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The Baker Institute Energy Forum is a multifaceted center that promotes original, forward-looking 

discussion and research on the energy-related challenges facing our society in the 21st century. The 

mission of the Energy Forum is to promote the development of informed and realistic public policy 

choices in the energy area by educating policymakers and the public about important trends—both 

regional and global—that shape the nature of global energy markets and influence the quantity and 

security of vital supplies needed to fuel world economic growth and prosperity. 

 

The forum is one of several major foreign policy programs at the James A. Baker III Institute for 

Public Policy of Rice University. The mission of the Baker Institute is to help bridge the gap between 

the theory and practice of public policy by drawing together experts from academia, government, the 

media, business, and nongovernmental organizations. By involving both policymakers and scholars, 

the institute seeks to improve the debate on selected public policy issues and make a difference in the 

formulation, implementation, and evaluation of public policy.  
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I. Introduction 

 

The United States is currently examining a number of proposals for controlling the emission of 

carbon dioxide (CO2). These range from various legislative proposals for introducing a tradable 

permit system for emissions, known as “cap-and-trade,” to direct controls imposed by the 

Environmental Protection Agency (EPA) on various subsets of energy-using activities, to 

schemes promoted at the regional or state level that promote the use of renewable energy sources 

in electricity generation. These sources would primarily be wind, solar, and biomass but can 

include other options as well. The purpose of this study is to examine the likely effects of such 

policies on: the demands for different types of fossil fuels, the likelihood of industry relocations, 

and energy prices. We also consider some possible geopolitical and energy security implications 

of these various policies. The United States is the focus of our analysis and discussion, although 

we consider worldwide reaction as well. 

 

In the first part of the paper, we examine the effects of the policies on worldwide demand for 

different types of primary energy supply. The second section examines the market for liquefied 

natural gas (LNG) in more detail. The natural gas market is of special interest for several 

reasons. Natural gas is the least carbon intensive of the fossil fuels and thus tends to be favored 

by policies that restrict CO2 emissions. Since natural gas generators are also a better complement 

for intermittent renewable energy generation sources, policies that favor the latter also tend to 

promote demand for natural gas capacity. At the same time, intermittent renewable sources may 

lead to lower heat rates and lower capacity factors for natural gas plants, which would have 

offsetting effects on natural gas demand. Finally, the development of shale gas has greatly 

increased the potential supply of natural gas in the United States, and it is of some interest to 

understand how this greatly expanded source of supply might interact with policies aimed at 

restricting CO2 emissions. 

 

The details of the proposals to control CO2 vary, and differences in those details will influence 

the ultimate effects of the policies. It is unclear at this stage which policies might ultimately be 

enacted, or even whether any policies restricting CO2 emissions will in fact be implemented at 

the national level in the United States. Even if national regulations, taxes, or emission controls 
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emerge, since the policies would have far-reaching and unintended consequences, the details 

likely would change beyond the implementation date. If the push for national regulation fails, the 

state and regional policies might be modified in substantial ways, if not scrapped altogether in 

some cases. 

 

As a result of this policy uncertainty, this paper does not focus on any particular policy proposal. 

Rather we examine two general categories of policies. One type of policy involves promoting the 

production of electricity from renewable sources (RPS policies) or accelerating the adoption of 

electric vehicles (EV policies). The other type of policy is a “generic” restriction on CO2 

emission via the imposition of a cap-and-trade system (hereafter referred to as CO2 policies). 

While CO2 policies have a clear environmental motivation, RPS or EV policies have both 

environmental and energy security roots. A key issue we discuss is the manner in which the 

method of implementation alters the likely effects of the policy.  

 

II. Some Previous Research 

 

As various policies to restrict anthropogenic greenhouse gas emissions in the United States have 

been proposed, many researchers have examined their possible consequences. The following 

discussion concentrates on studies produced since 2007. Many of the earlier studies examined 

policies that differed in important respects from those now under consideration. They also 

focused on an economy and an energy supply outlook that significantly diverges from the 

situation we face today. In particular, the rapid development of shale gas over the last few years 

has had a very significant impact on the likely consequences of policies aimed at constraining 

CO2 emissions. 

 

We also restrict our attention to studies that have modeled the implications of various proposed 

legislative changes at the federal level. Another group of studies has focused on initiatives 

implemented by individual states or regional groupings of states and Canadian provinces. 

Furthermore, the studies we consider have focused on the national implications of the policies 

more than their disparate regional effects. 
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The first study we consider is from the MIT Joint Program on the Science and Policy of Global 

Change (MIT, April 2007). It examined two policies. The first was “a reduction in emissions by 

50-80% below 1990 levels by 2050”. The second “establishes a tightening target for emissions 

intensity and stipulates a time-path for a ‘safety valve’ limit on the emission price that 

approximately stabilizes the U.S. emissions at the 2008 levels.” 

 

Although the core cases in the MIT study assume that the U.S. policy is not linked to policies in 

the rest of the world, they nevertheless assume that other developed countries pursue a gradual 

cut in emissions to 50% below 1990 levels by 2050, while developing countries begin mitigating 

in 2025 by cutting emissions to 2015 levels with a return to 2000 levels by 2035. The core cases 

also permit allowances to be “banked” so firms can shift the path of reductions through time. On 

the other hand, they do not allow international trading in emission allowances. 

 

The CO2-equivalent prices rise from $18–$53 per ton (expressed in real $2005) in 2015 rising 

exponentially to $70–$210 per ton of CO2-equivalent emissions in 2050, depending on the 

severity of the restrictions. The calculated effects on welfare (forgone consumption and leisure) 

from the different policies range from less than a 0.8% fall in 2015 to a less than 1.8% fall in 

2050, with lesser effects for less stringent policies. One mitigating factor in these welfare losses 

is that the assumed combination of U.S. and foreign policies result in terms of trade 

improvements for the U.S. 

 

While the calculated welfare effects are not large, the policies do have substantial impacts on 

both prices and quantities consumed in fuel and electricity markets. Considering the carbon 

content of fuels alone, a $27 per CO2-equivalent ton emission price would more than double the 

price of coal to an electric utility relative to the 2002-06 average. Crude oil would increase about 

30% and wellhead natural gas prices around 28%. Heating oil would rise around 21% and both 

gasoline and residential natural gas prices around 14%. However, these increases are not the net 

effects of the assumed domestic and foreign policies since the implementation of the policies 

also reduces the prices of fossil fuels. In particular, the assumed strengthening of restrictions in 

developing countries from 2035 substantially deflates oil prices relative to the reference case. As 

a result, petroleum product prices rise by 25–50% by 2050 (depending on the case) compared 
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with a more than doubling in the no-policy reference case (without emission restrictions at home 

and abroad). Natural gas prices are projected to rise more than 250% by 2050 in the no-policy 

reference case. Under the emission constraint policies, the increase by 2050 ranges from between 

60% and 180%. Instead of rising around 30% by 2050 under the reference case, coal prices rise 

less than 20% under the emission constraint policies regardless of the stringency of the U.S. 

restrictions. In contrast to primary energy prices, electricity prices increase more under the 

emission constraint policies than in the reference case. The explanation is that the emission 

constraints cause a shift in fuel mix toward more expensive types of generation. While electricity 

prices rise less than 50% under the reference case, they increase more than 80% under some of 

the emission constraint scenarios. 

 

All of the emission reduction policy scenarios show substantial reductions in U.S. primary 

energy use relative to the reference case. However, the use of natural gas increases through about 

2030, paralleling a reduction in the use of coal. Although shale oil production occurs from 2040–

45 in the reference case, it does not occur by 2050 in the emission constraint cases. More 

stringent restrictions accelerate the shift in electricity generation toward natural gas and 

subsequently coal with carbon capture and storage (CCS). They also lead to a greater substitution 

of biofuel liquids for petroleum products. 

 

Another study that also was released in 2007 was sponsored by the Natural Gas Council (NGC) 

and the American Gas Association (AGA). Like the analysis undertaken by the Energy 

Information Administration (EIA) that was published in the Annual Energy Outlook for 2007 

(AEO 2007) and a supplementary EIA analysis (published in July 2007) of the market and 

economic impacts of Senate bill 280 (S.280, also known as the McCain Lieberman bill), the 

NGC-AGA study used the National Energy Modeling System (NEMS) as its analytical basis. 

The NGC-AGA study used the “core case” presented by the EIA, based on the AEO 2007, in its 

analysis of S.280 as its point of departure. However, it focused its analysis on two scenarios that 

represented significant departures from the EIA analysis in four respects. In particular, the NGC-

AGA study noted that major uncertainties in the EIA analysis included the level of market 

penetration of renewable sources and newly constructed nuclear generation, the technological 

development and availability of CCS, and the availability of emission offsets. 
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With regard to nuclear capacity, the NGC-AGA report observed that the EIA analysis of S.280 

projected a 145-gigawatt GW increase in new nuclear capacity from 2010–2030, a result that 

garnered some skepticism from experts consulted by the NGC-AGA team. Apart from problems 

of obtaining planning approvals1 and financing construction of the new plants, the report pointed 

to the fact that the licenses of 93 existing nuclear power plants would expire before 2030 and 

these would need to be extended, or the plants replaced, before nuclear capacity could increase 

on net. Furthermore, the NGC-AGA report questioned the capital and maintenance costs 

assumed by the EIA as being too low. The scenarios reported by NGC-AGA thus restricted the 

net increase in nuclear capacity by 2030 to just 25GW. 

 

The NGC-AGA report also questions the EIA assumptions about the availability and market 

penetration of renewable generating capacity. The report notes that while the EIA places no 

limitation on the number of biomass and wind generation projects constructed through 2030, the 

assumptions are immaterial for the analysis because it projects so much new nuclear capacity. 

Once nuclear capacity is constrained, however, the NEMS model forecasts a significant number 

of new wind and biomass plants. The NGC-AGA scenario limits the capacity growth and 

number of new biomass integrated gasification combined cycle plants to 3 GW (37 plants) per 

year. They also raise the costs of such plants relative to the EIA assumptions. The NGC-AGA 

scenarios also restrict the number of new wind turbines to 60 wind farms, or 3,000 turbines each 

of 1 MW capacity (which is roughly twice the construction capacity of the present wind power 

industry). 

 

The NGC-AGA report also expresses considerable skepticism about the costs of Integrated 

Gasification Combined Cycle (IGCC) and IGCC with sequestration (IGGC/S) assumed in the 

EIA analysis. Once again, the expansion of nuclear capacity masks the effects, but once nuclear 

plant construction is constrained, IGCC and IGCC/S expand substantially. The NGC-AGA 

analysis therefore limits IGCC/S capacity to 150 GW by 2030. This constraint was found to be 

non-binding, however, once the costs of fossil fuel generating capacity were updated to reflect 

more recent Department of Energy estimates than the ones used by the EIA. The newer 

                                                 
1 The report notes, however, that 40 of the 140 existing plants have the ability to install an additional reactor. On the 
other hand, the current regulatory approval process for a new plant takes at least 10 years, limiting the ability to add 
capacity before 2020. 
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construction costs disadvantaged coal-based technologies relative to technologies based on 

natural gas. The constraint on IGCC/S capacity remained non-binding even after the NGC-AGA 

study assumed higher LNG import prices, and a lower supply elasticity of domestic 

unconventional natural gas, than did the EIA.2 The NGC-AGA study also reduces the availability 

of natural gas relative to the EIA analysis by delaying the completion of the Alaska Gas Pipeline 

to 2020 from 2018. 

 

The final deviation of the NGC-AGA scenario relative to the EIA analysis involved the 

availability of offsets for emissions. The Environmental Protection Agency (EPA) limited the 

maximum (domestic and foreign source) offsets to 30%, consistent with the S.280 limitation. 

