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Abstract 
 
The United States and other developed countries currently and historically have transferred 
considerable resources overseas to further their foreign policy objectives and to purchase oil 
and natural gas. These transfers are comparable in magnitude to estimates of the scale of 
the economic effort that would be required to create a world-wide energy system with zero 
carbon emissions by the middle of this century. Solar energy, the most abundant of the 
alternative energy supply sources, is currently the most expensive of the alternatives to 
fossil fuels but a substantial body of research and practical experience suggests that solar 
costs could fall to competitive levels with sufficient technological progress and increases in 
solar energy production and capacity.  
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Willingness to Pay to Meet Existential Threats 
 
Determining, before the fact, the feasibility of any proposed policy path is a matter of 
judgment. There is a saying that “the intolerable is what people are unwilling to tolerate,” 
and the same sort of thing can be said of feasibility. Given the physical limits of their 
resources, what people are willing to spend depends on the circumstances — how the money 
is being spent, and for what purpose. At the peak of World War II, over half of U.S. GDP 
was being devoted to all government spending, and the war-related increment was about 
30% of GDP (the “background” level of all government spending was about 20% in the 
1930s).   
 

Figure 1. U.S. Government Spending as Percent of GDP 
Government Spending in U.S. from FY 1903 to FY 2010 

 
 
Source: Chantrill (2010). 
 
The war increment during World War I was about 20% of GDP, assuming a background 
level of all government spending at around 10% of GDP.  
 
The United States has exhibited a willingness to provide very large sums in foreign aid to 
advance its interests outside the context of fighting shooting wars. The most striking 
historical example is the Marshall Plan, implemented to rebuild Europe after World War II 
and to thwart the expansion of the Soviet Union. The United States transferred $12.5 billion 
(then-current dollars) to Europe following the end of the war, in addition to another $12 
billion sent to Europe before the Marshall Plan (Milward 1984, pp. 94, 46).1  In other words, 
for the six years after the war, U.S. aid to Europe averaged about 1.5% of U.S. GDP per 
year. As Kunz put it, “[w]hen the vital interests of the United States seem to be at stake, the 
expenditure of American dollars for foreign aid can be amply justified. That was true at the 

                                         
1 It should be noted that half of the pre-Marshall aid was in the form of loans. Under the Marshall Plan loans 
constituted about 10% of aid.  
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time of the Marshall Plan, and it is still true today” (Kunz 1997, p. 170). “Low-carbon 
investment aid” at Marshall Plan levels from the United States, the EU, and Japan would 
amount to $439 billion per annum in 2005 dollars and at GDP levels of 20052 (calculated 
from GDP in 2005 PPP dollars, World Bank 2008).3  
 
 
Current Levels of Economic and Military Aid 
 
While not approaching wartime or Marshall Plan levels of effort, the rich countries today 
commit sizeable resources to international economic and military aid. The Development 
Assistance Committee (DAC) of the OECD currently consists of 24 nations, including the 
European Commission (OECD 2010a, 2010b).4 Table 1 shows levels of economic aid, both 
before and during the wars in Afghanistan and Iraq. 
 
The total current level of overseas development assistance (ODA) from all the DAC countries 
is about $126 billion per annum, or 0.29% of the donor countries’ national incomes. This is 
considerably less than the 0.7% of national income target;5 0.7% of GNI would come to 
$314 billion per year. The 0.7% figure was based on an outdated methodology (Clemens and 
Moss 2005), but it has persisted for four decades as an indication — at least in rhetoric — of 
the urgency of action to overcome global poverty and promote sustainable development.  

                                         
2 Of course, the conversion to a zero carbon economy would take longer than the six years of the Marshall Plan. 
3 At the individual level, estimates of willingness to pay to avoid personal risks can be derived from the slope of 
the tradeoff between wage differentials and risks for different jobs, and the “value of a statistical life” is the 
point at which the slope is extrapolated out to a probability of mortality equal to one. Yet no one thinks that the 
actual locus of the tradeoff between risk and monetary compensation is linear over the entire range of 
probabilities of death from zero to one. Most people’s “willingness to pay” to escape the certainty or near-
certainty of death would be limited only by the resources they could mobilize (DeCanio 2003).  
4 The countries currently included in the DAC are: Australia, Austria, Belgium, Canada, Denmark, Finland, 
France, Germany, Greece, Ireland, Japan, Italy, Luxembourg, Netherlands, New Zealand, Norway, Portugal, 
Spain, South Korea, Sweden, Switzerland, United Kingdom, and United States. The World Bank, the IMF, and 
UNDP also participate as observers. 
5 The 0.7% target was first set by the UN General Assembly in 1970. It has since been noted in many 
international conventions, including the 2002 Monterrey Consensus on Financing for Development (United 
Nations 2003). 
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Table 1. International Development Aid, DAC Countries and the United States 

All DAC Countries  United States 

Top fifteen 
recipients 

$million  
in  

1997–98  
Top fifteen 
recipients 

$million  
in  

2007–08  
Top fifteen 
recipients 

$million  
in  

1997–98  
Top fifteen 
recipients 

$million 
in  

2007–08 
China 1,863   Iraq 9,462  Egypt 749   Iraq 3,246 
Indonesia 1,711  Afghanistan 3,475  Bosnia-Herz. 201  Afghanistan 1,816 
Egypt 1,613  China 2,601  Peru 172  Sudan 779 
India 1,556  Indonesia 2,543  India 148  Egypt 684 
Philippines 935  India 2,263  Jordan 136  Ethiopia 592 
Thailand 861  Viet Nam 1,745  Bolivia 128  Colombia 520 
Bangladesh 758  Sudan 1,743  South Africa 94  Pakistan 398 
Viet Nam 714  Tanzania 1,603  Haiti 85  Kenya 383 
Mozambique 694  Ethiopia 1,551  Viet Nam 73  Palest.Adm.  351 
Tanzania 687  Cameroon 1,396  Palest. Adm.  73  Uganda 327 
Pakistan 622  Egypt 1,389  Mozambique 71  Jordan 327 
Bosnia-Herz. 560  Bangladesh 1,310  El Salvador 68  S. Africa 303 
Cote d'Ivoire 506  Mozambique 1,222  Micronesia 67  Nigeria 302 
Madagascar 479  Nigeria 1,121  Philippines 57  Liberia 262 
Peru 464   Palest. Adm.  1,108   Ethiopia 57   Georgia 246 

