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Abstract

:

The paper aims at continuing the discussion on sustainability and attempts to forecast the impossibility of the expanding consumption worldwide due to the planet’s limited resources. As the population of China, India and other developing countries continue to increase, they would also require more natural and financial resources to sustain their growth. We coarsely estimate the volumes of these resources (energy, food, freshwater) and the gross domestic product (GDP) that would need to be achieved to bring the population of India and China to the current levels of consumption in the United States. We also provide estimations for potentially needed immediate growth of the world resource consumption to meet this equality requirement. Given the tight historical correlation between GDP and energy consumption, the needed increase of GDP per capita in the developing world to the levels of the U.S. would deplete explored fossil fuel reserves in less than two decades. These estimates predict that the world economy would need to find a development model where growth would be achieved without heavy dependence on fossil fuels.
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1. Introduction


Globalization and the development of informational technologies have facilitated the growth of expectations among people around the world. Governments do encourage consumption and inflation to fuel economic development [1]. Assuming that better standards imply greater consumption, it is natural to expect greater demand on resources in the near future. Hence, the pattern of resource distribution, like energy, food and water, and, as a separate category, GDP, would need to be readjusted as the world economy evolves. The growth of the world population in countries like China and India and other developing countries in the near future is well established [2]. This growth would also place significant new demands on resources. The following maps below (Figure 1) illustrate total population, annual GDP growth, GDP and energy consumption per capita, indicating that the majority of countries developing their economies will require a large amount of natural resources in the near future [3].
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Figure 1. Estimated economic and demographic characteristics by country for 2013. Total population (a); annual GDP growth (%) (b); GDP purchasing power parity (PPP) per capita (current international $) (c); and energy use (kg of oil equivalent) per capita (d). Data and figures are taken from the World Bank website [4,5,6,7,8]. 
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Public concern about sustainable development issues has been at the forefront of current discussions on development in recent decades (for illustration purposes, a Google Scholar search produced 2.35 million hits on papers having world “sustainability” in its title [9]). The challenges of global sustainability affect developed economics, like Organization for Economic Co-operation and Development (OECD) member countries, and developing economies, like Middle East and North Africa (MENA) countries, and generate the attention of politicians, prompting high-level discussions between the countries at the United Nations [10]. Google Trend analysis demonstrates that “sustainability” as a search term has currently more than twice the Internet searches as the term “economic growth” [11]. Particularly, this worldwide trend has vividly manifested itself in the U.S., starting from 2007, as an indicator of the possible anticipation of financial crisis [12]. The ongoing discussion on economic development paradigms generally includes three energy supply models: fossil, nuclear and renewable based [13]. Although the future of nuclear and renewable sources of energy is still a question of vigorous debates, the development paradigm based on fossil fuels is unanimously accepted to be unsustainable. More recently, we also start seeing studies suggesting that equal distribution of the international welfare is not likely to happen [14]. In support of this line of research, the current study concludes with significant questions about reaching equality of energy and resource consumption due to natural limitations of economic growth in principle.



In the current investigation, we choose a specific set of questions to address: What growth in percentage of current worldwide consumption of energy, food and water would need to be achieved to reach the average level of a developed industrialized economy, like the U.S., and what relevant resources limitations could constrain that growth? Our goal is to give a bound without engaging in the discussion on what else might happen if this bound cannot be reached. Our calculations demonstrate that growing demands would place significant strains on the existing economic models, which rely on the supply of natural resources. The analysis provides simple and direct “upper bounds” of the impact and demonstrates how significant and far-ranging changes would need to be.




2. Methodology


There is a multitude of aspects to consider to properly assess the consumption of resources. For clarity, we consider total aggregate demands where the growth will occur. We take it as a fact that developing countries strive to improve quality of life for their residents to match the level of the developed world, as opposed to preserving the current level and staying within or lowering to absorb the growing population without any increase in consumption. To keep the analysis as model free as possible, we do not take into account variations of consumption within nor between countries. All factors are considered as aggregated without a detailed analysis of the distribution. This is a rather drastic assumption, as different countries might choose different paths for their development. Modeling the latter would require a more sophisticated approach that would require making many more assumptions that go beyond the present investigation. We also use the fact that the majority of projected fastest growing economies in the world are underdeveloped countries [15], and their economic growth is tightly linked to the use of resources, trying to repeat the historical success model of developed countries.



