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Abstract

This paper evaluates the prospect of energy supply and its impact on economic growth in China from now to 2100.  After considering the prospects of coal, oil, and gas production, as well as the development potentials of nuclear energy, renewable energies, and energy efficiency, this paper finds that China is likely to face irreversible declines of energy consumption and economic output after the mid-21st century.  Moreover, the projected fossil fuels consumption implies levels of carbon dioxide emissions substantially more than what would be consistent with China’s obligations to global climate stabilization. 
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Measured by purchasing power parity, China is already the world’s second largest economy and now accounts for about 12 percent of the world Gross Domestic Product (GDP).  Under the current trend, China should overtake the US and become the world’s largest economy by around 2015.  However, China’s economic growth has been heavily energy intensive and arguably the single most important factor behind the rapid growth of global energy demand and greenhouse gases emissions in recent years.  From 2000 to 2008, China’s energy consumption grew at an average annual rate of 13 percent and carbon dioxide emissions from fossil fuels consumption grew at an average annual rate of 11 percent.  China now accounts for 18 percent of the world’s primary energy consumption and will soon overtake the US to become the world’s largest energy consumer.  China has already overtaken the US to become the world’s largest carbon dioxide emitter and now accounts for about 21 percent of the global emissions from fossil fuels.

Fossil fuels (coal, oil, natural gas) are nonrenewable resources.  A growing body of research suggests that the global production of fossil fuels may reach the peak sooner than people have commonly assumed.  Given the overwhelming importance of fossil fuels in global energy consumption, the coming decline of fossil fuels production could impose severe limits on future global economic growth.  Moreover, the consumption of fossil fuels results in the emissions of carbon dioxide, which is the primary greenhouse gas that contributes to global warming.  The current scientific consensus is that if the trend towards global warming is not contained and reversed, then the humanity could face potentially civilization-threatening catastrophes in the coming centuries.

Thus, the current trend of China’s energy use is definitely not sustainable from the ecological perspective.  This paper develops a technical framework that helps to evaluate the potential implications of peak energy production on China’s economic growth.  It also provides assessment of China’s future levels of carbon dioxide emissions given the projected fossil fuels consumption.

The basic technique used is Hubbert linearization, which was used by American geologist Marion King Hubbert to predict the US oil production peak.  The following section explains the Hubbert linearization technique.  Section 3 discusses the existing literature on peak oil, peak gas, and peak coal and evaluates the future trajectory of world oil, gas, and coal production.  Section 4 evaluates the future trajectory of China’s coal, oil, and gas production.  Section 5 and 6 discuss the future potentials of nuclear and renewable energies.  Section 7 evaluates the future prospects of China’s total energy consumption and economic growth.  Section 8 discusses the implications of China’s future fossil fuels consumption for carbon dioxide emissions.  The last section concludes the paper.
Methodology and Data

Hubbert Linearization
“Hubbert Linearization” is a common technique used to predict the ultimate recoverable amount of a nonrenewable resource.   In 1956, Marion King Hubbert, an American geologist who worked for the Shell Oil Company, predicted that the US oil production would peak around 1970, a prediction that was later confirmed by the actual trajectory of the US oil production (Heinberg, 2004: 87-92).
The basic assumption of Hubbert linearization is that the annual production trajectory of a nonrenewable resource can be described by a logistic equation.  The annual production is likely to first grow at an accelerating rate.  Beyond certain inflection point, the growth slows down.  The annual production reaches the peak when about half of the ultimate recoverable resource has been depleted.  After the peak, the annual production initially declines at an accelerating pace.  But the decline slows down as the resource approaches complete depletion. 

As the production level approaches the peak, a linear relationship is likely to be formed between the growth rate of the cumulative production of the resource (that is, the ratio of the current annual production over the cumulative production from all previous years) and the cumulative production.  The horizontal intercept of the linear function would indicate the ultimately recoverable amount.  This can be described by the following equation:

(1)
qt / Qt = a – a (Qt / Qu) 

Where Qt represents the cumulative amount that has been produced up to year “t”, qt is the current annual production in year “t” or the growth of the cumulative production, “a” is the intrinsic growth rate that determines how rapidly Qt grows or how rapidly the ultimately recoverable amount is depleted, and Qu stands for the ultimately recoverable amount of the resource.  Given historical data of annual and cumulative production, equation (1) can be estimated through linear regression and the results would allow one to determine the value of “a” and “Qu”.