Total ODA 
for top 15 14,024   34,531  

Total aid for 
top 15 2,178   10,536 

Total ODA 57,193   125,855  Total ODA 8,800   25,255 

Percentage of 
GNI of donors  0.23%   0.29%  

Percentage 
of GNI of 
U.S. 0.09%   0.17% 

           
Source: OECD (2010c), Tables 4, 32     

          
The DAC countries are not the only source of development aid. China has increased its 
economic presence in the developing world in the past decade. It does not, however, provide 
statistical information on its foreign aid. Citing a 2007–2008 study by the Robert F. Wagner 
Graduate School of Public Service at NYU, the Congressional Research Service summarizes 
Chinese aid activity in this way: 
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In terms of development grants, the primary form of assistance provided by major 
OECD countries, China is a relatively small source of global aid. However, when 
China’s concessional loans and state-sponsored or subsidized overseas investments 
are included, the PRC becomes a major source of foreign aid. 
 
....According to the research [the Wagner School study], which is largely based upon 
news reports of Chinese foreign economic activity, PRC foreign assistance and 
government-supported economic projects in Africa, Latin America, and Southeast 
Asia grew from less than $1 billion in 2002 to $27.5 billion in 2006 and $25 billion 
in 2007 (Congressional Research Service 2009, Summary). 

 
Even given the problems of comparability arising from the difficulty of distinguishing grant 
aid, concessional loans, and direct investment, it is clear that China’s level of effort is 
comparable to that of the DAC countries. 
 
The United States also provides certain allies substantial amounts of military aid. Data for 
the top ten recipients are shown in Table 2. Data for other countries’ military assistance 
programs is harder to come by, although the CRS survey cited above estimates total Chinese 
military aid from 2002–2007 at $174 million, less than 2% of U.S. military assistance in 
2007. 
 

Table 2. U.S. Military Assistance, 2007 
  

Top ten recipients   Millions of dollars in 2007  

 Iraq  4,143 

 Afghanistan  3,642 

 Israel  2,340 

 Egypt  1,301 

 Pakistan  312 

 Sudan  254 

 Jordan  211 

 Russia  112 

 Colombia  87 

 Liberia  56 

 Total for top ten  12,458 

 Total for all countries  13,025 

 Percentage of 2007 GDP  0.09% 

  

Source: 2010 Statistical Abstract of the United States, Table 1263 
 



Economic Feasibility of the Pat to Zero Net Carbon Emissions 

6 

 
 
A third category of international transfers is climate-related: carbon emissions reductions 
(CERs) purchased under the Clean Development Mechanism (CDM) of the Kyoto Protocol. The 
top ten suppliers of CERs and the total annual average through 2012 are given in Table 3:  
 

Table 3. Average Annual CERs through 2012 
 

Top CER suppliers 
Average annual 

reductions in tons 
CO2-eq 

Millions of dollars at $16/ton 
CO2-eq 

China 224,151,894 3,586 
India 42,751,277 684 
Brazil 21,059,215 337 
Republic of Korea 14,931,675 239 
Mexico 9,472,441 152 
Malaysia 5,041,914 81 
Chile 4,711,692 75 
Indonesia 4,326,425 69 
Argentina 4,206,791 67 
Nigeria 4,154,978 66 

Total average CERs 
supplied 370,467,930 5,927 
   
Source: Average annual number of CERs from UNFCCC (2010) 

 
 
The magnitude of the transfers in all three of these categories is not inconsiderable, although 
the levels are far short of the investments that would be required to make the transition to a 
zero-emissions global energy system. Much larger than these economic and military aid 
amounts, however, are the sums spent by the OECD countries to import oil and natural gas. 
The transition to zero net emissions of CO2-eq would entail replacement of oil and gas 
products as energy sources. Electricity would be generated either by renewables (solar, wind, 
geothermal, hydro, wave, biomass), nuclear power, or fossil plants employing carbon capture 
and sequestration (CCS). It is not possible to know now what mix of these various energy 
technologies would be most efficient, but if zero carbon emissions were achieved it is 
inevitable that the global trade in oil and gas would be dramatically reduced. The 
magnitudes of current international trade in oil and gas are shown in Tables 4 and 5: 



Economic Feasibility of the Pat to Zero Net Carbon Emissions 

7 

Table 4. Net Crude Oil Imports, 2008 
 

Top ten net 
importers 

Millions of 
barrels 

Millions of 
dollars at 

$50/barrel 

Millions of 
dollars at 

$75/barrel 

Millions of 
dollars at 

$150/barrel 
United States  3,560  178,000  267,000  534,000 
Japan  1,450  72,500  108,750  217,500 
China  1,278  63,900  95,850  191,700 
India  916  45,800  68,700  137,400 
South Korea  851  42,550  63,825  127,650 
Germany  773  38,650  57,975  115,950 
France  608  30,400  45,600  91,200 
Italy  601  30,050  45,075  90,150 
Spain  431  21,550  32,325  64,650 
Netherlands  351  17,550  26,325  52,650 
DAC Net Imports  8,688  434,400  651,600  1,303,200 
Total Net Imports  14,817  740,850  1,111,275  2,222,550 
         
Source: Quantities from U.S. Energy Information Administration (2010a) 

