reserves in India are estimated at 1721 EJ (97% coal). The ratio of remaining reserves to the most cent year’s production (R/P) of oil is 14 years, 136 years for coal, and 44 years for natural gas. R/P ratios assume current energy consumption rates, such that when the reserve runs out, production declines instantly from the current value to zero. However, the logistic decay curve [13] depicts a more realistic slowdown of production as the reserve is produced.



Coal is the primary energy source for both of the focus nations. China derives 60% of its total energy consumption from coal and India, 56% [4]. In contrast, 15% of total energy consumption in the US and 14% in the EU is derived from coal. In 2017, 245 tonnes of coal were mined around the world every second [4]. Coal production has increased six-fold in China since 1981 [4]. China was the number one coal producer in the world in 2017 (at nearly five times the production of number two, the United States), Australia was the third highest producer, and India was the number four producer [4]. Carbon dioxide emissions from coal are estimated at 94.6 tCO2 per terrajoule (1012 J) produced [4]. In 2017, China and India contributed 35% of total global carbon emissions. The United States, European Union, and Russian Federation were responsible for an additional 30%.



Estimates [9,14,15] suggest that global fossil fuel production will peak and begin to decline between 2030 and 2050. Coal is the most abundant of the non-renewable fuels; however, Wang et al. [16] reviewed eight estimates of peak coal in China (ranging from 2010–2039) and derived their own estimate that production will peak in 2027. India produces much less coal than China; however, production has been increasing at about four percent per year since 1950 [4]. Warner and Jones [17] projected that coal production in the South Asia region (in which India is the only major coal producer) will peak near 25 EJ in 2057.



The 12th five year plan (2011–2015) in China was the first to incorporate economic development goals to consider carbon emissions [18]. In response to the 2009 COP15 meeting in Copenhagen, China set a goal of 40–45% reduction of greenhouse gas emissions from the 2005 level by 2020 [19]. According to BP [4] the 2014 emissions were 54% higher than 2005, implying an unachievable 75% reduction from 2014 to 2020 to meet that goal. China recognizes that their economic growth and development is dependent on the availability of cheap energy [20], and as such their intended nationally determined contribution (INDC) for the 2015 COP21 climate summit in Paris stated an understanding of the risks of climate change and set a goal of peaking in carbon emissions while increasing their non-fossil fuel share of energy consumption from 12% in 2017 to 20% by 2030 [21].



The government structure of India creates a more complex geo-economic transition focused more on securing future energy supplies than on cooperating towards global goals [22]. India’s INDC stressed the difference between consumption and emission rates in India and the developed world, noted the importance of energy consumption to improving a nation’s human development index (HDI, a statistic that factors in life expectancy, income, education, etc.), and repeatedly noted the pressures of providing a “dignified life” for its populace [23]. It is important to note that the INDCs from both China and India stress the responsibility of the developed nations and their own status as developing economies. In all, realistic climate concerns dictate that carbon emissions in China will have to peak by 2030 and by 2040 in India [24].



In addition to domestic energy production, development and population have an impact on energy consumption. Increasing GDP alone is not sufficient for improving the quality of life at the national or global level [25]. A recent study suggests that for every percent of GDP growth in Hebei Province, China, electricity demand grows 0.84% [26]. The electrification of non-agricultural homes was found to increase household incomes in India by nearly 30% from 1994–2005 [27]. Causality studies have found evidence that the growth in energy consumption was related to economic growth in India from 1950–1996 [28]. Increased coal consumption was also found to cause GDP growth in India from 1970–2011 in a more recent study [29].



The demographic transition theory suggests that underdeveloped economies initially benefit from unrestricted population growth and eventually develop an economy that benefits from restricted population growth [30]. The result of the demographic transition is a slowing of the population growth rate toward an equilibrium or declining trend in the fertility rate to the replacement level of 2.1 births per woman [31]. It is evidenced in India that there has been a trend towards “quality over quantity” in regard to ensuring education for children over family size [32]. The female literacy rate is estimated at 92.7% in China (total fertility rate of 1.60 births per woman in 2010–2015) and 59.3% in India (2.44 births per woman in 2010–2015) [33].