The peak year of the annual production can be determined by the following equation:

(2)
Qt = Qu / {1 + exp [-a (t – tm)]}

Where “t” is the current year and “tm” is the peak year.  The peak production should happen when about half of the ultimately recoverable resource has been depleted (Korpela, 2005).

Hubbert linearization allows one to use the latest available data to continuously update the estimated coefficients.  The model usually delivers reasonably reliable results when the annual production approaches the peak or has passed the peak, and the accuracy of the model’s predication tends to improve as more data have been accumulated over time.


In the early stage of a resource’s depletion, when cumulative production accounts for only a small proportion of the resource’s ultimately recoverable amount, there may not be a linear relationship between the cumulative production and its growth rate or the linear relationship may not be downwardly sloped.  In this case, one may use other available information to make assumption about the ultimately recoverable amount of the resource (Qu).  

Equation (3) is equivalent to equation (1):

(3) 
qt / Qt = a (1 – Qt / Qu) 

If Qu is already known or can be assumed, then one may do a linear regression of (qt / Qt) over (1 – Qt / Qu), imposing the constant term to be zero.  The results would allow one to determine the value of “a”.  The projected peak year of the annual production then can be determined through equation (2).
Definitions and Data Sources
In this paper, the primary energy consumption is defined as the total energy consumption from coal, oil, natural gas, nuclear electricity, renewable electricity, and liquid fuels made from biomass.  Traditional forms of energy, such as the burning of wood, cow dung, or other plant and animal residuals for household consumption, are excluded.  Primary electricity (such as nuclear, hydro, and other forms of renewable electricity) is counted by its electrical energy content with a conversion rate of 11.63 trillion-watt hours = 1 million metric tons of oil equivalent. 
Historical data of oil, natural gas, and coal production before 1965 are from Rutledge (2007).  Historical data of production and consumption of oil, natural gas, coal, nuclear electricity, and hydro electricity from 1965 to 2008 are from BP (2009).  Renewable energy consumption data are from EIA (2009a).  
World: Peak Oil, Gas, and Coal

In 2008, the world’s total primary energy consumption amounted to 10,500 million metric tons of oil equivalent.  Oil accounted for 37 percent of the world’s primary energy consumption.  Coal, natural gas, nuclear energy, and renewable energies (including hydro electricity, other renewable electricity, and biofuels) accounted for 31 percent, 26 percent, 2 percent, and 3 percent respectively.

In 2008, the world’s annual oil production (including crude oil, oil sands, shale oil, and natural gas liquids) was about 3,930 million metric tons, with a daily production rate of 82 million barrels.

There has been a growing literature arguing that the world oil production either has already peaked or will peak very soon.  The US used to be the world’s largest oil producer.  Its oil production peaked in 1970.  The two most important European producers, Britain and Norway, peaked in 1999 and 2001 respectively.  Mexico, which was the world’s fifth largest producer, peaked in 2004.  Russia, the world’s second largest producer, peaked in 1985.  After the recovery from the post-Soviet collapse, Russia’s oil production now may be approaching the second peak.  A new study finds that Saudi Arabia’s crude oil production may have peaked in 2005 (The Oil Drum, 2009a).

Colin J. Campbell, an Irish petroleum geologist, conducted a detailed study of the world’s oil discovery history and pointed out that the world oil discoveries peaked in the 1960s (Campbell, 2005).  The Association for the Study of Peak Oil and Gas Ireland estimates that the world oil production is likely to have peaked in 2008 (ASPO, 2009).  The Oil Drum (2009b) recently made a similar estimate.
In 2008, the world’s natural gas production was about 3,070 billion cubic meters or 2,770 million metric tons of oil equivalent.