 
 

Table 5. Net Gas Imports, 2008 
 

Top ten net 
importers 

Billions of 
cubic feet 

Millions of 
dollars at 

$4/tcf 

Millions of 
dollars at 

$6/tcf 

Millions of 
dollars at 
$12/tcf 

Japan  3,369  13,476  20,214  40,428 
United States  2,978  11,912  17,868  35,736 
Germany  2,801  11,204  16,806  33,612 
Italy  2,707  10,828  16,242  32,484 
Ukraine  2,154  8,616  12,924  25,848 
France  1,707  6,828  10,242  20,484 
Spain  1,363  5,452  8,178  16,356 
Turkey  1,281  5,124  7,686  15,372 
South Korea  1,279  5,116  7,674  15,348 
United Kingdom  920  3,680  5,520  11,040 

DAC Net Imports  10,398  41,592  62,388  124,776 
Total Net Imports  28,533  114,132  171,198  342,396 

         
Source: Quantities and prices from U.S. Energy Information Administration 
(2010a,b) 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At approximately current prices, $75/bbl. for oil and $6/tcf natural gas, the imports of the 
DAC countries amount to about $714 billion per year. The total global trade in oil and gas 
at these same prices would be about $1.3 trillion, or approximately 2% of global GDP.6 The 
magnitude of the oil trade for the U.S. is about the same; at today’s oil prices the U.S. 
spends about 2% of GDP on foreign oil. If the oil price were to double, as it nearly did in 
2008, the figure would be 4% of GDP.7  
 
Fossil fuel revenues are spread very unequally across countries. The top net exporters of oil 
and natural gas receive hundreds of billions of dollars a year — vastly more than any 
country ever receives in development aid — while most countries have little or no fossil fuels 
to sell. Tables 6 and 7 show the largest ten exporters of crude oil and gas, as well as the 
global export totals. (The discrepancies between global net imports in Tables 4 and 5 and 
net exports in Tables 6 and 7 are present in the original EIA source tables.) 
 

Table 6. Net Crude Oil Exports, 2008 
 

Top ten net 
exporters 

Millions of 
barrels 

Millions of 
dollars at 

$50/barrel 

Millions of 
dollars at 

$75/barrel 

Millions of 
dollars at 

$150/barrel 
Saudi Arabia  2,643  132,150  198,225  396,450 
Russia  1,851  92,550  138,825  277,650 
Iran  893  44,650  66,975  133,950 
UAE  814  40,700  61,050  122,100 
Nigeria  741  37,050  55,575  111,150 
Angola  638  31,900  47,850  95,700 
Kuwait  628  31,400  47,100  94,200 
Norway  605  30,250  45,375  90,750 
Iraq  602  30,100  45,150  90,300 
Mexico  549  27,450  41,175  82,350 
DAC Net Exports  ‐8,772  ‐438,600  ‐657,900  ‐1,315,800 
Total Net Exports  14,109  705,450  1,058,175  2,116,350 
         
Source: Quantities from U.S. Energy Information Administration (2010a). 

 
 

                                         
6 World GDP was $60.5211 trillion in 2008 (World Bank 2010, Table 4.2). 
7 This is a first approximation because it ignores the price elasticity of the demand for oil. That demand, 
however, is quite inelastic (Nordhaus 2007). 
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Table 7. Net Gas Exports, 2008 
 

Top ten net 
exporters 

Billions of 
cubic feet 

Millions of 
dollars at 

$4/tcf 

Millions of 
dollars at 

$6/tcf 

Millions of 
dollars at 
$12/tcf 

Russia  6,586  26,344  39,516  79,032 

Norway  3,363  13,452  20,178  40,356 

Canada  3,108  12,432  18,648  37,296 

Algeria  2,107  8,428  12,642  25,284 

Qatar  2,005  8,020  12,030  24,060 

Turkmenistan  1,713  6,852  10,278  20,556 

Netherlands  1,285  5,140  7,710  15,420 

Indonesia  1,183  4,732  7,098  14,196 

Malaysia  1,095  4,380  6,570  13,140 

Nigeria  726  2,904  4,356  8,712 

DAC Net Exports  ‐10,398  ‐41,592  ‐62,388  ‐124,776 

Total Net Exports  27,933  111,732  167,598  335,196 

         
Source: Quantities and prices from the U.S. Energy Information 
Administration (2010a,b). 

 
If developed countries already transfer huge amounts of money to a few lucky countries 
under the carbon energy regime, there is no intrinsic reason they should not be willing to 
make comparable investments in a broader set of countries to bring about a global clean 
energy system. Of course, the market price of fossil fuels is not the only cost of carbon-
based economy. A great deal of U.S. economic and military assistance (as well as direct 
expenditure for the wars in Iraq and Afghanistan) is focused on the greater Middle East. 
 
This suggests that the U.S. and other rich countries could be willing and able to help the 
world avert catastrophic climate change, if the governments believed that climate change 
posed a serious threat, and if they could see their way to the creation of a clean energy 
system as an alternative to purchasing fossil fuels. The necessary investments would be 
large compared with current development aid, but they would likely be similar in percentage 
terms to the transfers made under the Marshall Plan (see below). If investments in 
renewable energy significantly decreased the demand for fossil fuels, an equitable agreement 
on climate change need not substantially increase rich countries’ transfers to the rest of the 
world. It would, however, allow a shift in the transfers, from benefiting the fortunate few 
who own the world’s fossil fuels to helping the whole world transition to a carbon-free 
economy. 
 
Finally, the relative sizes of the different types of transfers are summarized graphically in 
Figures 2 and 3. It is evident that the oil and gas purchases are much larger than ODA, 
military aid, and CER purchases put together, both for the U.S. and for the DAC countries. 
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 Figure 2. Transfers and Payments from Developed Countries at Current Prices 

 
 
 

Figure 3. Transfers and Payments from the U.S. at Current Prices 

 
 
The most significant change in the pattern of international transfers that would accompany 
the transition to a zero-carbon world energy system would be reallocation of the transfers 
from States that are rich in oil and gas to investments supporting energy supply increases 
in a much wider array of developing countries. 
 