The NGC-AGA also considered a lower limit of 15% of emissions, mainly because of doubts 

about the availability of foreign offsets. 

 

A key conclusion of the NGC-AGA study was that step function changes in emissions limits, 

such as those that occur in 2020 and 2030 under S. 280, are more likely to cause price spikes 

than more gradual emissions reduction limits. The study also found that CCS technology allows 

coal and natural gas fired generation to play a large role in replacing the nuclear power 

expansion projected under the EIA scenario. In fact, while the EIA finds that S.280 will reduce 

the demand for natural gas relative to the baseline scenario in AEO 2007, the NGC-AGA study 

finds that it will increase natural gas consumption by more than 3.6 trillion cubic feet (Tcf) per 

year above the AEO 2007 baseline scenario from 2020-2029, spiking to 5.9 Tcf per year higher 

in 2030. This increased demand occurs even though higher natural gas prices reduce industrial 

natural gas demand relative to the AEO 2007 base case. Specifically, the NGC-AGA study 

predicts that both wellhead and residential natural gas prices will increase above the AEO 2007 

base case by an average of roughly $1.03 per million cubic feet (Mcf) from 2020-2029, spiking 

to about $3.60 per Mcf in 2030. As a result of the rise in natural gas prices, and the need to 

purchase offset permits, electricity prices rise about 25% above the AEO 2007 base case value at 

the first major step of emission restrictions in 2020 when 30% of emissions can be offset, and 

                                                 
2 The justification for the higher LNG import prices was an assumption that LNG prices in the rest of the world 
would continue to be linked to oil prices via long-term contracts. The EIA instead allowed LNG import prices and 
volumes to be determined by a market-clearing mechanism. The justification for reducing the supply elasticity of 
unconventional natural gas sources was that the revised assumption produced an elasticity of supply “more in line 
with natural gas production results in the last five years.” 
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about 30% above the AEO 2007 base case prices when emission offsets are restricted to 15%. 

When the second round of emission restrictions is imposed in 2030, electricity prices are 

predicted to rise an additional 25–30%. 

 

The predicted CO2 allowance price settles in the $30–$60/million tonnes (MMT) CO2 range in 

the NGC-AGA study compared with a range of $30–$50 in the EIA analysis. In both analyses, 

the allowance price jumps substantially with the second round of emission tightening in 2030. 

 

In 2008 and 2009, the EIA released two more studies (also based on NEMS) analyzing the likely 

effects of two House and Senate bills aimed at restricting greenhouse gas emissions. Some core 

results (base assumptions) from these studies are summarized in Table 1. 

 

Table 1. Some Key Results from EIA Studies 

 

 
Study date April 2008 August 2009 

Bill analyzed 
Lieberman-Warner 

S.2191 
Waxman-Markey 

H.R. 2454 

2020   
Allowance price ($2006 per metric ton CO2 equivalent) 30 ($2006) 31.7 ($2007) 

Gasoline price (% above reference) 9.3 5.5 

Residential natural gas price (% above reference) 14.2 2.8 

Residential electric price (% above reference) 23.1 18.0 

Generation shares (relative to reference shares):   

Petroleum –0.5 –0.04 

Natural gas –1.1 –0.06 

Coal –8.8 –6.0 

Nuclear 2.9 1.9 

Renewable/other 7.5 4.2 

GDP change (% in one year) –0.3 –0.3 

Consumption change (% in one year) –0.4 –0.2 

2030   

Allowance price ($2006 per metric ton CO2 equivalent) 61 ($2006) 64.8 ($2007) 

Gasoline price (% above reference) 16.7 9.2 

Residential natural gas price (% above reference) 26.1 17.1 

Residential electric price (% above reference) 39.6 21.8 

Generation shares (relative to reference shares):   

Petroleum –0.8 –0.1 

Natural gas –5.6 –4.3 

Coal –40.1 –16.9 

Nuclear 40.4 15.4 

Renewable/other 6.0 6.0 

GDP change (% in one year) –0.3 –0.8 

Consumption change (% in one year) –0.5 –0.4 
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The EPA also released studies in 2009 discussing the likely effects of S.2191 and H.R. 2454 

(referenced in Table 1 above). In April 2009, the EPA released an analysis of a discussion draft 

version of the Waxman-Markey Act (H.R. 2454). The analysis was based on the EPA’s Applied 

Dynamic Analysis of the Global Economy (ADAGE) model, which is summarized below.3 

ADAGE is a computable general equilibrium model. The international component of this model 

is based on the GTAP (Global Trade, Assistance, and Production) database4 and World Energy 

Outlook (WEO) forecasts produced by the International Energy Agency (IEA). The U.S. part of 

the model is based on data from IMPLAN,5 an economic impact modeling system, and the EIA 

Annual Energy Outlook (AEO) forecasts. 

 

Consumer demands for broad categories of goods and services are derived from a representative 

household maximizing an additively separable intertemporal utility function with a nested 

constant elasticity of substitution (CES) utility function for intratemporal choices.6 Firm 

demands for inputs and supplies of outputs are assumed to result from profit maximization based 

on CES production functions.7  

 

The ADAGE model incorporates four sources of economic growth: growth in the effective labor 

supply through population growth and productivity improvements; capital accumulation through 

savings and investment; increases in natural resource stocks; and technological change from 

improvements in manufacturing and energy efficiency. Labor force growth rates are exogenously 

specified based on economic growth forecasts from IEA and EIA. Since households are assumed 

to maximize intertemporal utility taking all future prices as given, the model will generate a level 

of savings each period to accommodate expected future needs for capital. The aggregate 

                                                 
3 More detail on the ADAGE model can be found in technical papers accessible from the EPA website at 
http://www.epa.gov/climatechange/economics/modeling.html#applied_dynamic  
4 See http://www.gtap.agecon.purdue.edu/ for information on the Global Trade Analysis Project. 
5 See http://www.implan.com/index.html for information on the Minnesota IMPLAN Group. 
6 Within-period utility is based on a choice of consumption versus leisure. Consumption is then split into 
transportation and non-transportation components. Given a choice of transportation services, the representative 
household then chooses a proportion of these to be public transportation and a proportion to be personal vehicle 
transport, which in turn leads to a demand for fuel, services and manufactured goods. Non-transportation is similarly 
further sub-divided into energy services and other goods and services. The latter can be of either domestic or foreign 
origin. 
7 Firm production functions also are nested. At the “top level,” goods are produced using fixed proportions of 
materials and a composite CES function of capital, labor and energy. The latter function is in turn nested with 
energy (in turn coming in five different possible types) separated from a CES function based on inputs of labor and 
capital. 
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investment sector is modeled as an additional industry using data from GTAP and IMPLAN on 

the types of goods and services used to produce investment goods in each economy. The 

available fossil fuel resource endowments are specified exogenously based on WEO and AEO 

forecasts, supplemented by assumed supply curves around these endowment paths with specified 

elasticities. The resource supply elasticities change over time to reflect rising production costs as 

resources are depleted. Fossil fuel price forecasts in the WEO and AEO are matched by altering 

the growth rates of the fixed factor inputs into resource production. The capital, operating and 

maintenance costs, heat rates, and other data necessary for specifying electricity generating 

technologies are taken from the AEO Reference Case values for 2020. Equilibrium prices, 

supplies and demands, and trade flows are calculated each period using the Generalized 

Algebraic Modeling System (GAMS) programming language. 

 

Some of the key results from the EPA analysis of the discussion draft version of Waxman-

Markey (H.R. 2454) are that coal with CCS plays an important role after coming on line in 2015. 

In fact, improved energy efficiency among electricity users—and especially a movement towards 

nuclear, renewables, and coal with CCS—allows the electric power sector to provide the largest 

source of emissions abatement. The price of CO2 emissions allowances is considerably lower 

than in the EIA analysis, amounting to only $17–$22/MMT CO2 in 2020. The EPA notes that 

some of this is the result of lower near-term economic growth accompanying the current 

recession, which lowers CO2 emissions and allows the 2020 target to be met more easily. They 

also, however, note the critical role of international offsets. Excluding international offsets from 

the program raises allowance prices by 96%. The major sources of domestic offsets are 

afforestation and altered forest management. They also find that the program has a relatively 

modest impact on U.S. consumers in part because they assume that the bulk of revenue raised by 

selling the allowances is returned to households. They find that consumption is reduced by 0.17-

0.19% in 2020, and 0.37-0.39% in 2030, relative to the no-policy case. 

 

In October 2009, the EPA released a revised analysis of the effects of H.R. 2454 and compared it 

with a similar analysis of the Kerry-Boxer Senate bill (S. 1733). The agency concludes that the 

likely effects of the two bills would be very similar, acknowledging, however, that the necessary 

simplifications involved in developing a model of the world economy do not allow some of the 
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differences between the bills to be captured. Some differences between the bills that the EPA 

believes could have a small impact on the modeled costs of the policy include a larger cap in 

S.1733 (although this is the same cap the EPA assumed in the April analysis of the draft version 

of H.R. 2454). Second, S.1733 allows more generous landfill and coal mine methane (CH4) 

offset sources, which would slightly lower costs. Third, S.1733 allocates more allowances to the 

market stability reserve than H.R. 2454 allocates to the strategic reserve. If allowance prices 

remained below the price cap applying to reserve allowances this would slightly raise costs under 

S.1733, but the Senate bill would be less costly to the economy in a situation where reserve 

allowances were needed to control a price spike. The model is not well suited, however, to 

evaluating the effects of random factors that could lead to price spikes. 

 

Table 2. Summary of the Economic Impacts of H.R. 2454 as Modeled by the EPA 

 

One final study to mention was produced by Bryan Buckley and Sergey Mityakov at Clemson 

University and published by the Marshall Institute in 2009. This is a survey paper that 

summarizes a number of other studies. They sum up their findings by saying that the differences 

in estimated impacts are mainly driven by the assumed time to develop new technology, the 

growth potential of existing clean sources of energy, and the availability of domestic and 

international offsets and banking of allowances. However, they claim that, even for the 

optimistic estimates, the mitigation costs are likely to amount to as much as a 1% drop in 

consumption every year for the indefinite future. They note that this reduction in consumption is 

roughly equivalent to the welfare cost of capital income taxation calculated by Robert Lucas in 

 
  2015 2020 2030 2050 

Core scenario $13 $16 $26–$27 $69–$70 Allowance Price 
($/ton CO2e) Scenarios range $13–$24 $16–$30 $26–$49 $69–$130 

Undiscounted core scenario household 
consumption loss relative to no policy  

 
0.03%–
0.08% 

0.10–
0.11% 

0.31–
0.30% 

0.76–
0.78% 

Electricity price increase, relative to no 
policy 

 unchanged unchanged 13% 35% 

Household energy expenditure increase, 
relative to no policy 

 –2% –7% 2% 21% 

No policy case 14% 14% 15% 14% Share of low- or zero-carbon primary 
energy Core scenario 15% 18% 26% 38% 
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1990.8 In commenting on that result, Lucas said: “It is about twice the welfare gain that I have 

elsewhere estimated would result from eliminating 10 percent points of inflation, and something 

like 20 times the gain from eliminating post-war sized business fluctuations. It is about 10 times 

the gain Arnold Harberger once estimated from eliminating all product-market monopolies in the 

U.S.” 

 

III. Introduction to the Rice World Energy Model 

 

The Rice World Energy Model (RWEM) was developed specifically to address these issues. The 

model is related to the previously developed Rice World Gas Trade Model (RWGTM).9 Like 

that model, it is based on a simple model of world economic growth coupled with projections of 

population growth and estimated econometric relationships between energy demand and 

economic development. We refer readers to prior publications on the RWGTM for further details 

(see, for example, Hartley and Medlock, 2006, 2009). However, we briefly summarize the 

approach in the following paragraphs before focusing on the new elements in the RWEM. 