We derive our findings relying on publically available data from the World Bank [16] and use officially issued figures. Respective countries’ populations are assumed to be constant as of 2012: the U.S. at 313.9 million people, the EU at 503.5 million people, China at 1344.1 million people, India at 1241.5 million people and the world at 7075.0 million people. Under these assumptions, we estimate the required level of resources to bring China, India and the rest of the world to the level of U.S. consumption. We employ linear extrapolation to estimate the projected total consumption given the fixed rate of resource consumption per capita. For example, consider energy (Table 1): the current annual consumption level per capita for the U.S. is 7164.5 kg of oil equivalent. This would set the bound on the consumption to which we would like to scale the levels of India and China. Therefore, taking the respective population level of, for instance, China (1344.1 million people), we arrive at the estimates of the annual total country’s consumption corresponding to the current U.S. level per capita, which equals 7164.5 × 1344.1 = 9618.5 Mt of oil equivalent. Similar calculations are performed for Tables S1–S3. The needed relative increase in annual consumption of the resources depicted in Figure 2 and Figure 3 equals the difference between the needed and current total consumption of a country, divided by the current world total consumption. For example, world energy consumption should be increased by (9618.5 − 2417.1)/12,524.7 × 100% = 57.5%, due to China’s demand alone. Finally, the correlations in Figure 5 are calculated using a simple moving window approach, where a number of equally weighted past values from annual time series for GDP and energy consumption per capita are used for each year.
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Table 1. Annual energy use (2011) [17]. A country’s needed total consumption equals U.S. current consumption per capita times the population of the country.







Table 1. Annual energy use (2011) [17]. A country’s needed total consumption equals U.S. current consumption per capita times the population of the country.







	

	
Annual Energy Consumption per Capita (2010) kg of Oil Equivalent

	
Total Annual Energy Consumption (2010) Mt of Oil Equivalent

	
Total Annual Energy Consumption Needed to Reach U.S. Level (2010) Mt of Oil Equivalent






	
U.S.

	
7164.5

	
2216.3

	
2216.3




	
EU-27

	
3412.8

	
1714.3

	
3603.3




	
China

	
1806.8

	
2417.1

	
9618.5




	
India

	
565.6

	
692.7

	
8885.2




	
World

	
1881.1

	
12,524.7

	
50,688.8
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Figure 2. Analysis of: dietary energy (a); freshwater (b); and energy (c) consumption. Left bars represent a country’s share in the current total world consumption; right bars indicate the needed total increase in world consumption to reach the current U.S. per capita level for a particular country and the world in general. The bars are calculated using the data from [17,18,19] represented in Tables S1 and S2 and Table 1, respectively. 
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Figure 3. Analysis of GDP (a) and GDP PPP (b) levels. Left bars represent the share of the current total world GDP; right bars indicate the needed total world increase in GDP to reach the current U.S. per capita level. The bars are calculated using the data from [20,21] represented in Tables S3 and S4, respectively. 
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3. Results and Discussion


3.1. Levels of Food, Water and Energy Consumption and Economic Growth Estimates


Following our main goal, we estimate the needed increase in resource consumption to reach the level and standards of the U.S. As calculations have shown, average world consumption of food (Table S1 and Figure 2a) does not require a dramatic increase. In this context, the development of efficient distribution-related technologies of food plays more of an important role, because about 24% of currently produced calories are wasted [22]. While the growth in the food supply seems to be less constraining and indeed appears as more manageable, freshwater demands (Table S2 and Figure 2b) represent a more difficult problem, where about a 150% increase is needed. Although we use the current U.S. levels as a common benchmark, this does not mean that one endorses current consumption levels in any particular country as a world model. For example, water consumption in the U.S. (1550 m3/capita year) is almost four-times larger than in Germany (392 m3/capita year). The issue becomes more acute taking into account climate changes [23] and contamination [24] problems. Finally, the most crucial challenge is represented by a 300% increase required in terms of energy use per capita (Table 1 and Figure 2c).



Following the assumption that the developing countries try to reach the same level of affluence as the developed world and GDP per capita can serve as a relevant measure of quality of life, we estimated what GDP per capita is needed to achieve for India and China to be on par with the current U.S. level. The presented data analysis indicates that the gap in terms of GDP (Table S3 and Figure 3a for GDP, Table S4 and Figure 3b for purchasing power parity (PPP) GDP) between U.S. and the average world level is more than four-fold. A coarse estimate shows (Figure 4) that it would take 22 years for China, 50 years for India and almost 60 years for the world as a whole to reach the 2011 U.S. level of GDP per capita, keeping respective growth rates constant as for 2011.
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Figure 4. Required time for the developing countries and the world as a whole to reach the current (2011) U.S. level of GDP per capita (p.c.) with the assumption of a country’s constant GDP growth index and no GDP growth in the U.S. Respective growth rates for 2011 are [25]: China 9.3%, India 6.9% and world 2.7%. Assuming compound interest, years are calculated as a log: (needed country’s GDP/current country’s GDP)/country’s GDP growth index. 
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3.2. Energy-Based Economic Growth and Natural Resources Constrains