 
What economic effort would be required to reach zero net CO2-eq emissions 
globally? 
 
The other side of the feasibility equation is estimating the magnitude of the effort that would 
be required to get to zero net carbon emissions. First, it should be noted that it is physically 
quite possible to replace all of humanity’s energy needs with renewable sources. Careful 
inventory of the energy potential of various renewables (wind, geothermal, wave, tidal, 
biomass, and solar) shows that all energy demand can be supplied sustainably. Of all the 
possible non-fossil sources of energy, only solar power is universally recognized as being 
both sufficient to meet any foreseeable global energy supply needs and being 
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environmentally benign (although land is required). The solar energy input to the earth is 
120,000 TW, compared to the annual average “burn rate” of about 13 TW from all human 
demand (Lewis 2007a).8 Lewis has drawn a world map with six squares representing land 
area that receives sufficient sunlight to power the entire planet, and Figure 4 is adapted from 
Lewis’s illustration. For the United States, the land required is about “1.7% of U.S. land, 
comparable to the land devoted to the nation’s numbered highways” (ibid., pp. 816–817).9  
 
In pointing out that solar is the ultimate backstop technology, Lewis quips that he believes 
in “the Willie Sutton school of energy management. The Willie Sutton principle is simple. 
Willie Sutton was a famous bank robber, and when they finally caught him someone asked, 
‘Why do you rob banks, Mr. Sutton?’ He said, ‘Because that’s where the money is.’...One 
hundred twenty thousand terawatts of solar power hits the earth, so Willie Sutton would say 
go to the sun because that’s where the energy is” (2007b, p. 22). 
 
Different metrics have been used to estimate the required economic effort to eliminate 
carbon emissions. Strictly speaking, the “cost” of doing so amounts to the decline in 
consumption associated with replacing the abundant and relatively cheap (provided the 
climate externality is not taken into account) sources of fossil fuel-based energy with a mix 
of more energy-efficient end-use technologies, renewables, nuclear power, and carbon-
sequestered fossil energy sources. In other words, the cost of the transition should be 
measured as the foregone consumption required to achieve the environmental goal.  
 

                                         
8 TW=Terawatts; 1 TW = 1012 W. 
9 Makhijani (2009) estimates that “about 10,000 square miles of land in the southwest could supply the entire 
electricity generation of the United States in 2005,” assuming “15 percent PV module efficiency or solar thermal 
equivalent; non-tracking solar PV arrays at 10 degree tilt” (p. 7). The land area of the United States is 
3,537,438 square miles (Infoplease 2007), and electricity accounts for about 13% of U.S. energy consumption 
(computed from Wolfram Alpha 2010), so the Makhijani area expanded to supply all U.S. energy demand 
amounts to about 2% of U.S. land area. 
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Figure 4. Solar Land Area Requirements 

S
Source: Adapted from Lewis 2010, Map from Nations Online Project 2010 
 
The literature measures the effort in three different ways, however. Some express the cost as 
a percentage of global GDP, some as the investment that would be required in excess of 
baseline projected investment; and some as the difference in the price of energy services 
under the declining emissions path compared to the business as usual path. These three 
methodologies are related but not equivalent, and all require care in interpretation. For 
example, because investment is a component of GDP, an increase in investment associated 
with the replacement of fossil energy sources can lead to an increase in GDP and 
employment, simply as a matter of national income accounting.10 Some of the investments 
might be profitable absent any environmental benefit, and these “no regrets” projects would 
have zero or negative net economic cost. To get all the way to zero carbon emissions, 
however, would require substantial investment in alternative energy supplies costing more 
than fossil-fuel sources. The price of the alternative energy would be higher than in the 
fossil-fueled case, meaning that consumers would pay more. The total in higher prices 
consumers would have to pay for energy services would then be a proper measure of cost, 
and this difference could be expressed as a percentage of GDP for comparative purposes.11   
 
The estimates in the literature also differ with respect to their geographic coverage (e.g., some 
are global, some for the U.S. only, etc.), their sectoral coverage (some cover electricity only, 
some all energy), and their environmental goal and time frame (some go all the way to zero 

                                         
10 Recall from basic economics the national income accounting identity GDP = Consumption + Investment + 
Government Spending + (Exports – Imports). The magnitude of the net effect of increased government spending 
on GDP is unclear, because government spending crowds out some private-sector investment. 
11 Changes in usage patterns and end-use technologies brought about by the higher prices would need to be 
taken into account, of course. 
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net carbon emissions, but at different times; some go only part way to that goal). Reaching 
an atmospheric concentration of 350 ppm CO2 (which is roughly equivalent to 450 ppm 
CO2-equivalent) essentially requires getting to zero net emissions by 2050 (Ackerman et al. 
2009, Hoffert et al. 1998, citing Wigley et al. 1996), but the recognition that this target is 
necessary to avoid “dangerous anthropogenic interference with the climate system” has only 
recently begun to emerge from the science. In any case, the economic and energy forecasts 
have to be projected out for 50–100 years, well beyond the point for which firm estimates 
can be reliably computed. In addition to the policy-related uncertainties that affect all 
calculations of costs in the heavily regulated energy sector, numerous other factors 
complicate the attempt to estimate the zero-carbon investment effort. These arise from 
projecting the components of the so-called Kaya identity (Waggoner and Ausubel 2002): 
population growth, GDP growth, the energy intensity of output, and the carbon intensity of 
energy supply. None of these factors can be known with much precision if the time frame is 
50–100 years in the future. Thus, a cautionary note is necessary in interpreting all such 
distant estimates; they are indicative rather than definitive.12 With this caveat in mind, 
Table 8 shows some recent estimates for paths that would lead to approximately 450 ppm 
CO2-eq.  
 