 

The U.S. in particular, and North America more generally, are the primary focus of the RWEM. 

The critical policy issues we are interested in all pertain to the effects of U.S. domestic policies 

on U.S. industries and the U.S. economy more generally. The rest of the world is relevant for two 

reasons. First, some of the policies we examine involve CO2 restrictions on developed economies 

in addition to the U.S. and Canada, and we want to examine the effects of the combined policies. 

Second, even policies that are restricted to the U.S. are likely to have effects beyond the national 

borders—and those effects will in turn impact developments domestically. 

 

Although we include the rest of the world in the analysis, we have aggregated all but the most 

significant countries from the perspective of energy demand into the broad regional groupings 

illustrated in Figure 1. By contrast, the RWGTM focuses on answering questions about the world 

natural gas market. It contains much more geographical detail on supplies and demands, and a 

                                                 
8 Lucas, Robert E. (1990), “Supply-Side Economics: An Analytical Review,” Oxford Economic Papers, New Series, 
42 (2), 293–316, (April). 
9 Like the RWGTM, the RWEM is developed using the MarketBuilder software platform from Altos Management 
Partners. 
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more detailed representation of the pipeline and LNG transportation networks. In particular, 

while the RWGTM utilizes basin-level detail on resources of natural gas, RWEM utilizes 

aggregated regional supply curves for each energy resource (coal, crude oil, natural gas, etc.). 

This is done as a matter of practicality. Since the RWEM includes other energy sources, and 

allows for interactions between the different energy markets, it is more difficult and time- 

consuming to calculate equilibrium outcomes in the RWEM. This has precluded us from 

incorporating the detail in the RWGTM into the RWEM. At the same time, the RWEM can make 

much less specific predictions about the evolution of regional natural gas supplies, demands, and 

prices. In the second part of this paper, we use the RWGTM to examine the effects that the range 

of policies is likely to have on the world market for natural gas in particular. 

 

Figure 1. Regions Identified in the RWEM 

 

 

The resource data incorporated into the RWEM came from a number of sources. The data on 

coal was obtained from the EIA. The oil resource data also came from several places. Proved 

reserves were again obtained from the EIA. The U.S. Geological Survey (USGS) provided 

estimates on growth to known and yet-to-find resources. Data on non-conventional oil (bitumen 

and extra heavy oil and oil shale) was obtained from the World Energy Council. Similarly, data 

on natural gas reserves came from the EIA while estimates of growth to known and yet to find 

resources came from the USGS. Estimates of shale gas resources were obtained from a number 

of sources but especially Rogner (1997). Since these data are an aggregated version of the data 
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contained in the RWGTM, they are described in more detail later in the paper. Data on uranium 

resources were obtained from the World Nuclear Association (estimated resources available at 

$130/kg). Hydroelectric potential was obtained from the World Energy Council, although we 

adjusted the Russian data to focus on Western Russia, since otherwise the model would use 

Siberian resources to supply power to Western Europe at an artificially reduced cost. The solar 

resource potential was based on a publication10 from the IEA. This combines data on direct 

normal irradiance with transmission requirements to get generated power to market to arrive at 

realistic production potential. In particular, many regions with the best solar resources (for 

example, in major desert areas in sparsely populated regions of the world) are too remote from 

markets of adequate size to make development commercially viable. Wind resources were 

estimated using data in a paper by Archer and Jacobson (2005).11 Geothermal resource estimates 

were based on data from the World Energy Council and a report from the National Renewable 

Energy Laboratory (NREL) on U.S. geothermal potential.12 

 

The forecasts of energy demands in the RWEM are based on the assumption that energy demand 

is driven primarily by economic and population growth, although it also has some, albeit 

relatively low, sensitivity to energy price movements. More specifically, using panel data from 

the IEA on 134 countries over a period of 37 years (although the minimum time span was 12 

years and the average about 32 years), we estimated a relationship between energy intensity (the 

ratio of primary energy demand to gross domestic product, or GDP), the real price of energy, and 

per capita real GDP. The final factor allows energy intensity to vary with the level of economic 

development. Previous research by Medlock and Soligo (2001) provided the foundation for this 

notion. The estimated relationship also allows the level of energy intensity and the elasticity of 

demand with respect to price to vary depending on the extent to which a country is an energy 

exporter or importer. 

 

                                                 
10 “Technology Roadmap: Concentrating Solar Power,” International Energy Agency 2010, available at 
http://www.iea.org/papers/2010/csp_roadmap.pdf 
11 Archer, Cristina L. and Mark Z. Jacobson, “Evaluation of global wind power,” Journal of Geophysical Research, 
110, D12110, doi:10.1029/2004JD005462, 2005 
12 “Updated U.S. Geothermal Supply Curve,” Chad Augustine, Katherine R. Young and Arlene Anderson, 
Conference Paper NREL/CP-6A2-47458, February 2010 available at http://www.nrel.gov/docs/fy10osti/47458.pdf 
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In order to forecast GDP growth, we relied on projections of population growth from the United 

Nations (UN) through 2050 extended to 2070 by a simple extrapolation of population growth 

rates. These population projections were then combined with projections of per capita GDP 

growth to obtain forecasts of total GDP. The per capita GDP projections through 2014 were in 

turn based on the IMF World Economic Outlook. Beyond 2014, we rely on an estimated model 

of economic development (again using a panel data set from the World Bank Development 

Indicators of 137 countries over a period of around 32 years) that relates per capita GDP growth 

to deviations from a reference development growth path for per capita income levels below those 

of the U.S., and to the gap between a country’s GDP per capita and the per capita of GDP of the 

U.S. for countries with a higher per capita GDP than the U.S. in 2014. The development growth 

path allows for very rapid growth rates as countries move though the “take-off” stage of 

development for per capita income levels around $10,000–$15,000 per annum (2005 dollars 

adjusted for purchasing power parity). 

 

Energy demand is then estimated to be a function of income, population, and the price of energy. 

Demands are estimated in BTU equivalents without specific attention given to the source of 

energy used to meet demand. Different energy sources then compete for market share based on 

price, availability and technology. 

 

The final demand sectors are residential, commercial, industrial, and transportation (with 

residential and commercial combined into “other” outside the U.S.). The industrial sector was 

further subdivided into chemicals, internationally mobile industry apart from chemicals13 and 

non-mobile industry using the GTAP data. The non-mobile industry includes agriculture and 

agricultural processing, mining and quarrying, and construction. Mobile industry included 

textiles and clothing, pulp and paper manufacturing, metal refining and metal product 

manufacturing, motor vehicle and machinery manufacturing, and manufacturing of electronic 

and electrical equipment. The commercial sector included retailing, repair services, 

communications, water and sewage services, financial intermediation and insurance, real estate, 

recreation, health care, education, social work and public administration. Energy use within each 

                                                 
13 Chemicals were separated out since the larger share of energy in costs is likely to make them more sensitive to 
changes in energy prices. 
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sector was subdivided into direct fuel demand and electricity demand. Energy is also consumed 

in the energy transformation sectors, which are modeled as “Power Generation,” “Refining,” and 

“Biofuels.” The transformation sectors then provide both electricity and finished products that 

are included in final demand. 

 

In order to forecast how the structure of industry is likely to change over time, the sectors 

identified form GTAP were related to corresponding sectors in the World Bank World 

Development Indicators database. The shares of GDP occurring in the latter were then related to 

real GDP per capita in purchasing power parity terms using panel regressions. The results were 

then used to project GDP shares in the GTAP sectors into the future using our previous estimates 

of economic growth. These predicted growth paths were then used as the reference demands in 

the RWEM. Actual demands could deviate from these values in response to endogenous price 

changes calculated in the model. 

 

We also used the GTAP data to obtain regional differences in energy prices and taxes. The 

differentials from the U.S. were then applied to the reference price path for the U.S. to obtain 

reference price paths for each region. We used the EIA Annual Energy Outlook reference case 

path for the reference price path in the US, extending the projection linearly beyond 2035. In this 

regard it is important to note that the prices in the RWEM are calculated endogenously to equate 

supply and demand. Strictly speaking, while this does not require the reference path to be a good 

approximation to the final calculated price path, the approximations to demand and supply 

changes incorporated in the model are likely to be more reasonable if the prices do not deviate 

too far from the reference path. 

 

The final data we used from GTAP were the estimated regional cross-elasticities of substitution 

of demand between the chemical and mobile industry sectors in each region. We used these to 

obtain functions for how much industry is likely to move in response to price changes. 

Specifically, the GTAP data contains estimated contributions, εi,r,s, of region s to the elasticity of 

demand for exports in industry i from region r. These tell us how close competitor firms in 

region s are for firms in region r in industry sector i or more specifically how much an industry i 
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relative price differential between region r and region s will affect the demand for region r 

exports. 

 

Industry relocation functions for sector i from each region r to each different region s were then 

defined by: 

xi,r ,s =

0    for pr − ps ≤ ai,r ,s

1

2ai,r ,s

pr − ps − ai,r ,s( )   for ai,r ,s ≤ pr − ps ≤ 3ai,r ,s










 

where xi,r,s is the proportion of industry sector i that was originally located in region r that has 

relocated to region s in response to and energy price differential between r and s equal to pr − ps

. Hence, the price differential between r and s has to be at least ai,r,s before any of industry i 

moves from r to s, and if the price differential reaches 3ai,r,s all of industry i that was originally in 

region r will have moved to region s. The terms ai,r,s were assumed to vary inversely with the 

absolute values of the elasticities, εi,r,s, for industry i and regional pair (r, s). Specifically, we set 

ai,r,s = αiεi,r,s

−0.1  

with αi chosen so that pr − ps ≤ ai ,r,s  for all region pairs (r, s) and with equality for just one set 

of regions in each case. Thus, industry would not move in response to the currently observed 

price differentials, but the chemical and mobile industry could move as energy cost differentials 

rose above the current levels, with a very small movement in price relativities triggering the first 

moves. This implicitly assumes that the current industry locations have adjusted to current 

energy price differentials. 

 

In modeling the impact of RPS, EV, and CO2 policies using the RWEM, it is particularly 

important to pay careful attention to the distribution of heat rates of different types of power 

plants. Specifically, we aggregate different power generation plants using a given type of fuel 

into several categories based on heat rates. In effect, the cumulative probability distribution of 

plants by heat rates is approximated by a step function, with each step representing one group of 

plants with a similar heat rate. This was done so that the least efficient (and typically oldest) 

plants are generally retired first, being replaced by new plants with better heat rates. As CO2 
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prices change, this can push older coal facilities into retirement more quickly in favor of plants 

with a lower CO2 footprint.  

 

Figure 2 illustrates this process using coal-fired plants. The height of each of the steps in the 

approximation in Figure 2 was calculated to equal the capacity-weighted heat rates of the plants 

making up the corresponding tranche of generating capacity. For example, the second step from 

the left represents plants adding a total of 121,800 megawatts (MW) of capacity (from 30,700 

MW to 152,500 MW) when all coal plants in the US are ranked by heat rate from the most 

efficient on the left to the least efficient on the right. More formally, if we use N to denote the 

number of these plants, then the capacities are given as 
  
K

1
, K

2
,..., K

N
 and their heat rates

  
HR

1
, HR

2
,..., HR

N
. The height of the second step in Figure 2 is given as  

  
HR = K

i
HR

i
i=1

N

∑ K
i

i=1

N

∑ = 10,086 BTU / kWh . 

 

Figure 2. Coal Heat Rates as Modeled in the RWEM 

 

For the scenarios presented herein, we considered capital costs that reflect current industry 

standards. Note that these costs are greater than those used by the U.S. Department of Energy 

(DOE) in most instances. We choose to use these costs because they are the collective 
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knowledge of actual operators, rather than any nth of a kind assumptions regarding technology 

and feasibility. Table 3 indicates the cost assumptions for power generation used in the model. 