Laherrere (2004) predicted that the world natural gas production would peak around 2030.  Campbell (2005: 209-216) expected the world conventional natural gas production to peak by 2025.  Dave Rutledge, chair of the Division of Engineering and Applied Science at California Institute of Technology, studied the historical series of world oil and natural gas production and concluded that about one-third of the world’s ultimate recoverable resources of oil and natural gas have already been exploited, implying a peak of the world total production of oil and gas around 2015 (Rutledge, 2007).

The US is the world’s largest natural gas producer and its natural gas production peaked in 1971.  In recent years, the US production from non-conventional sources (such as shale gas) has grown rapidly.  However, some have argued that the production lives of shale gas wells are likely to be short and production from a single well often falls precipitously after the initial year of production.  Thus, the actual recoverable amount of natural gas in the US may not have increased as much as the natural gas industry has expected (Berman, 2009).
In 2008, the world’s coal production was about 6,780 million metric tons or 3,320 million metric tons of oil equivalent.  


The world’s official coal reserves stand at about 830 billion metric tons.  However, Rutledge (2007) estimated that the world’s remaining recoverable coal was likely to be 440 billion metric tons.  Under the current production rate, the world’s remaining coal could last about 65 years.  Energy Watch Group (2007) estimated that the world coal production could peak in 2025.


Table 1 summarizes the Hubbert linearization regression results for the world’s oil production, the world (excluding US)’s natural gas production, the US natural gas production, and the world (excluding China)’s coal production, using procedures and data described in the previous section.  US natural gas production projections are made separately from the rest of the world to reflect the rapid growth of non-conventional natural gas production that has taken place in recent years.


The world oil production is projected to have peaked in 2008, the world (excluding US)’s natural gas production is projected to peak in 2031, the US natural gas production is projected to peak in 2009, and the world (excluding China)’s coal production is projected to peak in 2026.

China: Peak Coal, Oil, Natural Gas


In 2008, China’s total primary energy consumption amounted to 1,917 million metric tons of oil equivalent.  Coal accounted for 73 percent of China’s primary energy consumption.  Oil and natural gas accounted for 20 percent and 4 percent respectively.  Nuclear and renewable energies accounted for 3 percent.  About 10 percent of China’s energy supply was provided by imported sources (mainly oil). 

Between 2000 and 2008, China’s coal production grew at an average annual rate of 10 percent.  In 2008, China produced 2,780 million metric tons of coal or 41 percent of the world’s total coal production.  

According to China’s Ministry of Land and Natural Resources, China’s coal reserve stands at about 190 billion metric tons.  Using China’s official coal reserve, Tao and Li (2007) estimated that China’s coal production would peak in 2029 with a peak production level of about 3.8 billion metric tons.  However, China’s coal production is now growing so rapidly that the peak production level predicted by Tao and Li could easily be reached before 2015 and there is no sign indicating that China’s coal production growth could slow down sharply in the near future.  Thus, the official reserve is likely to be too conservative an estimate of China’s remaining recoverable coal.
Table 2 presents changes in various categories of China’s coal resources from 2000 to 2008.  The China Statistical Year book defines “reserve base” as the part of the identified coal resource that is economically and marginally economically exploitable under the existing technologies, before subtracting mining losses (National Bureau of Statistics, 2008 and earlier years).
From 2000 to 2008, China’s identified coal resource steadily increased from about 1 trillion metric tons to about 1.2 trillion metric tons.  But the reserve base had stayed at around 330 billion metric tons.  The reserve base does not take into account possible growth of economically recoverable resource that may result from future technological progress.  On the other hand, unlike the category of reserve, reserve base does not subtract mining losses.  Thus, the category of reserve base may be treated as a rough balance between overly optimistic and conservative estimates of China’s recoverable coal resource.

This paper uses China’s reserve base as the basis for estimating China’s remaining recoverable coal.  As China’s cumulative coal production has been about 50 billion metric tons, the ultimately recoverable coal in China is estimated to be 380 billion metric tons.

China is currently the world’s fifth largest oil producer.  In 2008, China produced 190 million metric tons of oil or about 3.8 million barrels a day.
Among the Chinese researchers, a consensus has emerged that the domestic oil production is likely to peak around 2015, with the peak production level unlikely to be above 200 million metric tons (Cui, ed. 2008: 33).