The numbers in Table 8 give us a feeling for the level of economic effort required. The costs 
expressed as a percentage of GDP are relatively easy to interpret. These costs are clearly 
feasible, because 1–3% of GDP amounts to not more than a year’s growth if the world 
economy expands at an annual rate of 3%. That is, achieving any particular future material 
standard of living would be delayed by four months to a year if global GDP were reduced by 
1–3%. The estimates given as investment amounts are more difficult to interpret. 

                                         
12 The difficulty of long-term economic and energy forecasting has been recognized since Ascher surveyed the 
forecasting literature over 30 years ago (1978). A recent expert evaluation of the reasons forecasting is 
inherently imprecise is given by Craig et al. (2002): “Long-run forecasting models generally assume that there 
exist underlying structural relationships in the economy that vary in a gradual fashion. The real world, in 
contrast, is rife with discontinuities and disruptive events, and the longer the time frame of the forecast, the 
more likely it is that pivotal events will change the underlying economic and behavioral relationships that all 
models attempt to replicate.  
  Models always have static components, but except for invariant physical laws, there is nothing static in the 
economy. Energy forecasting necessarily makes assumptions about human behavior (including social, 
institutional, and personal) and human innovation. Institutional behavior evolves, individual behavior 
changes, and pivotal events occur, affecting outcomes in ways we cannot anticipate. Static models cannot keep 
pace with the long-term evolution of the real world, not just because their data and underlying algorithms are 
inevitably flawed, but because the world sometimes changes in unpredictable and unforeseeable ways” (p. 87). 
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Table 8. Summary of Studies Estimating Aggregate Economic Effort 
 

Study Where Goal 
Economic and 
energy use 
assumptions 

Estimated 
Cost 

Estimated 
Investment 

Stern, 2009 World CO2-eq held below 
500 ppm in 2050 

Global GDP 
doubles by 
2050, or growth 
rate = 1.7% per 
annum 

2% of 
Global 
GDP 

 

Ackerman, 
Stanton, 
DeCanio, 
Goodstein, 
Howarth, 
Norgaard, 
Norman, and 
Sheeran, 2009 

World 350 ppm CO2 by 
2100 

Review of 4 "top 
down" studies  

1–3% of 
Global 
GDP 

 

International 
Energy Agency, 
2009 

World 450 ppm CO2-eq 
eventually 

CO2 Emissions 
34% below BAU 
by 2030 

 $10.5 trillion 
through 2030 

Zweibel, Mason, 
and Fthenakis, 
2008 (and 
Fthenakis, 
Mason, and 
Zweibel, 2009) 

U.S. 

By 2050, solar power 
provides 69% of U.S. 
electricity and 35% 
of its total energy. By 
2100 solar power and 
renewables provide 
100% of electricity 
and 90% of power. 
Energy related C02 
emissions are 
reduced 92% below 
2005 levels 

Energy use 
increases by 1% 
a year 

 $420 billion 
through 2050 

Jacobson and 
Delucchi, 2009 World 

Wind, Water, and 
Sunlight (WWS) 
sources provide 
100% of global 
energy by 2030 

Transition to 
WWS power 
reduces 2030 
global demand 
from 16.9 TW to 
11.5 TW 

 

$100 trillion 
over 20 years 
(plus costs of 
transmission, 
minus foregone 
costs of new 
fossil fuel 
investments) 
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Table 8. Summary of Studies Estimating Economic Effort (contd.) 
 

Study Where Goal 
Economic and 
energy use 
assumptions 

Estimated 
Cost 

Estimated 
Investment 

Keith, Biewald, 
Takahashi, 
Napoleon, 
Hughes, 
Mancinelli, and 
Brandt, 2010 
(“Beyond BAU,” 
for The Civil 
Society 
Institute) 

U.S., 
electricity 
only 

Eliminate coal 
power and 
reduce nuclear 
power by 2050 by 
replacing aging 
plants with new 
renewable 
power. Decreases 
CO2 for electricity 
generation by 
82% by 2050 

Electricity use can 
be reduced 0.2 % 
per year in 2011, 
with reductions 
increasing to 2% 
per year by 2020 
and thereafter 

$56 billion 
(NPV using 
7.8% 
discount 
rate)  

 

Makhijani, 
2008 and 2009 
(for NPRI and 
IEER).  

U.S. Clean electricity 
by 2050.    

$5.2 trillion, 
$2.0 trillion 
NPV with 6% 
discount rate  

Shinnar and 
Citro, 2006 U.S. 

Replace 70% of 
fossil fuels by 
2036 

 

$170–200 
billion per 
year, or 1.3–
1.5% GDP in 
2006; $5.1–
6.0 trillion 
total 

 

 
 
For example, Jacobson and Delucchi (2009) calculate that the construction cost of a global 
“wind, water, and sunlight” (WWS) energy system by 2030 would be on the order of $100 
trillion. This is not quite the same as the total investment required; it does not include 
investments in transmission, for example. Also, Jacobson and Delucchi assume a reduction 
in total energy demand because electricity is much more efficient in delivering energy 
services in major applications — the efficiency of an electric motor in transportation 
applications is much greater than that of internal combustion vehicles.  
 