2. Experiments


In this paper we examine four per capita energy consumption benchmarks for the year 2100: 50 and 100 GJ/person for India (currently 24 GJ/person), and 100 and 130 GJ/person for China (currently 94 GJ/person). The 130 GJ/person benchmark for China is close to the 2017 European Union consumption rate of 139 GJ/person. It has been suggested that one means of increasing a nation’s quality of life indices is to increase per capita energy availability. Lambert et al. [34] suggested an ideal range of 100–150 GJ/person, citing significant increases in national quality of life indices at consumption rates greater than 100 GJ/person and no significant improvements at rates greater than 150 GJ/person. The 50 GJ/person benchmark for India represents a doubling of per capita energy consumption and the 100 GJ/person benchmark is again based on the low-end estimate in Lambert et al.



We begin by identifying some basic model parameters. The 2017 UN population projections provide high, medium, and low fertility estimates for each year from 2017–2100 [8]. We used the medium fertility estimates in our models. Next, we projected the trends for each of the four benchmark per capita energy consumption scenarios from China and India’s current values. We used the von Bertalanffy growth curve [35] rather than the full logistic growth curve used in Jones and Warner [9] to provide yearly estimates from 2017–2100, as the von Bertalanffy growth curve provides a smooth rise in per capita consumption rather than the abrupt initial growth and saturation of the logistic s-shaped curve. The growth rates for each scenario was adjusted such that the scenario values were reached at the year 2100. Energy demand throughout the century was estimated by applying the projected per capita energy consumptions to each year’s UN population estimate. The projections of per capita energy consumption in China and India are shown in Figure 1.



Next, we examined the internal resources, available and necessary, of both countries to meet the projected energy demand. The coal production models are based in the statistics found in BP [4]. These coal production values extend back to 1981. Coal production values before 1981 are from Rutledge [36]. Future production of coal was modeled using a standard variant of the standard logistic function [13,37], and assuming that every exajoule of proven coal, oil, and natural gas is used. This modeling does not account for future advances in extraction techniques. These estimates are combined with production data from BP [4] and Rutledge [36] to generate estimates of the ultimate recoverable resource (URR) and model coal production throughout the century. CO2 emissions were calculated using the emissions values provided in BP [4].



Next, we applied two speculative CO2 emissions plans: the remaining allowable CO2 emissions weighted via the 2017 and the 2100 populations. Again, from 1870–2010, 1890 GtCO2 were emitted [3]. According to BP [4], from 2011–2017, another 229 GtCO2 was released. This leaves 781 GtCO2 global emissions to be released from 2018–2100 in order to remain below 2 °C warming. Oil and natural gas production were left unchanged from the base model and coal production was curbed to the maximum allowable CO2 emission level for each year. Coal production curves were checked against historic data and run from 1900 to 2200 to ensure that the model did not eventually overdraw the reserve estimates. The model continues by examining the RES growth required to satisfy the climate-based coal limitations. Oil, natural gas, nuclear, and hydropower production were modeled using the same techniques as Jones and Warner [9].




3. Results


The medium fertility population projection estimates that 1.02 billion people will live in China in 2100 and that 1.52 billion people will live in India. The resultant energy demand projections are in Figure 2. Chinese energy demand in 2030 ranges from 140–164 EJ, and from 102–132 EJ in 2100. Energy demand is between 57 and 98 EJ in 2030 and 76–151 in 2100 for India. Figure 2 charts the energy demand for China and India.