China’s natural gas production now makes a small contribution to China’s energy supply, but had been growing at 14 percent a year from 2000 to 2008.  In 2008, China’s annual production of natural gas was 76 billion cubic meters or 68 million metric tons of oil equivalent.

The Chinese researchers estimate China’s remaining recoverable conventional natural gas to be about 17 trillion cubic meters.  In addition, economically recoverable coal methane is estimated to be 10 trillion cubic meters.  This paper assumes that China’s ultimate recoverable natural gas is about 28 trillion cubic meters or 26,000 million metric tons of oil equivalent (Cui ed. 2008: 192-207).

Table 3 summarizes the Hubbert linearization regression results for China’s coal, oil, and natural gas production, using procedures and data described in the section on “Methodology and Data”.  For oil, ordinary Hubbert linearization regression described by equation (1) is conducted.  For coal and natural gas, ultimate recoverable resource is assumed and regression is performed in accordance with equation (3).  The estimated “a” is then re-interpreted as the Hubbert “intercept” and the Hubbert “slope” (a / Qu) is calculated using the estimated “a” and the assumed “Qu”.

China’s coal production is projected to peak in 2039, oil production to peak in 2015, and natural gas production to peak in 2044.

China: Nuclear Energy Potential
The generation of nuclear electricity uses uranium, which is a nonrenewable resource.  According to Energy Watch Group (2006), the world’s proved uranium reserves will be exhausted in 30 years at the current rate of consumption and all possible resources of uranium will be exhausted in 70 years.  
The so-called “fourth generation” or breeder reactors, which theoretically could greatly extend the lifetime of the uranium resource, have a large number of unresolved technical problems and have serious safety concerns.  It is not clear if breeder reactors can ever become a commercially significant source of energy supply (Dittmar, 2009).

China currently has a nuclear electricity generating capacity of 9 giga-watts.  The Chinese government plans to expand the nuclear electricity capacity to 40 giga-watts by 2020 (Cui ed., 2008: 309).  This paper assumes that China’s long-term potential nuclear electricity capacity will be 200 giga-watts, or about twice as much as the current US nuclear electricity capacity.

China’s economically recoverable uranium is estimated to be 650,000 metric tons (Cui ed., 2008: 34).  Each giga-watt of nuclear electricity consumes about 160 metric tons of uranium each year.  If China’s nuclear electricity capacity expands to 200 giga-watts, China’s annual consumption of uranium will need to rise to about 32,000 metric tons.  At this rate, China’s domestic uranium resource will be exhausted in about 20 years.

China: Renewable Energy Potential
Hydro electricity is currently the most important renewable energy, accounting for about 15 percent of China’s electricity generation.  The Chinese government plans to expand the hydro electricity generating capacity from the current 100 giga-watts to more than 200 giga-watts by 2020.  China’s long-term technical potential of hydro electricity is estimated to be about 500 giga-watts (Cui ed., 2008: 34).

Among the non-hydro renewable energies, only wind, solar, and biomass have the physical potentials to make a significant contribution to the future energy supply (Trainer, 2007: 107-111).  However, several economic and technical factors could seriously limit the expansion of non-hydro renewable energies.

First, under the current technology, the renewable energies remain relatively expensive in comparison with conventional fossil fuels.  According the US Energy Information Administration (EIA, 2009b), the capital cost of one giga-watt of coal-fired electricity is about 2.1 billion dollars.  The capital cost for one giga-watt of biomass, wind, and solar (thermal) electricity is about 3.8, 1.9, and 5 billion dollars respectively.  It may appear that wind electricity is now comparable to coal-fired electricity in economic cost.  However, a coal-fired power plant has an average capacity utilization rate of about 0.7, while a biomass power plant has an average capacity utilization rate of about 0.6, and a wind or solar power plant has an average capacity utilization rate of 0.25.  Corrected for differences in capacity utilization rates and taking into account fuel costs for coal-fired and biomass electricity, biomass and wind electricity is about one and a half times as expensive as coal-fired electricity, and solar electricity is about four times as expensive.
Wind and solar are intermittent energy sources.  Given the existing electric grids, wind and solar electricity can penetrate up to 20 percent of the installed electricity generating capacity or 10 percent of the actual electricity production without causing serious problems.  Beyond these limits, further increase in solar and wind electricity will have to require large-scale storage of electricity (Lightfoot and Green, 2002).  The development of “smart grids” using update technologies could alleviate these problems but cannot eliminate them.  There are serious difficulties to store electricity on very large scales and substantial energy loss will occur due to conversion inefficiencies (Green, Baski, and Dilmaghani, 2007).