 

Table 3. Cost and Technology Assumptions for Power Generation 

 

 

Finally, in the cases where we allow for offsets we needed to specify a cost curve for the various 

types of offsets that may be available. We used the marginal cost curves developed by the EPA 

in order to analyze the offset provisions of Senate bill S. 843.14 The EPA identified three 

categories of offsets. The first were termed “energy sector offsets.” The RWEM already allows 

for reductions in CO2 emissions by switching from fossil to non-fossil energy sources within the 

developed countries where controls are imposed (so-called annex I countries). We also need to 

allow, however, for financing of energy projects in non-annex I countries that allow firms within 

the annex I countries to emit more CO2. The second category of offsets consists of projects that 

abate greenhouse gases other than CO2, principally methane (CH4), nitrous oxide (N2O) and high 

global warming potential gases.15 The third category of offsets involves forestry and agricultural 

                                                 
14 “Technical Support Document - Analysis of Carbon Dioxide Offsets Provisions of the Clean Air Planning Act of 
2003 (S. 843),” available: at http://www.epa.gov/airmarkets/mp/pssupport/OffsetMethodology.pdf 
15 These are hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6), which have from 
140-23,900 times the heat trapping potential of CO2 over a 100-year period. Financing reduced production of these 
gases thus can allow dramatic increases in CO2 emissions while leaving the extent of long-wave radiation 
transmission through the earth’s atmosphere unchanged. 

Variable O&M Fixed O&M Heat Rate

2005 $/kWh 2005 $/kW BTU/kWh

Technology DOE Source Industry Sources

Industry 

Adjustment DOE Source DOE Source DOE Source

Scrubbed Coal New 1,939$                   3,080$                   1.588 0.046$                   25.94$                   9,200                     

w/ CCS 2,993$                   4,846$                   1.619 0.061$                   32.96$                   11,061                   

Integrated Coal-Gasification Combined Cycle 2,241$                   3,714$                   1.657 0.029$                   36.44$                   8,765                     

w/ CCS 3,294$                   5,480$                   1.663 0.044$                   43.46$                   10,781                   

Conventional Gas/Oil Comb Cycle (CC) 907$                      1,011$                   1.115 0.021$                   11.76$                   7,196                     

Advanced Gas Comb Cycle (CC) 893$                      996$                      1.115 0.020$                   11.03$                   6,752                     

w/ CCS 1,781$                   1,850$                   1.038 0.029$                   18.75$                   8,613                     

Conventional Combustion Turbine 631$                      747$                      1.182 0.036$                   11.41$                   10,810                   

Conventional Combustion Turbine (FO6) 631$                      747$                      1.182 0.036$                   11.41$                   10,810                   

Advanced Combustion Turbine 597$                      712$                      1.192 0.032$                   9.92$                     9,289                     

Advanced Combustion Turbine (FO6) 597$                      712$                      1.192 0.032$                   9.92$                     9,289                     

Fuel Cells 5,051$                   6,070$                   1.202 0.479$                   5.32$                     7,930                     

Advanced Nuclear 3,127$                   5,887$                   1.883 0.005$                   84.83$                   10,434                   

Distributed Generation Base 1,291$                   1,379$                   1.068 0.071$                   15.11$                   9,050                     

Distributed Generation Peak 1,550$                   1,628$                   1.050 0.071$                   15.11$                   10,069                   

Biomass 3,539$                   4,617$                   1.305 0.067$                   60.73$                   9,646                     

MSW Landfill Gas 3,339$                   4,425$                   1.325 0.000$                   107.66$                 13,648                   

Geothermal 1,612$                   1,612$                   1.000 -$                       155.15$                 34,633                   

Conventional Hydropower 2,113$                   2,031$                   0.961 0.024$                   12.84$                   ---

Wind 1,812$                   1,811$                   1.000 -$                       28.55$                   ---

Wind Offshore 3,629$                   3,351$                   0.923 -$                       84.32$                   ---

Solar Thermal 4,741$                   4,619$                   0.974 -$                       53.51$                   ---

Photovoltaic 5,690$                   5,208$                   0.915 -$                       11.01$                   ---

2005 $/kW

Total Overnight Cost
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activities both domestically and internationally. Figure 3 graphs the simplified supply curves for 

these three categories of offsets that were included in the RWEM. 

 

Figure 3. CO2 offset supply curves in the RWEM 

 

 

IV. Scenario Descriptions 

 

The possible scenarios that could be considered are numerous. In particular, given the extent of 

political discourse that has occurred and is yet to occur, any number of different cap-and-trade 

schemes for CO2 might emerge. Similarly, the manner in which low carbon fuels are encouraged 

and particular energy security goals are manifest is also up for debate. As such, we have focused 

on nine cases.  

 

We begin with the “reference case,” which is so named because it is meant to be the benchmark 

for comparison. It assumes no cap-and-trade scheme and does not force any renewable portfolio 

standards or technology types in end-use. This enables analysis of the introduction of various 

policy goals in the scenarios by comparison to the reference case. 
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The remaining cases are then defined as follows:16 

• 20X50: CO2 emissions in annex I countries are reduced to 20% below their 2005 levels 

by 2050. 

• 20X50 with Offsets: CO2 emissions in annex I countries are reduced to 20% below their 

2005 levels by 2050, but firms can purchase offsets in order to comply. 

• 50X50: CO2 emissions in annex I countries are reduced to 50% below their 2005 levels 

by 2050. 

• 50X50 with Offsets: CO2 emissions in annex I countries are reduced to 50% of their 1990 

levels by 2050, but firms can purchase offsets in order to comply. 

• Carbon tax 30: CO2 emissions in the U.S. only are taxed at the rate of $30 per metric 

tonne of CO2 from 2015. 

• Carbon tax 60: CO2 emissions in the U.S. only are taxed at the rate of $60 per metric 

tonne of CO2 from 2015. 

• EV 30X50: The electric car is adopted within the U.S. at a rate such that they represent 

30% of the U.S. vehicle fleet by 2050, with increased penetration beginning in 2015. 

Note penetration increases over time, reflecting the time it takes for vehicle stock 

turnover to occur. 

• CNG 30X50: Vehicles running on compressed natural gas are adopted within the U.S. at 

a rate such that they represent 30 percent of the U.S. vehicle fleet by 2050, with increased 

penetration beginning in 2015. Note penetration increases over time, reflecting the time it 

takes for vehicle stock turnover to occur. 

• RPS: No cap-and-trade program is instituted, but RPSs mandate that renewables meet 

30% of U.S. electricity demand by 2030 and 40% by 2040. The increased incentives to 

deploy renewables start in 2015. 

 

We begin with a brief discussion of the reference case to provide a benchmark for comparison. 

Then, we will highlight some key results by comparing some results each of the scenarios. 

 

                                                 
16 In addition, we examined a reference case with costs of deploying different technologies given by the EIA 
http://www.eia.doe.gov/oiaf/aeo/assumption/pdf/electricity.pdf#page=3 instead of the industry-sourced numbers that 
we used in our analysis. We also looked at the 50X50 scenario with EIA costs in place of the industry costs. 
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V. Reference Case 

 

In the reference case, as indicated in Figure 4, final demand for energy generally increases across 

primary energy sources. The growth rate is highest for the non-traditional energy sources, albeit 

from a low base. Among the traditional sources, growth is highest for natural gas, although the 

demand for coal increases noticeably in the final decade. The demand for oil is relatively 

stagnant from about 2015. 

 

Figure 4. Global Primary Energy Demand 

 

 

Figure 5 illustrates net trade in primary energy aggregating across all primary energy sources. 

The most striking feature is the large growth in energy imports by China, so that by 2050 China 

is predicted to import more than one third of all primary energy commodities traded worldwide. 
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Figure 5. Global Primary Energy Trade (Net) 

 

 

Southeast Asia also has a high growth rate of imports, but the absolute level remains far below 

China in 2050. Northeast Asia (Japan, Korea, and Taiwan) and Europe also are prominent 

importers throughout the period, but the growth in imports into these regions is small. Imports 

into the U.S. grow until around 2017, but then shrink gradually over time. 

 

The largest growth in exports is from Russia. The Middle East remains a large exporter 

throughout, but with little growth and a falling level of exports in the last decade. The largest 

growth rate among exporters occurs in the Caspian region, but from a relatively small base. 

Canada and other Latin American countries (primarily Venezuela) are other exporters exhibiting 

a large growth rate. 

 



Emerging Renewable Energy and Carbon Dioxide Abatement Policies 
 

29 
 

Figure 6. Global Carbon Dioxide Emissions 

 

 

Figure 6 graphs the growth in global CO2 emissions in the reference case. These rise by more 

than two thirds over the 40-year horizon. It is striking, however, that the rise is largely linear 

even though economic growth is exponential. Although the growth in primary energy demand in 

Figure 4 also is roughly linear, the growth in CO2 emissions is less than the growth in primary 

energy demand. Even under the reference case without any controls on CO2, the shift in primary 

energy supply toward natural gas and non-fossil sources of energy lowers CO2 emissions per unit 

of energy consumed. 

 

The growth in emissions from China is especially evident. While China and the U.S. emit 

roughly equal amounts of CO2 in 2010, China emits about twice as much by 2050. Growth in 

emissions is also very strong in Southeast and South Asia. While the U.S. and Europe remain 

large emitters throughout the period, they exhibit little growth in emissions. Russian emissions 

also remain fairly constant. Among developed nations, Canadian emissions grow strongly as a 

result of development of its vast domestic oil sands resource. 
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Figure 7 focuses on projections of developments in energy demand in the U.S. This mirrors 

somewhat the world picture. In particular, oil demand remains relatively stagnant. Natural gas 

use rises noticeably until around 2040 and then tapers off. Non-traditional energy sources show 

the most consistent and rapid growth. Coal use declines from around 2020 until 2040, at which 

point it starts to grow again. 

 

Figure 7. U.S. Primary Energy Demand 

 

 

The shares of different energy sources in U.S. primary energy supply can be seen more readily in 

the pie charts in Figure 8. The “other” category shows the largest growth in share, while the coal 

share shrinks every decade until 2040 before recovering slightly by 2050. Natural gas displays an 

opposite pattern to coal, with an expanding share each decade until 2040, followed by a 

contraction in share by 2050. The shares of nuclear and hydro decline gradually as they continue 

to deliver roughly constant amounts of output in the face of an expanding overall demand for 

energy. Although we have not added a graph to illustrate, U.S. CO2 emissions reflect the increase 

in primary energy demand, although again the growth rate in emissions from 2010 to 2050 is 

substantially below the growth in overall energy demand. Growth in emissions is highest from 

2011 to about 2017, then flattens until about 2032 before rising more steeply again from 2040 to 

2050. 
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Figure 8. U.S. Primary Energy Share in Select Years 

 

 
 

Figure 9 displays a set of similar fuel share pie charts, but now restricted to energy used to 

generate electricity. The growth in natural gas share to 2040, and especially from 2020 to 2030, 

is now particularly prominent. This is again mirrored in the large decline in coal share until 2040, 

with a slight recovery by 2050. The declining share of nuclear again reflects largely constant 

output in the face of expanding overall electricity production. Renewables (including hydro) 

grow steadily throughout the time horizon, although fossil fuels continue to account for the vast 

majority of primary energy requirements.  
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Figure 9. U.S. Electricity Generation Fuel Source Share in Select Years 

 

 
 

Figure 10. Decadal Average U.S. Primary Fuel and Electricity Real Prices 

 

 

Figure 10 shows what happens to the prices of primary fuels and electricity in the reference case. 

Table 4 presents the same price information in more familiar units. The real price of crude oil at 

the wholesale level does not rise much in the next two decades before jumping noticeably in the 

2030s and rising again, but at a somewhat lower rate, in the 2040s. The large rise in natural gas 
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prices is delayed until the 2040s, although it too rises in the earlier decades. Coal prices remain 

relatively flat throughout. The most dramatic increase is in electricity prices, which more than 

double from the 2010s to the 2040s. 