In order to emit fewer than 2900 GtCO2 from 1870–2100, total global emissions must remain below 780 GtCO2 from 2018–2100. For simplicity, we assumed an apolitical and impartial, per capita global carbon allowance for the remaining emissions allowance. According to the most recent UN population projections, China comprises 18.7% of the 2017 population and, in the medium variant, it is expected that China will represent 9.1% of the population in 2100. The same conditions indicate 17.7% of the 2017 population and 13.6% of the 2100 population in India. The largest contributor to the percentage decline in these population shares is the population growth expected in Sub-Saharan Africa (from 14% in 2017 to 36% in 2100) [8]. That population growth will result in an entirely different set of development concerns [38]. This means that China is allowed 146 GtCO2 in the 2017 population allowance and 71 GtCO2 in the 2100 population-based allowance. India is allowed 138 GtCO2 in the 2017 population allowance and 106 GtCO2 in the 2100 population-based allowance (Figure 3).



We estimate future emissions from oil and natural gas at 22 GtCO2 in China and 4 GtCO2 in India. Based on these allowances, China’s allowable coal emissions are adjusted to 124 and 50 GtCO2. India’s allowable coal emissions are adjusted to 134 and 102 GtCO2. As such, China is restricted to using about one-third of its remaining proven reserves of coal; however, the restrictions on India are much less severe in the climate-constrained scenarios. The coal production parameters are shown in Table 1.



The projections for coal in the absence of climate restrictions indicate a Chinese peak in 2026 and India’s coal production peaks in 2075. The population-based coal scenarios result in China’s coal production having peaked in 2013 in both the 2017-limited and the 2100-limited scenarios. The unlimited coal production peak in China is in line with previous estimates [39]. India’s production under the two scenarios peaks in 2052 (2017-limited) and 2044 (2100-limited). The production projection for China is depicted in Figure 4a, and the production projection for India is depicted in Figure 4b. Based on the BP [4] proven coal reserves, import/RES demand for China and India from 2000–2100 are depicted in Figure 5. Non-hydro renewable energy is specified in Figure 5 because hydropower is modeled separately from the other RES. The results in Figure 5 have been backchecked for available domestic and imported resources based on our previous work [17].



Coal production in China peaks in all scenarios modeled sometime between 2013 and 2026. This result is similar to the range in Wang et al. [16] of 2010–2039. Production of the more climate-friendly natural gas (often considered a bridge fuel to a renewable infrastructure) is projected in our model to peak in 2025 and in Lin and Wang [40] to peak in 2022. Wang et al. [41] detailed the extent to which China will rely on imported natural gas to meet the fast-growing demand. India has already peaked in natural gas production and is expected to be one of the fastest growing markets for imports [42].




4. Discussion


If China and India emit the 561 additional GtCO2 modeled for them for < 2 °C warming, the total emissions remaining for the rest of the world from 2018–2100 would only total 220 GtCO2. That figure is less than seven years of emissions at the 2017 global rate. Unfortunately, growing the per capita energy consumption in China and India will require significantly more energy beyond the available domestic non-renewable reserves in each country by mid-century. In this case (and all model results for India), China and India must rely on exploiting their domestic coal reserves and securing additional energy resources. This makes it highly unlikely that they will be able to honor their INDCs and contribute to the IPCC goal of < 2 °C warming. Even as the global fossil-fuel energy market inevitably declines throughout the century (as suggested in Warner and Jones [17]), energy demand will not, and demand will become increasingly reliant on a renewable energy infrastructure.



In order to adhere to climate limitations, both China and India will have to expand their renewable energy infrastructure at unprecedented rates in order to support both population growth and development goals. Climate goals will require China and India to shift focus from economic growth to social and environmental awareness [43]. Walsh et al. [44] identified four issues that would influence China and India’s negotiation agendas surrounding the 2009 Copenhagen Accord: first, developing nations need to prioritize the alleviation of emissions or poverty; second, statistical methods should be used for negotiations; third, how to finance mitigation projects; and fourth, how to address repercussions for countries that failed to abide by their Kyoto protocol commitments. These issues were still unresolved as of the 2015 COP21. Although China and India recognize the need for renewable energy, the quality of life of their citizens and growth of the economy are more immediate concerns.