If, however, the planet were powered entirely by WWS, with no fossil-fuel or 
biomass combustion, an intriguing savings would occur. Global power demand 
would be only 11.5 TW, and U.S. demand would be 1.8 TW. That decline occurs 
because, in most cases, electrification is a more efficient way to use energy. For 
example, only 17 to 20 percent of the energy in gasoline is used to move a vehicle 
(the rest is wasted as heat), whereas 75 to 86 percent of the electricity delivered to 
an electric vehicle goes into motion (Jacobson and Delucchi 2009, p. 60). 
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Jacobson and Delucchi’s calculation also does not include the co-benefits of switching away 
from fossil fuels — the improvements in health associated with reduced particulate and 
mercury emissions, reduction in mining and transportation accidents, and other unpriced 
environmental benefits (e.g., no more offshore oil spills). As they put it,  

[R]elying on traditional sources would raise [energy] output from 12.5 to 16.9 TW, 
requiring thousands more of those [fossil fuel] plants, costing roughly $10 trillion, 
not to mention tens of trillions of dollars more in health, environmental and 
security costs. The WWS plan gives the world a new, clean, efficient energy system 
rather than an old, dirty, inefficient one (2009). 

Even so, $100 trillion over the next twenty years is daunting; if the investment were spread 
evenly over the 20-year period, the initial year’s $5 trillion would amount to around 8% of 
global GDP. It should be noted, however, that having the entire renewables-based WWS 
system in place by 2030 is not necessary for stabilizing the atmosphere at 350 ppm.13 If the 
$100 trillion were spread over the 40 years until 2050 and global GDP grows at an annual 
rate of 3% over that same period, the $100 trillion would amount to about 2% of global 
GDP. Again, no one can know what the precise magnitude of the ultimate total investment 
cost might be; innovation, learning-by-doing and economies of scale will all tend to bring 
the number down, while materials shortages and regulatory bottlenecks would tend to raise 
the cost.  
 
At the other end of the spectrum of urgency, the International Energy Agency’s (IEA) World 
Energy Outlook 2009 carefully analyzes of the costs of mitigating climate change with an 
ultimate goal of stabilizing the atmosphere at 450 ppm CO2-eq. The report presents a 
scenario in which the world halts, and then reverses, the growth of carbon emissions. 
Following the IEA’s scenario, global CO2 emissions would be reduced 34% below their 
business-as-usual levels by 2030. This would put the world on track to stabilize the 
atmosphere at 350 ppm CO2. (The IEA refers to this as the “450 Scenario” because they 
measure atmospheric concentration in terms of ppm of CO2-equivalent, that is, including the 
effects of non-CO2 greenhouse gases.)  
 
The IEA estimates that this scenario would require $10.5 trillion in additional investments in 
energy infrastructure and energy-related capital (over and above the baseline) over the next 
20 years. “On an annual basis, global additional investment needs reach $430 billion (0.5% 
of GDP) in 2020 and $1.2 trillion (1.1% of GDP) in 2030” (IEA 2009, p. 47).  Of course, the 
incremental 450 Scenario investment does not get the world to 450 CO2-equivalent; it is 
only the beginning of the transition.  
 

                                         
13 Hansen et al. (2008) examine scenarios to achieve 350 ppm CO2 by 2100 and 2050. The 350 by 2100 scenario 
gets to zero net emissions by 2050; the 350 by 2050 reaches zero net emissions between 2020 and 2030. The 350 
scenario of Wigley, Richels and Edmonds (WRE) reaches zero net emissions between 2060 and 2070. See 
Ackerman et al. (2009), Technical Appendix B.  
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In the 450 Scenario, “global energy-related CO2 emissions peak at 30.9 Gt just before 2020 
and decline thereafter to 26.4 Gt in 2030 — 2.4 Gt below the 2007 level and 13.8 Gt below 
that in the Reference Scenario” (p. 45). In terms of CO2-eq, “global greenhouse-gas 
emissions peak in 2020 at 44 Gt of CO2-eq and decline to 21 Gt in 2050, around half 2005 
levels” (p. 199). The initial incremental investment requires significantly less money than 
wealthy (DAC) countries currently spend on crude oil imports (see Table 4 above). More 
importantly, though, according to the IEA this additional investment should pay “a perfectly 
satisfactory commercial return” (p. 260). Given suitable policies,14 the IEA predicts that over 
80% of the necessary investments would be provided by businesses and households (p. 312). 
The IEA scenario suggests that wealthy or OECD+ (the OECD countries plus the non-OECD 
members of the EU) countries might provide $50–$150 billion annually in co-funding to 
poor (non OECD+) countries (p. 297). This is roughly the magnitude of current ODA. 
Investing in clean energy in poor countries may temporarily increase ODA from DAC 
countries to 0.5% of their combined GDP, still less than the 0.7% target, and far short of the 
1.5% the U.S. devoted to Europe under the Marshall Plan after World War II. 
 
The initial 20-year level of effort of the IEA’s 450 scenario is only a tenth of the Jacobson 
and Delucchi estimate for the full transition, because the IEA focuses on the low-hanging 
fruit available in the early stages of the transition. Energy efficiency is the largest source of 
emissions reductions relative to the Reference Scenario (and the Reference Scenario already 
includes continuous decline in the energy intensity of output). The 450 Scenario to 2030 
includes $2 trillion in incremental investment from each of the two largest CO2 sources, the 
U.S. and China, where cutting emissions is relatively inexpensive. It is not easy to estimate 
the investment requirements after 2030 that would be needed to reach the ultimate goal of 
450 ppm, and the IEA’s study does not attempt to do so. As it points out regarding the 
bottom-up approach to estimating mitigation costs generally, “[t]hese costs are very 
dependent on the underlying assumptions: the discount rate, fuel prices, the lifetime of the 
technology (technical or economic), the baseline technologies against which costs are 
measured and, in the case of road transport, the assumptions on mileage driven per car and 
per year” (p. 285). However, it is worth keeping in mind the old adage that “every journey 
begins with a single step,” and the IEA 450 Scenario to 2030 is a clearly feasible first step.  
 