As was mentioned above, current world GDP and energy use per capita should be increased by more than 300% in order to meet the current U.S. standards (see Figure 2c and Figure 3b, respectively). However, can these two indicators be separated? Previous studies have shown that economic growth in developing countries historically goes along with an increase of energy consumption [26,27,28]. Indeed, our calculations for the corresponding historical time series presented in Figure 5 demonstrate almost perfect correlation between GDP level and energy use for developing economies and the world as a whole. At the same time, developed countries have been exhibiting an opposite trend. This discrepancy demonstrates that the economies in the U.S. and EU have been moving toward the post-industrial age, shifting from goods to services consumption. China, India and the world on average, as we can see, are still growing extensively [29], struggling to satisfy the demands for common material benefits. This observation underscores the lack of technical efficiency [30], social and organizational innovations to reduce the strong correlation between GDP and energy use in the developing world. Related studies have also shown that the developing economies of China and India still require substantial structural reforms and new policies to sustain their economic growth [31]. It is worth noting that energy consumption has currently a high impact on international affairs due to this demand of the fossil-based economies of China and India [32].



Our analysis implies limitations of future economic growth, as well. While it is very difficult to estimate potentially available food and freshwater volumes [33], energy production is essentially limited. Indeed, our energy production almost solely relies on fossil fuels, with a striking 87% share [34]. Moreover, fossil fuels will remain the dominant source of energy for the next 20 years, with an estimation of about an 82% share in 2035 [35]. Given that the estimated guaranteed world reserves of all major fossil fuels (crude oil, natural gas and coal) are approximately 1000 billion metric tons of oil equivalent [35], in the worst case scenario, simple algebraic calculations suggest that for the current level of consumption, they will be depleted in the next 80 years. If the whole world would reach the U.S. standards, such a life style could be supported for the next 20 years only.
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Figure 5. Correlation between GDP PPP per capita (p.c.) and annual energy use per capita for different countries and the world as a whole calculated using moving windows of 10 (a) and 20 (b) years. 
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3.3. Developing World Growth Perspectives


Based on our calculations and observations, we can state that the future growth of the world economies in its current form requires a significant new demand on the resources to fuel new growth in GDP, since it is a mathematical inevitability under the current economic paradigm. This demand on resources is likely to result in constraints on future growth, as a further increase in consumption would be difficult to accomplish; thus, we expect to see slower economic growth for the near future outlook. While the use of new technologies to increase and improve the distribution efficiency of food production [22] and security [36] and to improve water treatment [24] seems to be potentially possible, the increase in demand on energy resources, on the other hand, is harder to accommodate. A slowdown seems to be a more likely outcome than the continued growth as current indicators, e.g., states’ debt and stock markets, are suggesting. Today, we witness a “tag of war” between resource limitations and unsustainable demand for “capital growth”. The world economies will likely come to a new equilibrium to accommodate these opposing trends. Where exactly this new equilibrium will be remains to be seen.



As we were finishing this analysis, we came across the report by Dr. Morgan [37], where a much broader analysis of resource constraints was performed. Our conclusions are in agreement with this report on energy-related constraints. A similar conclusion was also reached in a study researching energy consumption from the entropy perspective [14]. The paper argues that partitioning of the limited fossil fuel resources among the world population is subject to the maximal entropy principle, resulting in the exponentially-distributed inequality in energy consumption. It concludes that it is impossible to bring the whole world to the U.S. standards, not only because there are not enough resources (as argued in the present paper), but also because such an equal distribution would have lower entropy and, thus, be extremely improbable.



There is another possibility that can drastically alter the present analysis. One can imagine that as a result of the recent crisis and pressures, we will develop a new paradigm for economic growth where GDP and income will grow without the attendant increase of resource consumption to match the growing demand. There have been proposed a number of theories promoting economic growth not linked to resource consumption, for instance, R&D-based models [38], use of technology advancement [39], economic integration [40], social organization [41] or human capital [42] as engines for economic development. Another feasible option, which some countries are considering along with renewables [13], is the increased use of nuclear energy as a stable and long-term energy source capable of feeding manufacturing [43]. This possibility cannot be discarded, although it would inevitably face qualitatively new technological and security challenges [44,45].





4. Conclusions


Our study estimates the level of consumption of energy, food and fresh water in India, China and the world in general that matches current levels of the U.S. per capita. For simplicity, we assumed that these resources would be uniformly consumed based on the average per capita consumption of the developed world. In spite of oversimplification, our analysis illustrates that a linear expansion growth model is not sustainable over a long period of time worldwide, due to the finite nature of the planet’s resources. The anticipated shortage of resources would have to be addressed by the world economies. The explicit calculation points to the significant adjustments that economies worldwide would have to make to accommodate the constraints that we have presented. In terms of future research, it would be useful to follow up the present study with a comparison of the estimates that we made with the dynamics of world resources over a considerable span of time. We do not know how the future will look, but we present a simple estimate that the current rates of consumption expansion are not scalable for the developing world. We hope our analysis will facilitate future discussions on alternative development models.
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