 

Table 4. Decadal Average U.S. Primary Fuel and Electricity Real Prices 

 

 

III. Scenario Analysis 

 

The scenarios we considered placed different constraints, in some cases to varying degrees, on 

the amount of CO2 emissions, the share of electricity that must come from renewable sources, or 

the fraction of the vehicle fleet that is powered by an energy source other than oil. For the sake of 

exposition, rather than present all of the same data that is presented for the reference case above, 

we focus on several key variables that can be compared across all scenarios. The complete set of 

projections for each scenario considered is available upon request. 

 

Figure 11. Global CO2 Emissions Across Cases 

 

 

2011-2020 2021-2030 2031-2040 2041-2050

Crude Oil (2005$/bbl) 62.56$                 64.38$                 76.73$                 83.49$                 

Natural Gas (2005$/mcf) 5.28$                   5.90$                   7.00$                   10.79$                 

Coal (2005$/short ton) 44.59$                 53.32$                 48.14$                 54.98$                 

Electricity (2005$/MWh) 50.73$                 58.31$                 83.45$                 108.52$               

Wholesale Prices
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Figure 11 shows that global CO2 emissions (not counting the reductions that would follow from 

any verified offsets) continue to rise no matter which of the scenarios is considered. Only under 

the direct quantitative constraints (the 50X50 and 20X50 cases with and without offsets) that 

impact all annex I countries is there any substantial diminution in CO2 emissions relative to the 

reference case. Evidently, policies that impact the U.S. alone are almost completely offset in 

their effects on world CO2 emissions by adjustments elsewhere in the world economy. Hence, 

unilateral action by the U.S. is ineffective at materially influencing total global emissions of 

CO2. 

 

Figure 12. U.S. CO2 Emissions across Cases 

 

 

Figure 13. U.S. CO2 Price Across Cases 

 

 

Figure 12 gives the corresponding emissions paths for the U.S. alone. The fact that there is more 

spread in the level of emissions across cases emphasizes that policies that can substantially 
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reduce emissions relative to the reference case in the U.S. alone are offset by increased emissions 

elsewhere in the world. 

 

The real price of CO2 emissions in the U.S. is graphed in Figure 13. In the most stringent 50X50 

case, prices rise particularly strongly from 2018 to around 2022, and then continue to rise more 

steadily to between $150 and $200 per metric tonne in the 2040s. The large rise in CO2 prices is 

delayed and not as steep under the 20X50 case. The availability of offsets also delays and 

flattens the price path. 

 

Figure 14. U.S. Energy Demand across Cases 

 

 

Figure 14 shows that at least some of the reductions in CO2 emissions relative to the reference 

case are achieved by slowing the increase in overall energy demand. Figure 15, giving U.S. 

electricity generation across cases, shows that the reduced energy demand, especially in the most 

stringent 50X50 without offsets case, is concentrated in the direct use components of energy 

demand more than electricity. 

 

Figure 16 shows that a significant part of the reduced energy demand under the most restrictive 

policies occurs by relocating energy-intensive mobile industries to regions where controls are not 

in place. The greatest relocation occurs when other annex I countries also are impacted by the 

restrictive policies, implying that the industries relocate mainly to non-annex I countries. 
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Figure 15. U.S. Electricity Demand Across Cases 

 

 

Figure 16. U.S. Industrial Relocation Across Cases (As a Percentage of Reference Case 

Industrial Demand) 

 

 

Figures 17–19 plot changes in U.S. fossil fuel use as a result of the policies. These figures show 

that some of the reductions in CO2 emissions under the most stringent policies are achieved by 

shifting supply of fossil-based energy away from relatively more carbon-intensive oil and coal 

toward less carbon-intensive natural gas. 
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Figure 17. U.S. Oil Use Across Cases 

 

Figure 18. U.S. Coal Use Across Cases 

 

Figure 19. U.S. Natural Gas Use Across Cases 
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The resurgence of coal demand in the final decade comes about as high electricity prices, in the 

face of relatively stagnant coal prices (see Figure 10), allow carbon sequestration and storage to 

become profitable. Actually, the reduced demand for coal under the various CO2 constraining 

policies causes a substantial reduction in coal prices in the early decades relative to the reference 

case (see Table 5). These price declines generally are not sufficient to prevent the decline in the 

use of coal, however, as the CO2 constraints hit coal use particularly hard.  

 

Table 5. Percentage Change in U.S. Coal Price Relative to the Reference Case 

 

 

Table 6. Percentage Change in Crude Oil Price Relative to the Reference Case 

 

 

Table 6 shows that the policies also restrain the increase in oil prices, although by less than their 

effects on coal prices. In addition, the decade of large price declines relative to the reference case 

is delayed until the 2030s. In contrast to coal and oil, Table 7 shows that the policies generally 

2011-2020 2021-2030 2031-2040 2041-2050

20X50 Case -6.78% -12.13% 7.65% -3.98%

20X50 Offsets Case -5.98% -5.20% 1.30% -4.47%

50X50 Case -6.37% -25.15% 3.27% 3.22%

50X50 Offsets Case -6.18% -8.10% 5.84% -2.65%

Carbon Tax 30 Case -4.17% -3.86% 2.24% -2.67%

Carbon Tax 60 Case -8.97% -6.74% 3.94% -3.07%

EV 30X50 Case -0.27% 2.87% -2.78% -2.49%

CNGV 30X50 Case 0.28% 2.05% 4.58% -1.26%

RPS Case -2.11% -1.71% 3.11% -4.27%

% Change in Coal Price Relative to Reference Case

2011-2020 2021-2030 2031-2040 2041-2050

20X50 Case 1.49% -0.39% -11.39% -6.04%

20X50 Offsets Case -0.08% 4.84% -7.40% 7.29%

50X50 Case 2.09% -7.49% -15.41% -10.78%

50X50 Offsets Case -0.22% 3.49% -9.10% -3.35%

Carbon Tax 30 Case -0.10% 3.60% -3.93% 0.54%

Carbon Tax 60 Case 1.47% 1.64% -4.36% -0.49%

EV 30X50 Case 0.15% 2.09% -6.71% -2.51%

CNGV 30X50 Case 0.42% 0.68% -5.46% -2.65%

RPS Case -0.12% 2.36% -3.53% -0.96%

% Change in Crude Oil Price Relative to Reference Case
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raise the real price of natural gas, although in some cases natural gas prices are negatively 

impacted in the 2040s. 

 

Table 7. Percentage Change in Natural Gas Price Relative to the Reference Case 

 

 

Table 8 shows that the various policies aimed at restricting CO2 emissions subsatantially increase 

U.S. electrcity prices. Recall from Figure 10 that real electricity prices already are expected to 

increase strongly under the reference case scenario. Hence, the dramatic increases in real prices 

under some of the proposed policies would create substantial difficulties in easing acceptance of 

the policies by the voting public. In this regard, the large increases in electricity prices under the 

RPS policies are especially interesting. Investors in renewable energy projects might be wise to 

question whether political support for such policies is likely to persist in the face of such large 

increases in electricity prices. 

 

Table 8. Percentage Change in Electricity Price Relative to the Reference Case 

 

2011-2020 2021-2030 2031-2040 2041-2050

20X50 Case 1.56% 6.24% 5.16% 5.29%

20X50 Offsets Case 1.80% 4.31% 5.71% 2.39%

50X50 Case 3.87% 10.20% 20.63% -3.07%

50X50 Offsets Case 1.39% 4.66% 10.09% 0.43%

Carbon Tax 30 Case 3.69% 2.37% 3.77% 0.38%

Carbon Tax 60 Case 2.83% 5.46% 12.93% -2.42%

EV 30X50 Case -0.60% 4.56% 8.45% -5.48%

CNGV 30X50 Case 1.95% 0.36% 5.78% 3.39%

RPS Case -2.52% -4.09% 4.08% -18.95%

% Change in Natural Gas Price Relative to Reference Case

2011-2020 2021-2030 2031-2040 2041-2050

20X50 Case 15.80% 43.48% 32.07% 33.33%

20X50 Offsets Case 15.28% 22.97% 16.02% 21.68%

50X50 Case 20.53% 67.70% 41.16% 35.73%

50X50 Offsets Case 15.29% 28.40% 31.30% 27.84%

Carbon Tax 30 Case 12.25% 17.53% 9.01% 10.36%

Carbon Tax 60 Case 23.56% 33.60% 20.16% 18.89%

EV 30X50 Case -0.55% 3.52% 3.12% 0.61%

CNGV 30X50 Case -0.07% 1.05% 4.56% 1.92%

RPS Case 20.98% 118.96% 102.13% 76.52%

% Change in Electricity Price Relative to Reference Case
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Figure 20 shows that even though the policies tend to reduce overall U.S. demand for oil, the 

share of imports in oil demand tends to rise in the 2020s relative to the 2010s. Although the 

import share declines again in the 2030s, it does not get back to the level of the 2010s. The 

different policies give a larger spread of oil import shares in the 2040s 

 

Figure 20. U.S. Oil Import Share Across Cases by Decade 

 

We can understand the effects of the different policies a little better by focusing on the effects 

that the different policies have on fuel shares. These are graphed for some of the policies in the 

following pie charts. 

 

 



Emerging Renewable Energy and Carbon Dioxide Abatement Policies 
 

41 
 

Figure 21. 50X50 Case, U.S. Primary Energy Share in Select Years 

 
 

 

Figure 22. 50X50 with Offsets Case, U.S. Primary Energy Share in Select Years 
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Figures 21 and 22 show how U.S. primary energy shares change under the stringent 50X50 

policy, both with and without offsets. These charts should be compared with the corresponding 

charts for the reference case presented in Figure 8.  

 

The most restrictive 50X50 without offsets policy emphasizes the tendencies that already were 

evident in the reference case. In summary, renewables and natural gas expand their market shares 

at the expense of coal and oil. In the reference case, renewables excluding hydro expand from 

4.6% of total primary energy supply in 2010 to 7.5% in 2020, 11.5% in 2030, 13.7% in 2040, 

and 17.9% in 2050. Under the 50X50 without offsets policy, the corresponding shares are 13.9% 

in 2020, 21% in 2030, 25.5% in 2040, and 28.6% in 2050. Figure 22 shows that when offsets are 

allowed, we obtain an intermediate outcome between these two extremes. 

 

The increases in natural gas share under the stringent 50X50 without offsets policy are not nearly 

as dramatic as the increase in nontraditional renewables, but they are noticeable nonetheless. Of 

course, natural gas combustion still emits CO2, but is relatively less heavily penalized than the 

burning of oil and especially coal. Nevertheless, even though the coal share declines greatly in 

the 50X50 without offsets case relative to the reference case up to 2040, it is interesting to note 

that the share of coal in 2050 is almost the same in the reference and 50X50 without offsets 

cases. The reason can be seen by examining Figure 23, which gives the share of different fuels in 

the U.S. electricity generation sector. Under the 50X50 without offsets policy, electricity prices 

rise enough relative to fossil fuel prices that CCS becomes profitable for coal-fired, and also new 

gas-fired, generating plants. The relatively low cost of coal compared to natural gas then allows 

coal to make a recovery. 
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Figure 23. 50X50 Case, U.S. Electricity Generation Fuel Source Share in Select Years 

 
 

Figure 24, showing the shares of different fuels in U.S. electricity generation under a 50X50 with 

offsets policy, again gives an intermediate outcome. In particular, once offsets are allowed, the 

50X50 policy triggers CCS investment for coal-fired plants but not for gas-fired generators. 