The Civil Society’s report prepared by Synapse Energy Economics, Inc., “Beyond Business as 
Usual” (Keith et al. 2010) embodies relatively modest goals. It is confined to the electricity 
sector of the U.S., and assumes rapid improvement in electrical energy efficiency through 
2050 (an average of 1.3% per annum over the entire period 2010-2050) (p. 20). On the other 
hand, the NPRI/IEER study by Makhijani gives a higher estimate of the cost of converting 
the U.S. electricity system to renewables. Makhijani’s calculation also assumes that 

                                         
14 Such policies include reductions in fossil fuel and energy consumption subsidies, feed-in tariffs to guarantee 
the price of non-fossil electricity, and a price on carbon emissions (IEA 2009, pp. 313–4). According to the WEO 
(p. 314), “[e]nergy-related subsidies, which encourage consumption by pricing energy below market levels, in 19 
non-OECD countries (accounting for over 80% of total non- OECD primary energy demand) totaled about $310 
billion in 2007” (IEA, 2008). 
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“efficiency and smart grids will play a much larger role in providing energy services than 
they do today. A near complete electrification of personal vehicles and a partial 
electrification of other land transportation can be accomplished in this context without 
significant increase in total generation” (2009, p, 15). 
 
Solar power is the ultimate backstop technology for energy supply because of its abundance, 
but currently it is the most expensive of the alternate energy sources. Solar energy is used 
primarily to produce electricity, and it is not straightforward to estimate the cost of 
gradually replacing the world’s vehicle fleets with electric or hydrogen fuel cell vehicles. At 
present, such vehicles are more expensive than those powered by internal combustion or jet 
engines, although as noted earlier, electric motors are more efficient in converting energy to 
work than internal combustion engines. Table 9 gives a range of estimates of the cost of 
solar electricity (with some comparisons to other sources) from a variety of studies.  
 
Because of the pyramid of assumptions that would be required to convert levelized solar 
electricity costs to the total global cost of replacing fossil energy with renewables, we have 
not attempted to calculate a global dollar or percent of GDP cost from Table 9. All the 
estimates of the cost of solar energy in Table 9, except that of Zweibel, Mason, and 
Fthenakis, are for current or near-future solar technologies. There is every expectation that 
solar costs will decrease over time with research and experience, and a number of efforts to 
estimate the rate of decline have appeared in the literature.  
 
It is well-established in industrial economics that the unit cost of production for new 
technologies declines with increases in output. This phenomenon has been observed for 
many technologies, and for solar generation in particular. There are different ways of 
quantifying the pace of the decline, including the “progress ratio” and the “progress rate.” 
The “progress rate” b is defined as follows:  
 
 y = a x -b  
 
where y = the cost for the xth unit, x = the cumulative number of units produced, and a = 
the input cost for the first unit.  
 
The “progress ratio” is commonly used to capture the rate of cost decline: “When cumulative 
volume doubles, the cost per unit declines to p % of original cost” (Dutton and Thomas 
1984, pp. 236, 238). The progress rate and progress ratio are related algebraically by 
 
 b = log2(p)  
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Table 9. Estimates of Levelized Cost of Electricity by Source 

Study Measure Coal Nuclear Wind 
Geo-

thermal Solar PV 
Solar 

Thermal 
U.S. Energy 
Information 
Administration, 2010c 

$2008 per MWh, 
2016 100.4 119 149.3 115.7 396.1 265.6 

RETI Stakeholder 
Steering Committee, 
2010 (estimated from 
Figure 3-2) 

Levelized cost 
ranges in $ per MWh   90-130 100-160 250-350 240-290 

Lazard Ltd., 2009 
(without tax 
incentives) 

Levelized cost 
ranges in $ per MWh 78-144 107-138 84-140 85-120 212-296 199-325 

Borenstein, 2008 
$ per MWh, annual 
real interest rate 
from 1% to 7% 

    337-565  

Renewables 2010 
Global Status Report 

Typical energy cost, 
$ per MWh   

50-90 
(Onshore)  
100-140 

(Offshore) 

40-70 150-300 140-180 

Benson and Orr, 2008 $ per MWh (2007$) 43  75  280 200 
Greenpeace 
International, 
SolarPACES, and 
ESTELA, 2009 

$ per MWh at “sites 
with very good solar 
radiation” 

     150 

Zweibel, Mason, and 
Fthenakis, 2008 

Expected price in $ 
per MWh in 2050 
(with innovation and 
economies of scale 
in solar) 

                  90 

IEA/NEA 2005 
$ per MWh, see 
IEA/NEA 2010 for 
details 

28-75 
(pulverized)  

33-74 
 

50-156 
(onshore) 
71-134 
(offshore) 

 226-
2031 292 

EC 2008 
$ per MWh, see 
IEA/NEA 2010 for 
details 

52-65 
(pulverized)  

65-110 
 

97-142 
(onshore) 
110-181 
(offshore)  

 674-
1140 220-324 

EPRI 2008 
$ per MWh, see 
IEA/NEA 2010 for 
details 

64 
(pulverized) 

73  91   175 

IEA/NEA 2010 $ per MWh 

54-120  
(r = 5%)  
67-142  
(r = 10%) 

29-82 
(r = 5%) 
42-137 
(r = 10%) 

48-163 
(onsh. 
r=5%) 

101-188 
(offsh. 
r=5%) 

 

215-333 
(high 
load) 
600 

(low load) 

136-243 

Table Averages  
(excluding Zweibel, 
Mason, and Fthenakis, 
2008) 

$ per MWh 79 84 112 99 491 225 
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or  
 
 b = [ln(p)/ln(2)] 
 
where log2 is the base 2 logarithm and ln is the natural logarithm. Dutton and Thomas 
(1984) reviewed over 100 studies of progress ratios in industries “such as electronics, 
machine tools, EDP system components, papermaking, aircraft, steel, apparel, and 
automobiles” [p. 237, references omitted] and found a distribution of progress ratios with an 
average of 81%; this would imply a progress rate b of 0.3. They caution that “[a]lthough 
evidence indicates that progress is widespread (Alchian, 1963), to date it has not been 
reduced to a stable, explainable, and predictable phenomenon. The progress curve is 
characterized by major variation” (p. 237). Nevertheless, Alchian states that “[i]t is 
indisputable that lower direct labor costs occur as the number of items produced increases; 
the evidence on this point is overwhelming” (1963, p. 680). 
 