Moreover, wind and solar can only be used to generate electricity.  Electricity consumption accounts for only about 15 percent of China’s primary energy consumption.  Electricity cannot directly replace liquid fuels and obviously cannot serve as chemical inputs.  These are two essential uses of fossil fuels in a modern economy.
Biomass is the only renewable energy that can be used to directly make liquid fuels or chemical inputs.  However, biomass production requires large amounts of land and water.  If the entire world’s cropland (or 1.5 billion hectares of arable land) is used to grow plants to make biofuels, it may replace no more than 60 percent of the world’s oil consumption (Trainer, 2007: 75).

China’s long-term onshore and offshore wind electricity potential is estimated to be 1,000 giga-watts (Cui ed., 2008: 273).  China’s biomass annual gross production potential (including crop residuals, industrial wastes, and municipal wastes) is estimated to be about 500 million metric tons of coal equivalent (or about 350 million metric tons of oil equivalent) (Cui ed., 2008: 284).  If about 40 percent of the gross biomass energy can be converted into liquid fuels, then the potential for annual biomass production would be about 140 million metric tons of oil equivalent.
Lightfoot and Green (2002) estimated the long-term physical potential of the world’s solar electricity to be about 160 EJ ((extra joule, or 1018 joules, 1 EJ = 23.88 million metric tons of oil equivalent).  This paper assumes that China’s long-term solar electricity potential is about 11 EJ or 270 million metric tons of oil equivalent (about 7 percent of the world potential, in proportion to China’s share in the world land).

Table 4 summarizes China’s long-term potentials of nuclear and renewable energies.  The potentials add up to 910 million metric tons of oil equivalent.  This is rounded to 900 million metric tons of oil equivalent and taken as China’s long-term nuclear and renewable energy potential.
Peak Energy and the Limits to China’s Economic Growth


Figure 1 presents China’s historical and projected primary energy consumption from 1950 to 2100.  China’s future production trajectories of coal, oil, and natural gas are based on projections presented in Table 3.  Nuclear and renewable energy production is assumed to follow its recent historical trend and gradually approach the long-term potential.  China’s energy imports are assumed to stabilize at 3 percent of the world’s projected total production of fossil fuels after 2010.

China’s primary energy consumption is projected to peak around 2040 and decline in the rest of the 21st century.


Energy efficiency is defined as the ratio of Gross Domestic Product (GDP) to energy consumption.  Lightfoot and Green (2001) studied the physical energy efficiency of the world’s industries.  In the 1990s, the world economy’s average physical energy efficiency was about 20 percent.  Assuming that eventually the world energy efficiency would approach 100 percent, in the long run the world energy efficiency would be about five times of the average efficiency of the 1990s or about 25,000 dollars per metric ton of oil equivalent (measured in 2005 purchasing parity dollars).

In 2008, China’s energy efficiency was 3,800 dollars per metric ton of oil equivalent or 62 percent of the world average.  This paper assumes that in the long run China’s energy efficiency will catch up with the world average and approach the world energy’s long-term potential.


China’s future GDP can be projected by multiplying the projected primary energy consumption with the projected energy efficiency.  Figure 2 presents China’s historical and future economic growth rates from 1953 to 2100.  China’s economic growth is projected to decelerate after 2010 and the Chinese economy will decline in absolute terms after around 2050 and stay in the negative territory for the rest of the 21st century.
China and Climate Change


An international scientific consensus has been established that, fossil fuels consumption from human economic activities has been the primary factor that is responsible for the emissions of greenhouse gases which have in turn contributed to global warming (IPCC, 2007a).