 

Another noteworthy feature of Figures 21 and 22 relative to Figure 8 is the substantial decline in 

the oil share of primary energy supply under the 50X50 case, especially when offsets are not 

allowed. Essentially, the only way to meet stringent CO2 controls when a substantial amount of 

energy use occurs in the non-point source transportation sector is to convert some of the fleet to 

electric propulsion and sequester the CO2 output at the point where electricity is produced. 

 



Emerging Renewable Energy and Carbon Dioxide Abatement Policies 
 

44 
 

Figure 24. 50X50 with Offsets Case, U.S. Electricity Generation Fuel Share in Select Years 

 
 

Figure 25 illustrates the effects on U.S. primary energy supply of a moderate U.S. CO2 emission 

tax. Once again, this can be compared to Figure 8 for the reference case. Figure 26 shows what 

happens when the tax rate is doubled to $60 per metric ton. Once again, restricting CO2 

emissions reduces the shares of coal and oil in primary energy supply while expanding natural 

gas and renewables other than hydro. The effects are, however, small compared to the previously 

examined 50X50 cases. Figure 27 presents the effects of the highest CO2 emissions tax on fuel 

shares in the electricity sector (again the lower tax case is between the reference and high tax 

case and has been omitted to save space). Comparing Figure 27 with the reference case in Figure 

9, we see that a tax of $60 per metric ton of CO2 emitted causes a substantial decline in the share 

of coal in electricity generation in 2020, but only slight changes in 2030, 2040, or 2050. 

Essentially the tax accelerates the retirement of older, less efficient coal capacity, but it is not 

high enough to trigger investment in CCS in later years. The natural gas share of primary energy 

is actually slightly lower under the $60 tax than in the reference case, while the renewables share 

is again somewhat higher, especially by 2050. 
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Figure 25. Carbon Tax 30 Case, U.S. Primary Energy Share in Select Years 

 
 

 

Figure 26. Carbon Tax 60 Case, U.S. Primary Energy Share in Select Years 
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Figure 27. Carbon Tax 60 Case, U.S. Electricity Generation Fuel Share in Select Years 

 
 

 

Figure 28. EV 30X50 Case, U.S. Primary Energy Share in Select Years 
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Figure 29. CNGV 30X50 Case, U.S. Primary Energy Share in Select Years 

 
 

Figure 30. RPS Case, U.S. Primary Energy Share in Select Years 

 
 

Figures 28–30 focus on the effects on primary energy use of three policies aimed at particular 

sectors of the U.S. economy. The electric vehicles and CNG policies both reduce the share of oil 

in primary energy supply, but the effects are not large. By 2050, the oil share declines to slightly 
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above 29% in the electric vehicle case and slightly below 29% in the CNG case. These compare 

to an oil share slightly above 32.3% in the reference case. In the electric vehicle case, most of the 

offsetting increase in share is taken up by natural gas, although non-hydro renewables also 

expand somewhat. The coal share is slightly higher in 2020 and 2030, but slightly lower in 2040 

and 2050. Not surprisingly, with a policy promoting CNG vehicles, the demand for natural gas 

expands more than in the EV case. The shares of renewables and coal are very similar in the two 

cases. 

 

It also is not surprising to see that the RPS policy greatly stimulates the demand for non-hydro 

renewable energy. However, the increase in non-hydro renewables share of primary energy in 

2050 is less than in the 50X50 case. On the other hand, the RPS policy stimulates the 

development of renewables at an earlier stage. The share of non-hydro renewables in primary 

energy supply is higher in the RPS case than in the 50X50 case in 2020, and especially 2030. 

The RPS also has much less impact on the demand for oil. Under the RPS, the share of oil in 

primary energy supply is still almost 30% in 2050 compared to slightly above 16.4% in the 

50X50 case and slightly above 32.3% in the reference case, as noted above. Compared to the 

reference case, the RPS policy decreases the shares of both coal and natural gas in primary 

energy supply, with the impacts on gas being larger in 2030 and 2040, while coal is more 

adversely affected in 2050. 

 

Figure 31 focuses on the effects that the promotion of electric vehicles has on fuel shares in U.S. 

electricity generation. The policy stimulates the demand for electricity, and it is noticeable that 

natural gas provides most of the increased output. By 2050, the share of natural gas is almost 

44% in the EV case compared to slightly above 35% in the reference case. The natural gas share 

is also substantially higher in the EV case than in the reference case in 2040 and somewhat 

higher in 2030. However, it is actually slightly lower in 2020, when the coal share is higher than 

in the reference case. It might appear paradoxical that the promotion of electric vehicles reduces 

the share of nuclear in generation, but the explanation is that the overall production of electricity 

rises while nuclear output remains relatively unchanged. Similarly, the share of renewables is 

lower in the EV case than in the reference case since renewables are not the main marginal 

source of supply for the increased electricity demand. 



Emerging Renewable Energy and Carbon Dioxide Abatement Policies 
 

49 
 

Figure 31. EV 30X50 Case, Electricity Generation Fuel Share in Select Years 

 
 

Figure 32. RPS Case, Electricity Generation Fuel Share in Select Years 

 
 

The effects of renewable portfolio standards on fuel shares in U.S. electricity generation are 

presented in Figure 32. Such policies dramatically increase the share of non-hydro renewables in 

electricity generation. They provide more than 37% of the energy for electricity generation in 
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2050 compared to less than 18% in the reference case. This increased share comes at the expense 

of both natural gas and coal, although natural gas is more negatively impacted than coal. 

 

In the next part of the paper, we focus on the effects of the different policies on the natural gas 

market in particular. Specifically, we use the Rice World Gas Trade Model (RWGTM) to 

examine the regional demand, supply, trading, and pricing implications for natural gas. 

 

The Rice World Gas Trade Model 

 

The RWGTM, like the RWEM, is a dynamic spatial general equilibrium model where supply 

and demand are balanced at each location in each period such that all spatial and temporal 

arbitrage opportunities are eliminated. The model, therefore, proves and develops reserves, 

constructs transportation routes and associated infrastructure, and calculates prices to equate 

demands and supplies while maximizing the present value of producer rents within a competitive 

framework. By developing supplies, pipeline transportation routes, and LNG delivery 

infrastructure, the RWGTM provides a framework for examining the effects of critical economic 

and political influences on the global natural gas market within a framework grounded in 

geologic data and economic theory. Moreover, it provides insight as to the location and 

conditions under which resources are competitive in a global market. 

 

The resource data underlying the model, which is a disaggregated version of the natural gas data 

used in the RWEM, is based on the World Resource Assessment of the USGS, as well as data for 

existing reserves from the Oil & Gas Journal database. The USGS data includes both associated 

and unassociated natural gas resources. For North America, the resource assessment has been 

supplemented by the Potential Gas Committee Reports and the U.S. Minerals Management 

Service for offshore areas, while assessments of shale gas potential for the United States and 

Canada have been collected from a variety of sources. Outside North America, the USGS 

assessment is confined to conventional gas resources, reflecting the lack of commercial data on 

unconventional natural gas deposits in other regions of the world. One major exception is 

Australia, where there has been tremendous activity in developing coal bed methane (CBM) 

deposits. Thus, our resource estimates are supplemented, where available, by local data sources, 
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such as the Australian Bureau of Agriculture and Resource Economics (ABARE) in the case of 

Australia. The other major exception regards natural gas in shale deposits. Below, we will 

discuss in greater detail our treatment of this emerging resource play. Long- and short-run capital 

and operating cost curves for resource development are derived using data from the National 

Petroleum Council study of long-term North American natural gas markets published in 2003. 

 

As illustrated in Figure 33 one can conceptualize the implications for the natural gas market of 

the scenarios analyzed in the RWEM as shifts in the demand for natural gas brought about by 

each of the policy scenarios previously considered. The analysis using the RWGTM can then be 

thought of as a movement along the demand curve as natural gas markets around the world react 

to the increased demand resulting from the policy changes. 

 

Figure 33. Net Natural Gas Demand Adjustment Resulting from Policy 

 

 

As implied by Figure 33, the demand for natural gas in the RWGTM is determined endogenously 

as the equilibrium price of natural gas adjusts. However, there are also exogenous influences 

such as the level of economic development, the price of competing fuels, and population growth. 

The estimated demand relationships in the RWGTM are consistent with those in the RWEM, but 

disaggregated quite substantially.  

Price 

Quantity 
Demand 

Supply 

Shift in demand curve 
resulting from policy 

(calculated by RWEM) 

Movement along demand 
curve as the market responds 

(calculated by RWGTM) 
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Natural gas demand in the U.S. is forecast by broadly defined end-use sectors—residential, 

commercial, industrial, and power generation—using relationships that specify demand is a 

function of variables that include, but are not limited to, weather, income, population, industrial 

production, natural gas price, and residual fuel oil price. The precise demand specification is 

different for each end-use sector.  

 

A paucity of data for countries outside the United States requires a different approach. 

Specifically, natural gas demand at the country level for regions of the world outside North 

America is modeled in multiple steps for two broadly defined sectors: electric power and direct 

use. First, the proportion of natural gas in primary energy is modeled. Then, the proportion of 

natural gas demand that is devoted to power generation is modeled so that a distinction between 

electricity and all other uses (direct use) can be made. 

 

In the estimation of international demands, the relative price of natural gas to other fuels matters, 

such that increasing natural gas prices will promote fuel switching in both the short and long run. 

However, the price elasticity is influenced by the degree to which an economy is already 

dependent on natural gas. For example, if the natural gas share is already very high, the price 

elasticity will tend to be low. But, if the natural gas share is low, the price elasticity will tend to 

be high. This reflects the fact that energy use requires installed capital. An economy that is 

highly dependent on natural gas will have a large proportion of its energy-using capital stock 

geared toward consumption of that fuel, which will likely make short run changes in demand via 

fuel-switching more difficult. The opposite would be true of an economy with very little natural 

gas using capital equipment. 

 

The forecasts of natural gas demand in the RWGTM for regions of the world outside North 

America are based on forecasts of primary energy demand. The RWEM also forecasts primary 

energy demand before allowing different energy sources to compete for market share based on 

price, availability, existing infrastructure, and technology. 

Economic growth, increasing power generation requirements, and environmental 

considerations are the primary explanations for recent and projected rapid increases in natural 

gas demand. In developed economies, demand has been spurred by increasingly stringent 
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environmental controls. However, development of particular technologies—such as coal 

gasification technologies, and nuclear and renewable energy technologies—could limit the 

growth potential for natural gas as a fuel for generating electricity, just as we observed in the 

reference case run of the RWEM. The estimated elasticity of demand incorporated into the 

RWGTM reflects the substitution possibilities between gas and other fuels that were available 

in the historical data. This does not reflect new technologies that may increase substitutability, 

particularly at prices for natural gas that have not yet been observed. Thus, the RWGTM 

allows two generic "backstop" technologies to begin to permanently displace natural gas very 

late in the model time horizon. 

 

The costs of constructing new pipelines and LNG facilities in the RWGTM were estimated 

using data on previous and potential projects available from the EIA, IEA, and various 

industry reports. Transportation links connecting markets transmit price signals as well as 

volumes of physical commodities. Thus, for example, building a new pipeline to take gas to a 

market with high prices will raise prices to consumers from the exporting region and lower 

prices in the importing region. More generally, it is in this manner that markets become 

increasingly connected over time, as profitable spatial arbitrage opportunities are exploited 

until they are eliminated. In a global natural gas market, events in one region of the world will 

generally influence all other regions. For instance, political factors affecting relations between 

Russia and China will affect gas flows and prices throughout the world, not just in Northeast 

Asia. 