Estimates of the progress ratio for solar energy can give us a sense of by how much solar 
capacity would have to increase to make it cost-competitive with conventional energy 
sources. Suppose that from Table 9 we conclude that the current cost of solar electricity is 3 
to 6 times that of conventional coal. From data based on the annual surveys in PV News, 
Surek (2005) estimates that the progress ratio of photovoltaic solar is about 0.8. This is 
equivalent to a progress rate of about 0.3. If the price of solar PV electricity were now four 
times that of conventional coal, continuation of its historical price decline would imply that 
a 100-fold increase in solar capacity would bring about price parity with coal. Total solar 
power generation accounted for 0.1% of net electricity generation in the United States in 
2008 (U.S. Department of Energy 2009, p. 10), so increasing this capacity to only 10% of 
total U.S. net generation would suffice to bring the cost to a level competitive with coal 
should the historical progress rate continue.   
 
Other researchers have found a similar progress rate for solar PV technologies. The “learning 
rate” is 1 - p, and Harmon (2000) summarizes five studies of the price path of PV modules 
as follows: 
 
 

Although consistent manufacturing cost data have not been available, historical PV 
module price data are well documented. In the years before the commercialization 
of PV technology, Maycock and Wakefield documented module costs of 
approximately $90/Wp in 1968 reduced to $70/Wp in 1974, or a learning rate of 
roughly 20% (Maycock and Wakefield, 1975). Since the commercialization of PV 
technology in the mid-1970s, module prices have closely followed this experience 
curve with a well defined learning rate. Figure 6-1 is a log-log plot depicting the 
average price of PV modules as a function of cumulative installed capacity between 
1968 ($90/Wp) and 1998 ($3.50/Wp). At the outset of commercialization in 1976, 
module costs were $51/Wp (Maycock and Wakefield, 1975; Ayres [et al.], 1998; 
Thomas [et al.], 1999). The resultant overall learning rate for PV modules between 
1968 and 1998 is 20.2%. Findings by Williams and Terzian also confirmed that the 
PV module selling price on the global market followed an 18.4% learning rate 
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between 1976 and 1992 (Williams and Terzian, 1993). A similar learning rate has 
been shown at a national level, including Watanabe’s documentation of a 20% 
learning rate for PV modules prices in Japan between 1981 and 1995 (Watanabe, 
1999). All of the aforementioned experience curves are aggregated for all types of 
flat-plate PV modules, consequently neither the disparity in cost, nor learning rate 
between crystalline silicon and thin-film PV modules can be discerned. The 
invariance of the experience curve for PV modules over a 30-year period and 
more than thirteen doublings, is a reasonable basis for expectation that with 
continued investment, similar learning is likely in the future (p. 9).15  

 
A recent joint study by Greenpeace International, SolarPACES, and ESTELA (2009)16 on the 
prospect of cost declines for concentrated solar power (CSP) is somewhat less optimistic:  
 

The general conclusion from industrial learning curve theory is that costs decrease 
by some 20% each time the number of units produced doubles. A 20% decline is 
equivalent to a progress ratio of 0.80. CSP has a unique history; in the 1990s prices 
dropped by more than half but the industry has since had a 15-year hiatus. It is 
now experiencing a boom in installations, with further gains of mass-production 
and economies of scale. The changes in electricity prices for the industry so far in 
its first development phase is equivalent to a progress ratio of about 0.90 (page 66). 

 
Offsetting this somewhat is the fact that Greenpeace International et al. is at the lower end 
of the estimates of the cost for solar thermal power in Table 9. 
 

                                         
15 Harmon’s Figure 6-1 is reproduced here: 

 
16 SolarPACES (Solar Power and Chemical Energy Systems) is a cooperative organization operating under the 
umbrella of the IEA (SolarPACES 2010), and ESTELA is the European Solar Thermal Electricity Association. 
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The IEA/NEA study that was the source of three of the entries in Table 9 estimates the same 
kinds of cost declines:  
 

Assuming a progress ratio of 18% [sic] as suggested by the historical long-term 
trends in PV development, and rapid deployment driven by strong policy action in 
the coming decade, investment costs could drop 70% from the current USD 4000–
6000/kW down to USD 1200–1800/kW by 2030, with an important cost reduction 
of at least 40% already being achievable by 2015 (and -50% by 2020) (2010, page 
56). 
 

Based on the cost declines they predict for the near and medium term, it is clear that the 
IEA/NEA’s terminology varies from the standard usage; they are using “progress ratio” to 
mean the percentage decline in cost associated with a doubling of capacity.  
  
Despite the extremely wide range in estimates and variance in methodologies, none of the 
studies summarized in Tables 8 and 9 would appear to show that achieving zero net 
emissions by 2050 is economically impossible. All historical evidence points to the likelihood 
that solar and other alternative energy costs would decline at a rapid pace if capacity were 
expanded on a scale necessary for the transition to zero-carbon energy supply. The 
technologies already exist; all that is missing is the political will and a willingness on the 
part of the present generation to make an appropriate sacrifice of current consumption on 
behalf of future generations. As Lewis said in concluding his keynote speech at the first 
annual California Clean Innovation Conference in 2007, 
 

I leave it to you to decide whether this is something that we cannot afford to do, or 
something at which we simply cannot afford to fail. Remember, we get to do this 
experiment exactly once. And that time, like it or not, is now (2007b, p. 23). 
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