The global average temperature is currently about 0.8(C higher than the pre-industrial level.  If global warming (relative to the pre-industrial temperature) reaches 2(C, then much of the world will suffer from widespread drought and up to 40 percent of the plant and animal species could go extinct.  Moreover, certain climate “tipping points” may be reached so that the earth’s oceans and terrestrial ecological systems could enter into carbon feedbacks that would release more greenhouse gases, leading to run away global warming.  For this reason, scientists now consider 2(C warming as the upper limit, beyond which the worst climate catastrophes may not be prevented.


If global warming reaches 3(C, then the world will become nearly ice free, global sea level could rise by 25 meters, and the world’s rainforests are likely to be destroyed.  If the atmospheric concentration of carbon dioxide rises above 500 parts per million (ppm), then the Algae in the oceans may start to fail, leading to a further jump of global temperature by several degrees.  In that event, only a few pockets of the world’s land surfaces may remain suitable for human inhabitation and the human civilization as we know it will practically cease to exist (Spratt and Sutton, 2008).
Table 5 compares the alternative scenarios of global warming and the corresponding levels of carbon dioxide emissions.  According to the Intergovernmental Panel on Climate Change, to prevent global warming by more than 2(C, it is necessary to stabilize the atmospheric concentration of carbon dioxide and other long-lived greenhouse gases at below 450 ppm of carbon dioxide equivalent.  After making allowances for non-carbon dioxide greenhouse gases, the atmospheric concentration of carbon dioxide needs to stabilize at below 350 ppm.  This in turn requires global cumulative emissions of carbon dioxide over the 21st century to be no more than 1 trillion metric tons.

Currently, land use changes (mainly deforestation) result in emissions of carbon dioxide of about 6 billion metric tons a year.  Assuming that over the 21st century, the average annual emissions from deforestation may be reduced to one-third of the current level, the total emissions from deforestation would amount to 200 billion metric tons over the century.  This leaves a “budget” of 800 billion metric tons for the cumulative emissions from fossil fuels consumption.

From 2001 to 2008, about 250 billion metric tons of carbon dioxide had already been emitted due to fossil fuels consumption.  Currently, the world economy is generating about 30 billion metric tons of carbon dioxide each year. At this rate, the global carbon budget required to prevent global warming by 2(C will be exhausted in about 18 years.
According to the BP Statistical Review of World Energy, the world’s proved reserve of oil, natural gas, and coal is about 170 billion metric tons, 170 billion metric tons of oil equivalent, and 830 billion metric tons respectively.  According to this paper’s projections, the world’s remaining recoverable oil, natural gas, and coal is about 160 billion metric tons, 210 billion metric tons of oil equivalent, and 730 billion metric tons respectively.  These estimates are broadly in line with the official reserves reported by BP.

If this paper’s projections are used and assuming the world’s fossil fuels consumption follows the path of natural depletion, then the cumulative carbon dioxide emissions from fossil fuels consumption over the 21st century will amount to about 2.4 trillion metric tons (assuming about 2.9 metric tons of carbon dioxide emissions for each metric ton of oil consumption, 2.3 metric tons of emissions for each metric ton of oil equivalent of natural gas consumption, and 1.9 metric tons of emissions for each metric ton of coal consumption).  That is, under the scenario of natural depletion, the world emissions will definitely lead to more than 3(C global warming and carries a significant risk of leading to the civilization-threatening 4(C global warming.
To keep the cumulative emissions below the 800 billion metric tons required to achieve less than 2(C global warming, global emissions need to fall by 1.6 trillion metric tons compared to the natural depletion scenario.  Evaluated at a carbon price of 50 dollars per metric ton of carbon dioxide (at the lower end of a range of estimated carbon saving costs required to achieve less than 2(C global warming, see IEA, 2008), the total cost of the required emissions reduction would amount to 80 trillion dollars, about 1.2 times of the world’s current GDP.
Although there may be multiple ways to define a country’s “fair” share in the global carbon budget, given China’s economic size and the fact that China is already the world’s largest emitter of greenhouse gases, it is highly unlikely that the rest of the world will accept China’s emissions share to be more than China’s population share in the world.  Assume China’s fair share of carbon budget is roughly the same as China’s population share, or about 20 percent, China’s carbon budget consistent with less than 2(C global warming needs to be no more than 160 billion metric tons of carbon dioxide emissions.
From 2001 to 2008, China had already emitted about 40 billion metric tons and is currently generating about 7 billion metric tons of emissions each year, or on track to exhaust China’s own carbon budget in about 17 years.