Economic development requires expansion of energy availability [45]. The Nobel Prize winning economist Robert Lucas, Jr. defined economic development as “accounting for the observed pattern, across countries and across time, in levels and rates of growth of per capita income” [46]. China and India are described by the United Nations’ ‘World Economic Situation and Prospects’ (WESP) as developing economies [47]. Developing economies are characterized by rapid economic growth and adoption of a free market system [48]. Biophysical economist Hall suggested that the term “development” is merely a euphemism for “industrialization” [49]. In a world of declining fossil-fuel energy resources [9,14,15], are China and India coming too late to the table to reach developed status?



Both nations have a keen interest in the energy market. Since 2000, China’s economy has grown nominally at 9% per annum [50], while energy consumption grew at an average of 8.2% per annum [4]. While many areas of China are well-developed, there is a great inequity in sub-regional economic and social development [51]. Energy efficiency in non-urban regions of China is variable [52]. The rapid development has relied on unsustainable and high-polluting practices [53]. India’s economy grew at ~4.5% per annum from 1950–1997, and energy consumption grew at ~8% per annum [54]. India has committed to economic development, announcing expectations to double coal consumption by 2020 [55], regardless of climate concerns [56].



Any environmental limitations on coal production would be a significant handicap on the efforts of these two nations to supply for growing energy demands. Assuming the 2017 UN medium variant population projection (1.02 billion by 2100) and the 130 GJ/person per capita energy consumption, China will consume a cumulative 12,900 EJ from 2018–2100. There is a clear need in China to address long-term strategies to limit carbon emissions while ensuring energy access [57]. The same population projection and the more modest 100 GJ/person scenario for India results in 11,400 EJ throughout the remainder of the century. Combined, these estimates would tie up 56% of the 2017 proven reserves of oil, natural gas, coal, and uranium on 23% of the projected 2100 global population. China is unlikely to ever again be a non-renewable energy exporter. In calculating the effect of carbon taxes on China and India, Massetti found that taxation alone will not be enough to reach emissions goals [58].



There are several concerns within these nations aside from energy demand and climate change. The strong economic and social development of the United States was closely correlated with energy use [59]. Similar development goals in China and India will require similarly available cheap energy options. The already monumental task of increasing per capita energy availability in China and India are only exacerbated by population growth. In China, population projections indicate a peak in population and fertility rates remaining below replacement level [8]. Per the UN medium variant, fertility rates in India do not drop below replacement level until the 2025–2030 period [8].



It is still common to hear about China’s “one child policy.” China’s post World War II population was rapidly growing, while the country was also attempting economic development [31]. China introduced the later-longer-fewer initiative in 1971 to encourage the population to get married later in life, wait longer between the birth of each child, and to generally have fewer children [60]. Fertility dropped at an unprecedented rate from six births per woman pre-1970 to 2.2 births per woman by 1980 [61]. Despite this reduction in the fertility rate, China is still feeling the effects of population growth. The population in China in 1950 was 544 million, 978 million by 1980, and 1410 million in 2017 [8].



India is expected to continue its demographic transition throughout the 21st century [61]. India was one of the first countries in the 20th century to enact family planning policies at the national level [62]. Two child families are the most desired in India [63]. Individual contraceptive education of married women in India was not shown to significantly increase contraceptive use; however, community-level female education did result in increased contraceptive use [64]. Despite improvements in basic demographic statistics, including fertility rate, child mortality and nutritional quality, India’s rate of improvement and lack of cohesive government efforts is not congruous with global quality of life goals similar to the benchmark per capita energy consumptions in this paper [65]. India’s 1950 population was 376 million, 697 million by 1980, and 1339 million in 2017 [8].