 

The RWGTM uses a weighted average cost of capital to determine the net present value of 

each increment of new capital. The debt-equity ratio is allowed to differ across different 

categories of investment (proving reserves, developing wellhead delivery capability, 

constructing pipelines, and developing LNG infrastructure). Within the United States, Federal 

Energy Regulatory Commission (FERC)-filed tariff rates are used to determine the cost of 

transporting natural gas via pipeline. For regions outside the United States, a rate-of-return 

calculation is generally used to construct the tariffs on pipelines, such that the present value of 

the tariff revenue at 50% capacity utilization just recovers the up-front capital cost in 20 
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years. For LNG, facility throughput tariffs and shipping rates are based on information 

obtained from various industry reports. 

 

The extent of regional detail in the RWGTM varies based primarily on data availability and 

the potential influence of particular countries on the global natural gas market. For example, 

large consuming and producing countries—such as China, the United States, India, Russia, 

and Japan, to name a few—have extensive sub-regional detail in order to understand the effect 

that existing or developing intra-country capacity constraints could have on current or likely 

future patterns of natural gas trade. In sum, there exist over 280 demand regions and more 

than 180 supply regions. Output from the model includes regional natural gas prices, pipeline 

and LNG capacity additions and flows, growth in natural gas reserves from existing fields and 

undiscovered deposits, and regional production and demand. 

 

The RWGTM assumes that LNG is traded in a similar manner to the way oil is traded. 

Recognizing that the LNG market will most likely be dictated by some contractual rigidities 

in the short term, we assume the market will be characterized by more flexibility in the long 

term. This does not mean that we have disregarded the importance of the long-term contracts. 

Rather, we have assumed that while contracts are important for financing projects, they do not 

necessarily dictate physical flows of gas. This has become more evident in the LNG market 

over the past decade, as swap agreements and spot sales have proliferated. Global increases in 

natural gas demand, a push to monetize vast stranded natural gas resources, and improvements 

in LNG transportation technology have catalyzed unprecedented growth of the LNG market. 

This is a process that reinforces itself. As the alternatives available to both producers and 

consumers expand, the risk of investing in infrastructure is reduced and market liquidity 

increases as the number of possible trading partners grows. The implication is that the market 

could move fairly quickly away from long-term bilateral contracts. In fact, recent 

development in Europe, a market that has been dominated by long-term oil-indexed contracts, 

has seen an increasing portion of contracted sales indexed to spot market prices. This has 

occurred as physical liquidity in the spot market in Europe has grown over the past few years. 
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Shale Gas Resources in the RWGTM 

 

Perhaps the most intriguing development in global energy markets in the last decade or so is the 

emergence of shale gas. Beginning with the Barnett shale in northeast Texas in the United States, 

the application of innovative new techniques involving the use of horizontal drilling with 

hydraulic fracturing has resulted in the rapid growth in production of natural gas from shale. The 

success in the Barnett shale has dramatically altered producers' expectations about the viability 

of shale resources, particularly since the Barnett has rapidly emerged from a very marginal play 

to become the largest single producing natural gas play in North America. Moreover, the 

production potential from known shale resources that has been identified since the emergence of 

the Barnett shale has dramatically altered expectations for global LNG trade. Fewer than 10 

years ago, most predictions were for a dramatic increase in LNG imports to North America and 

Europe, but shale production in North America has turned this thinking upside down. Today, 

growth opportunities for LNG developers are seen in primarily in Asia. 

 

During the first decade of the 2000s, many investments were made to expand LNG potential to 

North America. At one point, as many as 47 terminals were in the permitting phase. Since 2000, 

two terminals were re-commissioned and expanded (Cove Point in Maryland and Elba Island in 

Georgia) and nine others have been constructed. This has increased LNG import capacity from 

just over 2 billion cubic feet per day (bcfd) in 2000 to just over 17.4 bcfd currently. Import 

capacity could reach 20 bcfd by 2012. 

 

Tremendous growth in LNG import capability has also been seen in Europe. In 2000, import 

capacity was just over 7 bcfd. It is now over 14.5 bcfd and could exceed 17 bcfd by 2012. It is 

likely that the import capacity developed in Europe will be much more heavily utilized than 

import capacity in the United States, largely because shale gas production has not emerged as 

strongly there. However, shale resources have been identified in Europe, so developments 

around those resources should be carefully watched. 

 

Knowledge of shale gas resource is not new. Geologists have long known about the existence of 

shale formations. However, the ability to access those resources is a new development. In a study 
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published in 1997, Rogner (1997)17 estimated over 16,000 trillion cubic feet (tcf) of shale gas 

resource in-place globally with just under 4,000 tcf of that total estimated to be in North 

America. At that time, only a very small fraction (<10%) of this was deemed to be technically 

recoverable and even less so economically. As indicated above, recent innovations have made 

this resource accessible both by providing the technological capability and by reducing costs, 

thereby providing economic feasibility. The International Energy Agency (IEA) recently 

estimated about 40% of Rogner's estimated resource in-place will ultimately be technically 

recoverable. A more recent assessment by Advanced Resources International (2010) estimates an 

even larger global shale resource in-place, with most of the identified additional resource 

residing in North America and Europe. Studies of shale resources around the world continue, 

making this play perhaps the most dramatic game-changer in energy markets in the last 100 

years. 

 

Figure 34. Resources: The Distinction of Technological and Economic Feasibility 

 

Resource in Place

Resource endowment.  Lots of 

uncertainty, but we can never get beyond 

this ultimate number.

Technically Recoverable Resource

This is the number that is being assessed. Lots of 

uncertainty, but experience has shown this number 

generally grows over time.

Economically Recoverable Resource

This will grow with decreasing costs and rising prices, 

but is bound by technology.

Proved Reserves

Connected and ready to produce.  

 

When analyzing the potential of shale resources, it is important to understand the difference 

between “resource in-place” and “economically recoverable resource” if we are to assess the 

ultimate viability of shale gas as a source of supply. A crude representation of this distinction is 

depicted in Figure 34.  

                                                 
17 Rogner, H. H., 1997, ”An Assessment of World Hydrocarbon Resources”, Annual Review of Energy and 
Environment 
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Despite very large assessments of resource in-place, the commercial viability of shale is 

determined as a subset of resource in-place. In particular, technically recoverable resources 

define the boundary of those resources that can be recovered with existing technology, but 

economically recoverable resource is a subset of technically recoverable resource and defines the 

boundary of what is commercially accessible. Thus, very large resource in-place estimates do not 

necessarily guarantee large-scale production is forthcoming. Technological innovations and cost 

reductions are critical to the commercial viability of the shale resource. 

 

Figure 35. Location of Shale Gas Resources in the U.S. Lower 48 states 

 

 

Figure source: Energy Information Administration 

 

In North America, the assessment for technically recoverable resource is large and has been 

increasing as knowledge of the resource grows. Moreover, identified shale plays are located 

close to long-haul transportation infrastructure and/or large end-of-pipe markets (see Figure 35), 

thus putting it in a very advantageous position.  

 

As recently as 2005, the Energy Information Administration was using an estimate of 140 tcf in 

its forecasting efforts. In 2008, Navigant Consulting, Inc. estimated a range of between 380 tcf 

and 900 tcf of technically recoverable resource, putting the mean at about 640 tcf. In 2009, the 
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Potential Gas Committee put its estimate at just over 680 tcf, and in 2010 the previously noted 

report by Advanced Resources International estimated over 1000 tcf. Note that although each 

assessment is from a different source, the estimates are increasing over time. By the magnitudes 

put forth in just the past couple of years, our work with the RWGTM indicates a relatively 

conservative estimate of North American technically recoverable resource of 583 tcf. More detail 

is provided in Table 9. The “break even price” indicated in the table is the average price needed 

for development of up to 60% of the identified technically recoverable resource. 

 

As indicated above, shale gas resources are not limited to only North America. In-depth studies 

are currently underway to assess the shale potential in Europe and Asia. It is still early, but an 

initial assessment from ARI (2010) puts the European resource in place at 1000 tcf with about 

140 tcf being technically recoverable. Moreover, there is active research into assessing shale 

potential in Austria, Sweden, Poland, Romania, and Germany, to name a few locations. Data for 

Asia and the Pacific is generally even more preliminary, but potential has been identified in 

China and Australia, to name two. 

 

The emergence of shale gas has significant implications for global gas trade, and it has already 

resulted in a paradigm shift with regard to LNG trade. But, perhaps more relevant for this study, 

shale gas can dramatically improve the feasibility of various environmental and energy security 

policies. Since natural gas is a low CO2 fuel source, it is less disadvantaged than other fossil fuels 

in a CO2-constrained world. The emergence of shale has also turned natural gas into a relatively 

abundant energy source with a very flat supply curve. As a result of these two facts, the price of 

CO2 need not increase much before abundant natural gas displaces substantial amounts of coal. 

As a result, shale gas could prove very important in determining the CO2 price and the future mix 

of fuels. 
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Table 9. Shale Gas Assessments in the RWGTM 

Mean Technically 

Recoverable 

Resource (tcf) Breakeven Price

Antrim 13.2 6.00$                      

Devonian/Ohio 169.6

Utica 5.4 7.00$                      

Marcellus 134.2

Marcellus T1 47.0 4.75$                      

Marcellus T2 42.9 5.75$                      

Marcellus T3 44.3 7.00$                      

NW Ohio 2.7 7.00$                      

Devonian Siltstone and Shale 1.3 7.00$                      

Catskill Sandstones 11.7 7.00$                      

Berea Sandstones 6.8 7.00$                      

Big Sandy (Huron) 6.3 6.00$                      

Nora/Haysi (Huron) 1.2 6.50$                      

New Albany 3.8 7.50$                      

Floyd/Chatanooga 2.1 6.25$                      

Haynesville 90.0

Haynesville T1 36.0 4.25$                      

Haynesville T2 31.5 5.00$                      

Haynesville T3 22.5 6.50$                      

Fayetteville 36.0 5.00$                      

Woodford Arkoma 8.0 5.75$                      

Woodford Ardmore 4.2 6.00$                      

Barnett 54.0

Barnett T1 32.2 4.50$                      

Barnett T2 21.8 5.75$                      

Barnett and Woodford 35.4 7.00$                      

Eagle Ford 20.0 5.00$                      

Palo Duro 4.7 7.00$                      

Lewis 10.2 7.25$                      

Bakken 1.8 7.50$                      

Niobrara (incl. Wattenburg) 1.3 7.25$                      

Hilliard/Baxter/Mancos 11.8 7.25$                      

Lewis 13.5 7.25$                      

Mowry 8.5 7.25$                      

Montney 35.0 4.75$                      

Horn River 50.0 5.25$                      

Utica 10.0 7.00$                      

Total US Shale 488.0

Total Canadian Shale 95.0

Total North America 583.0  

 

RWGTM Reference Case 

 

We begin with a discussion of the results from the reference case of the RWGTM—a case in 

which no CO2 abatement policies are implemented, no policies mandating a target for the use of 

renewable energy sources in the electric power sector (RPS) are in force, and no policy 
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promoting the use of alternative fuel vehicles (electric or compressed natural gas vehicles) are 

implemented. The reference case is so named because it is the case to which we will compare 

each of the scenarios. As such, the reference case establishes the baseline for understanding how 

various policies alter the global gas market. 

 

Figure 36. Henry Hub Price and Select North American Basis Differentials 

 

 

 

Prices at the Henry Hub, and in North America more generally, tend to rise from their current 

levels (around $4/mcf) over time (see Figure 36). However, growth in shale gas production tends 

to keep prices from rising substantially. In fact, the average price (in 2005 dollars) for the next 
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three decades is about $5.73/mmbtu (2011-2020), $6.21/mmbtu (2021-2030), and $6.98/mmbtu 

(2031-2040).  

 

Regional prices relative to Henry Hub (or basis differentials) do not change dramatically, with a 

few exceptions, through the next 30 years (also depicted in Figure 36). The largest exceptions 

tend to be on the West Coast, where growth in shale gas production is not as strong as in the Gulf 

Coast and Middle Atlantic regions. We eventually begin to see greater reliance on LNG imports 

along the West Coast to meet demand growth, as evidenced by the development of an LNG 

regasification facility in Southern California and increased utilization of the terminal in Baja, 

Mexico. 