Given this paper’s projections and assume that China follows the path of natural depletion of its fossil fuels resources, China’s cumulative emissions of carbon dioxide over the 21st century will amount to about 820 billion metric tons, implying more than 4(C global warming if the rest of the world matches China’s pattern of emissions.
If China’s cumulative emissions were to be reduced to 160 billion metric tons, China needs to find ways to remove about 660 billion metric tons of carbon dioxide with a total cost of about 33 trillion dollars, or about 4.1 times of China’s current GDP.
Conclusion
This paper evaluates the prospect of energy supply and its impact on economic growth in China from now to 2100.

Using the Hubbert linearization technique and taking into account other relevant information, this paper finds that China’s coal production is likely to peak around 2040, oil production to peak around 2015, and natural gas production to peak around 2045.

Given the limitations of nuclear and renewable energies, the growth of nuclear and renewable energies will not be able to compensate for the declines of fossil fuels.  As a result, China is likely to face irreversible declines of energy consumption and economic output after the mid-21st century.

Moreover, if China were to follow the path of natural depletion of its fossil fuels resources, then given this paper’s projections, China will emit far more greenhouse gases than what are allowed by China’s fair share of the global carbon budget, required to prevent catastrophic global warming.  The additional financial cost required to bring China’s emissions down to within the limits of China’s fair share of the carbon budget, is likely to be very large and may be economically prohibitive.

A major uncertainty in these projections has to do with China’s remaining recoverable coal resource.  China’s potential coal resource is very large (about 1.2 trillion metric tons).  But only a portion of this resource is economically recoverable.  Much depends on in the future to what extent China is willing to take into account the potential social and environmental costs associated with coal mining.
The current projection actually assumes that China’s coal production growth will slow down significantly in the coming years.  Coal production growth is projected to slow down from the average annual rate of 10.1 percent during 2001-2008 to 3.8 percent from 2008 to 2020, to 2.7 percent in the 2020s, and to 0.8 percent in the 2030s.

If, in the coming decades, China’s actual coal production grows more rapidly than these projections, then the chance for the world to avoid catastrophic climate change would at best be very slim.  Alternatively, if China’s recoverable coal turns out to be smaller than is suggested by this paper’s projections, then China could face an energy crisis that is even more severe than the one presented in this paper.
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Table 1. Projections of World Fossil Fuels Production (oil and coal: billion metric tons; natural gas: billion metric tons of oil equivalent)
	
	Oil

(World)
	Natural Gas

(World ex.US)
	Natural Gas

(US)
	Coal

(World ex.China)

	Hubbert Linearization Results:

	Years of obs.
	1983-2008
	1997-2008
	1983-2008
	1930-2008

	Intercepta
	0.048789
(0.000753)
	0.055206
(0.000849)
	0.032219
(0.000765)
	0.025134
(0.000417)

	Slopea
	-0.000157
(0.000007)
	-0.000235
(0.000021)
	-0.000519
(0.000031)
	-0.000039
(0.000003)

	R-square
	0.959
	0.930
	0.922
	0.710

	
	
	
	
	

	URR
	309.9
	234.6
	62.1
	648.1

	Cum. Prod.
	155.2
	51.9
	30.7
	252.8

	RRR
	154.7
	182.7
	31.4
	395.3

	2008 Production
	3.929
	2.235
	0.533
	3.999

	Peak Yearb
	2008
	2031
	2009
	2026

	Peak Productionb
	3.779
	3.237
	0.500
	4.072


URR: ultimately recoverable resource (note: URR = -Intercept / Slope).
Cum. Prod.: cumulative production.