There appears to be a difference in community-level education (% of population educated) and individual-level education (duration of schooling per capita) [66]; community-level education has been shown to lead to a decline in fertility rates faster than individual-level educational statistics [67]. Community-level education is correlated with lower fertility desire and increased contraceptive use [68]. Ideal family size and desired fertility were shown to both decrease as a result of increased education in three Sub-Saharan African countries [69].



Lowering the fertility rate alone cannot solve population growth concerns. The various population control policies and gender bias toward male children have resulted in unintended consequences. Guilmoto [70] projected that the gender gap in both countries (at least 50% more males than females) will not begin to shrink until after mid-century, with at least 10% of males remaining unmarried by age 50. On 29 October, 2015 the Xinhua News Agency (XNA) in Beijing announced the replacement of the one child policy with a limit of two children per couple [71]. This decision was framed as a means to combat the inverting age structure (aging population) in China.



The Sustainable Energy for All Initiative was commenced in 2012 with the goals of ensuring universal global access to electricity, modern non-solid cooking fuels, and increasing the global share of renewable energy production by 2030 [72]. Though the percentage of the world’s population using unhealthy solid cooking fuels has decreased, population growth in the developing world has mostly kept pace, meaning that about the same total number of people since 1980 lack access to modern cooking fuels [73]. The same study reports that both China and India have made progress, though between 40–60% of the population still use unhealthy solid cooking fuels.



In discussing the Sustainable Energy for All Initiative in previous work involving Sub-Saharan Africa [38], we suggested a route that builds energy systems in developing regions via microgrids. Renewable energy microgrids have shown potential for community-based energy management [74] and scalable flexibility [75]. It is important to note that there is promise for rural community-based motivation for renewable energy-based development [76]. Perhaps most importantly, community-managed microgrids may be an important feature of removing solid-fuel cookstove dependence in both India and China. In Himalayan regions of China, carbon emissions from these cookstoves is likely underestimated by conventional laboratory experiments [77].



The increasing urbanization of China will make it difficult for China to grow its economy and reduce greenhouse gas emissions at the same time [78]. Additionally, the development gap between regions of China suggest that carbon emissions resultant of urbanization are linked to income in developed regions and linked to industrialization in less developed regions [79]. This adds to the difficulties that China will have to overcome in achieving its climate goals, as more region-specific plans must be developed. Chen and Feng [80] found that from 1978–1989, China’s high fertility rate was a negative factor toward economic growth. China’s population is also rapidly aging. The portion of the population under the age of 15 shrunk considerably between the 2000 and the 2010 census [81].



The rate of urban expansion in India has been estimated at 2–3% per year [82]. Compared with China, the urbanization of India has not been as organized, leading to underinvested cities [83]. Pandey and Seto [84] determined that urbanization in the majority rural India over the last 10 years has led to a small, yet steadily growing loss of agricultural land that could compound if the UN projections of urbanization throughout the 21st century are to be believed. Cities in India and other developing nations are also faced with rapid increase in demand for basic services such as sanitation and piped water access [85].




5. Conclusions


The question at the beginning of this paper was whether or not China and India had arrived late to the table in the fossil fuel era to achieve the economic and social benefits of countries such as the United States, in the European Union, and the Russian Federation. There is little chance that developed nations will consume less per capita either by choice or via efficiency [86]. If the 2017 populations of China and India had consumed at the American level (289 GJ/person), they would have consumed 1.3 times the 2017 total global energy production. Even without climate concerns, and using what energy might be available for import, any growth in per capita energy consumption will require immense growth in the renewable energy sector by 2030. Again, most peak energy forecasts estimate that global non-renewable energy production will peak as early as the mid-2030s.



The world is facing a conundrum: on the one hand, there is growing realization that the world is facing an existential threat of global warming/climate change and the realization that it is at best difficult [87,88,89,90] to impossible [9,38,91] to achieve. When reviewing China and India, the problem is that they are developing economies and energy is needed to move their economies to developed status. However, if developing (and developed) economies use their coal reserves to achieve economic growth, the effects on the global climate will be disastrous and perhaps existential. If we are to be good stewards of the Earth, then most of the world’s developing countries are unlikely to achieve developed status. The greatest role that these and other developing nations around the world have in climate change mitigation is one of seeking renewable means of development and not development based around fossil fuels. This is not a simple task, nor is it one that these economies can be expected to achieve on their own.



Cheap renewable energy should be the world’s primary concern as many of the other major issues facing the world can be relieved, at least in part, by sufficient access to energy [92]. In general, though environmental concern exists across income levels, increased wealth usually results in increased valuation of the environment [93]. Our previous work [38], as well as Ahmed et al. [94] suggested that up-front investments in RES now will prove more valuable than continuing to import cost-increasing fossil fuels. Implementation of energy into population projections remains an important area for further research. Demographic transitions as a result of increased per capita energy consumption in the developing world are vital to the global transition towards RES infrastructure and climate adaptation in China, India, and the rest of the world.



The 21st century coal question is not one of geologic supply, but of atmospheric capacity [95,96,97]. China and India are growing their economies, and steadily improving quality of life indices; however, these accomplishments require cheap energy (and the cheapest is coal). The true breakthrough will be achieving economic and social development without surpassing short-term climate goals (i.e., INDCs) and contributing to global efforts to achieve the long-term < 2 °C warming limit. Our findings lead us to make the following recommendations. Reducing the consumption of coal is a global issue, not limited to economic or social development status. All countries must work together towards reducing carbon emissions. Technology, education, and responsibility must be shared, regardless of national or cultural delineation. Climate goals are unachievable without cooperation from both the high energy consumers and those looking to become high consumers. Investing the remaining 781 GtCO2 in the form of the energy required to build out a global renewable energy infrastructure is more than a noble goal or political hot air. Sustainable energy for all is our only hope to limit global warming and to offer a responsible pathway for developing countries to reach developed status.



The final conclusion to the coal question is that both coal and renewable energy will be crucial throughout the 21st century. This is not just a climate change issue; it is a paired issue that requires a focused effort towards providing the energy needed to accommodate increased population and increase per capita energy availability. Developing countries are going to take the measures necessary to provide for their people even at the expense of climate concerns.
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Figure 1. Per capita energy scenario projections, 2017–2100. Per capita energy consumption measured in gigajoules per person (GJ/person). 
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Figure 2. Total energy demand in each population/consumption scenario for China and India. Demands are based on the 2017 UN population estimates [8]. Includes historical percentage of total global energy consumption on second axis. 
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Figure 3. Share of total carbon emission, limited to < 2 °C goal, 1870–2100. Includes 2017 population share-based (2017 limited) and 2100 population share-based (2100 limited) models. Climate goal limits carbon emissions to 2,900 gigatonnes of carbon dioxide equivalent (GtCO2eq) from 1870–2100, with 1890 of those emitted from 1870–2010 [3]. Global emissions from 2011–2017 totaled 229 GtCO2 [4]. Remaining 21st century carbon emissions partitioned by country based on percent of population in either 2017 or 2100, as per the medium fertility population projections [8]. ROW indicates the rest of the world. 
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Figure 4. (a) Modeled coal production in China, 1980–2100; (b) Modeled coal production in India, 1980–2100. 
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Figure 5. (a) Imported and/or non-hydro renewable energy demand, China 1980–2100; (b) Imported and/or non-hydro renewable energy demand, India 1980–2100. These curves represent the modeled dependency upon imported and/or non-hydro renewable energy. 
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Table 1. Coal reserves, carbon emissions potential of said coal reserves, and percent global population per reserve scenario, year-end 2017. Coal reserves have been converted from source units into exajoules. CO2 is measured in gigatonnes of carbon dioxide equivalent. Share of global population in each country is based on the medium fertility population projection [8].
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