RRR: remaining recoverable resource.

a Standard errors are in parentheses.
b Theoretical peak year and production level predicted by the model.
Table 2. China’s Coal Resources, various categories, 2000-2008 (billion metric tons)
	
	Identified Resource
	Reserve Base
	Reserve

	2000
	1,003.3
	
	

	2001
	1,020.2
	334.1
	189.1

	2002
	1,019.0
	331.8
	188.6

	2003
	1,021.1
	334.2
	189.3

	2004
	1,030.7
	337.3
	

	2005
	1,100.5
	332.6
	

	2006
	1,159.8
	333.5
	182.5

	2007
	1,204.6
	326.1
	

	2008
	1,227.7
	
	


Sources: China’s Statistical Yearbook, various issues; Statistical Communiqués of People’s Republic of China, various years (National Bureau of Statistics, 2008 and earlier years); and news releases by China’s Ministry of Land and Natural Resources.
Table 3. Projections of China’s Fossil Fuels Production (oil and coal: billion metric tons; natural gas: billion metric tons of oil equivalent)
	
	Coal
	Oil
	Natural Gas

	Hubbert Linearization Results:

	Years of observation
	1950-2008
	1999-2008
	1970-2008

	Intercepta
	0.064150
(0.002746)
	0.062038
(0.001545)
	0.099774

(0.007951)

	Slopea
	-0.000170
(NA)
	-0.004938
(0.000358)
	-0.003837
(NA)

	R-square
	0.904
	0.960
	0.806

	
	
	
	

	Ultimately Recoverable Resourceb
	380.0
	12.6
	26.0

	Cumulative Production
	47.9
	5.1
	0.8

	Remaining Recoverable Resource
	332.1
	7.5
	25.2

	2008 Production
	2.782
	0.190
	0.068

	Peak Yearc
	2039
	2015
	2044

	Peak Productionc
	6.093
	0.195
	0.648


a Standard errors are in parentheses.  For coal and natural gas, Slope = -Intercept / URR.
b For coal and natural gas, ultimately recoverable resource is assumed by the author.
c Theoretical peak year and production level predicted by the model.

Table 4. China’s Nuclear and Renewable Energy Potentials

	
	Electricity Generating Capacity (GW)
	Assumed Capacity Utilization
	Electricity Generation Potential (TWH)
	Energy Supply Potential (Mtoe)

	Nuclear
	200
	0.8
	1,400
	120

	Hydro
	500
	0.5
	2,200
	190

	Wind
	1,000
	0.25
	2,200
	190

	Solar
	2,400
	0.15
	3,100
	270

	Biofuels
	
	
	
	140

	Total
	4,000
	NA
	8,300
	910


GW: giga-watts of electricity generating capacity (1 giga-watt generates 8.76 trillion-watt hours of electricity if it operates all year round or at full capacity).

TWH: trillion-watt hours.

Mtoe: million metric tons of oil equivalent (1 million metric tons of oil equivalent = 11.63 trillion-watt hours).

Sources:  Cui ed. (2008) and author’s assumptions.
Table 5. Alternative Scenarios of Global Warming and the “Carbon Budget”

	Global Warming (relative to pre-industrial temperature)
	2(C
	3(C
	4(C

	Atmospheric Concentration of CO2-equivalenta
	450 ppm
	550 ppm
	700 ppm

	Atmospheric Concentration of CO2
	350 ppm
	450 ppm
	550 ppm

	Approximate Carbon Budgetb
	1,000 Gt
	2,000 Gt
	3,000 Gt

	Less: Allowances for Deforestation
	200 Gt
	200 Gt
	200 Gt

	Approximate Fossil Carbon Budget
	800 Gt
	1,800 Gt
	2,800 Gt

	China’s “Fair” Carbon Budget
	160 Gt
	360 Gt
	560 Gt


Gt: billion metric tons of carbon dioxide.
a Including carbon dioxide and other greenhouse gases.

b Cumulative emissions of carbon dioxide over the 21st century consistent with the required atmospheric concentration of greenhouse gases.

Sources:  IPCC (2007b), Chapter 3.
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