 

Figure 37. North American Demand  

 

 

Figure 37 depicts North American demand through 2040. Growth is strongest in Mexico, 

growing at an average annual rate of 3.0% through 2040. In the United States we see more 

modest demand growth of 1.0% per year through 2040, and in Canada it is 1.9% per year. The 

primary driver of demand is the power generation sector. Taken together, demand in North 

America approaches 40 tcf by 2040. 

 

As can be seen in Figure 38, North American production tends to keep pace with demand 

through the early 2020s. However, total annual production peaks in 2035 at about 31 tcf. 

Demand, on the other hand, continues to grow throughout the time horizon, exceeding 
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indigenous production by about 10 tcf in 2040. Demand growth in Mexico is largely responsible 

for the growing overall North American production deficit, which is why Mexico becomes a 

prime destination for greater LNG imports later in the time horizon (see below).  

 

Figure 38. North American Production 

 

 

Figure 39. North American Shale Production 

 

 

In the United States and Canada, growth in shale gas production is the primary reason that those 

two countries do not see substantial increases in LNG imports through the 2020s. In fact, shale 

gas production growth is sufficiently strong to more than offset production declines from 

conventional natural gas resources. The strongest growth is seen in two basins in the United 
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States—the Marcellus shale and Haynesville shale—with a high level of production maintained 

in the Barnett shale (see Figure 39). In Canada, declines in the Western Canadian Sedimentary 

Basin are offset by strong growth in the Montney shale and Horn River shale.  

 

Figure 40. North American LNG Imports (by location) 

 

 

As previously mentioned, LNG imports to North America grow the most in Mexico, where shale 

gas is not expected to become a major domestic source of supply. In the United States and 

Canada, however, the strong growth in indigenous production from shale resources keeps 

capacity factors at LNG regasification facilities very low through the 2030s, despite declines in 

conventional gas resources. In the 2030s, LNG imports begin to increase such that capacity 

factors on existing terminals approach 50%. We also see new import capacity constructed in end-

of-pipe and constrained markets—Southern California and in the M3 market area (Philadelphia). 

The strongest growth in LNG imports is in terminals targeting Mexico and the West Coast (see 

Figures 40 and 41). 
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Figure 41. U.S.-targeted LNG Imports (by location) 

 

 

Figure 42. Henry Hub-NBP Spread (calculated as HH minus NBP) 
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The relative abundance of shale gas in North America tends to keep prices at the Henry Hub in 

Louisiana low relative to other international locations. Through 2020, the spread between Henry 

Hub and the National Balancing Point (NBP) in the United Kingdom is relatively small (see 

Figure 42). This reflects the relative abundance of LNG, which tends to keep prices in Europe 

and North America relatively close. However, after 2020, the spread between the two markets 

widens. This occurs as LNG deliveries to Europe continue to grow (see Figure 43) due to a lack 

of production growth. 

 

Figure 43. LNG Imports in Europe (by country) 

 

 

Asia is by far the largest LNG importing region, with China surpassing Japan as the world’s 

largest LNG importer in the mid-2020s (see Figure 44). In fact, this pushes strong growth in 

LNG supplies from Australia, which eventually rivals Qatar as the world’s largest LNG supplier. 

Strong growth in Asian demand also stimulates growth in Iranian LNG in the 2030s.  
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Figure 44. LNG Imports in Asia (by country) 

 

 

Figure 45. LNG Exports (by country) 

 

 

LNG exports originate from a diversity of sources (see Figure 45). Through the early 2030s, 

Qatar is the largest LNG exporter, with Australia emerging as a close second. Nigeria and Russia 

each grow to positions of prominence, and Iran emerges as a large LNG exporter in the 2030s. 

Finally, Venezuela also emerges after the mid-2020s as one of the world’s largest LNG 

exporters.  
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RWGTM Scenario Analysis 

 

Figure 46 indicates the additional demand for natural gas stimulated under the various scenarios 

considered in the RWEM. The curves in Figure 46 are generated through analysis of the RWEM 

scenario output. The largest impact is generally seen in the Carbon Tax 30 case for the majority 

of the time horizon, although the CNGV 30X50 case has the largest impact beyond 2045. The 

smallest impact on gas demand among the cases considered in the RWEM is seen in the RPS 

case, which is not analyzed using the RWGTM. Given the range of outcomes indicated in Figure 

46, we limit the analysis in the RWGTM to a subset of the scenarios considered in the RWEM. 

In particular, we examine the 50X50 with Offsets case, the Carbon Tax 30 case, and the CNGV 

30X50 case. Again, the RPS case is not examined because the effect on the natural gas market is 

negligible. In fact, it serves to limit demand growth slightly relative to the reference case in the 

RWEM. The other cases are not considered here because their impacts on natural gas are smaller 

than the subset examined.  

 

Figure 46. Natural Gas Demand Impulse by Scenario as Predicted by the RWEM 

 

 

While the Carbon Tax 30 case and the CNGV 30X50 case are policies specific to the United 

States, the 50X50 with Offsets case has an impact on countries in Europe, and in Australia, New 

Zealand, Japan, and Korea. Thus, the global demand impulse is greatest in that case, even though 

it is not in the United States. This point, and the fact that it is widely discussed in policy 
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deliberations, is why we consider that case. We will focus on a few select variables in examining 

the impacts of the demand impulse from each scenario. In particular, we will examine the 

changes in price, demand, supply, and LNG imports for North America. We also will detail the 

impacts on LNG exports by country in order to understand how policy choices in the United 

States may exert influence on the global natural gas market more generally. 

 

Figure 47 indicates the impact on decadal average prices for the 50X50 with Offsets case, the 

Carbon Tax 30 case, and the CNGV 30X50 case. In each decade, we see that the price of natural 

gas generally increases through time. We also see that the Carbon Tax 30 case yields the largest 

increase in price, which follows from the fact that it is associated with the largest increase in 

demand.  

 

Figure 47. Decadal Price Deltas Relative to Reference Case at Henry Hub by Scenario 

 

 

Figure 48 indicates the changes in North American demand relative to the reference case for 

each of the three scenarios. As should be expected from Figure 33 above, demand rises in all 

cases while at the same time higher prices slightly mitigate (as shown by the movement along the 

demand curve in Figure 33) the demand impulses illustrated in Figure 46 (as shown by the shift 

of the demand curve in Figure 33). The demand growth relative to the reference case in each of 

the scenarios is met primarily by an increase in supplies from domestic shale gas resources and 

higher LNG imports. It is important to note the scale on the vertical axis in each graph.  
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Figure 48. North American Demand Deltas Relative to the Reference Case  

 

 

 

 

Figure 49 focuses on the changes in LNG imports by terminal across each of the cases. Total 

LNG imports tend to be higher for the policy scenarios that encourage the greatest growth in 

natural gas demand. As can be seen, when we consider a policy of a carbon tax of $30 per ton, 

LNG imports are about 3.5 tcf higher than in the reference case.  
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Figure 49. North American LNG Import Deltas by Terminal Relative to the Reference 

Case 
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Figure 50. Shale Gas Production Deltas Relative to the Reference Case  

 

 

 

 

 

Figure 50 depicts the changes in shale gas production by basin relative to the reference case. 

Here, we see that larger demand increases also result in higher shale production. Interestingly, 
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intertemporal shifts in production are seen from certain basins. For example, in the 50X50 with 

Offsets case and the Carbon Tax 30 case we see Marcellus production shifted backward in time 

relative to the reference case just as production from several other basins increases (such as the 

Barnett, Haynesville, Fayetteville, and Horn River shales). This occurs largely because the rents 

that accrue later in time in the Middle Atlantic states are higher than in the near term, particularly 

since demand growth is stronger in those later years. Note that higher global gas demand in the 

50X50 with Offsets case contributes to stronger overall shale gas development than in the other 

scenarios. We also see in Figure 50 that in every case, the Marcellus shale expands and is 

generally the largest incremental source of domestic shale gas supply.  

 

Figure 51 tells an interesting story about unintended consequences. As we saw above, demand 

for LNG imports into North America in the reference case was little changed in the 2010s and 

2020s, with relatively strong growth beyond 2030. The aggregate change in world LNG exports 

is not restricted to what happens to North American imports, however, since the RWGTM allows 

prices to rise around the world and this will, in general, also stimulate production in other 

locations and re-shuffle LNG versus pipeline trade. Nevertheless, we see that aggregate LNG 

exports tend to follow the pattern of North American demand, with particularly strong increases 

in the 2030s. Closer inspection reveals that one country in particular, Iran, stands out as the 

major beneficiary of this incremental increase in each of the cases considered. To the extent that 

energy security is a motivating factor in these policies, in addition to concerns about CO2 

emissions, then greater reliance on Iran—which has maintained a difficult relationship with the 

West—runs counter to broad goals of energy security. This result reinforces the conjecture of 

Hartley and Medlock (2008)18 that climate change policies may not in all cases be aligned with 

goals of energy security. 

                                                 
18 Hartley, Peter R. and Kenneth B. Medlock III, “Climate Policy and Energy Security: Two Sides of the Same 
Coin?” manuscript, James A. Baker III Institute, May 2008 
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Figure 51. LNG Export Deltas Relative to the Reference Case  
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IV. Conclusion 

 

The adoption of policies that force outcomes that differ from those that would otherwise occur 

will raise the cost of energy. This might be the preferred outcome if the environmental costs 

(externalities) that accrue as a result of CO2 emissions are sufficiently detrimental. Thus, 

policymakers must weigh the direct and indirect costs (such as any negative macroeconomic 

effects) of higher energy prices against any environmental benefits that would result from lower 

CO2 emissions.  

 

One particularly telling result from the analysis herein is the fact that the crude oil market tends 

to bear the brunt of the impacts of CO2 abatement policies. This is largely tied to the fact that 

CO2 emissions from automobiles are not “point-source” emissions—they are mobile. Point-

source emissions, such as those from power plants, can be more easily controlled using CCS 

technologies, albeit at a high cost. Any innovations that reduce the cost of CCS deployment will 

directly result in a lower CO2 price. CCS technology basically turns power plants using fossil 

fuels into zero (or very low) sources of CO2 emissions. In the United States, this will tend to 

benefit coal and natural gas, but not crude oil. 

 

Another interesting result follows from the increase in electricity prices associated with most of 

the policies. While the potential oil savings that result from the most restrictive scenario 

considered above are substantial, the effect of the increased cost of electricity on residences, 

commercial establishments, and industry must be considered. In particular, if the environmental 

and energy security benefits from lower oil use exceed the costs of the policy—which is 

certainly an open question—should it be adopted? 

 

Natural gas demand tends to increase relative to current levels in every case examined. This is 

not surprising since natural gas is the least carbon-intensive of the fossil fuels and therefore 

produces the least CO2 per unit of energy. In addition, technological advances have enhanced the 

competitiveness of natural gas with other energy sources, while drilling and recovery technology 

innovations have opened up vast new resources of shale gas. Finally, non-carbon sources of 

energy are still too expensive relative to fossil fuels to take a large share of the market until much 
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later this century. In the most restrictive case, natural gas demand is higher by more than 25% 

relative to the reference case in 2050, and is more than 60% above current demand. Thus, natural 

gas proves to be a critical part of any energy plan since it provides a very important low-carbon 

source of energy. 

 

The allowance of offsets in the design of any cap-and-trade scheme is an important way to keep 

CO2 prices from rising to very high levels. Thus, they are a very important policy design feature 

because they can help prevent the realization of severe negative macroeconomic consequences 

associated with very high energy prices. However, if the goal of the CO2 policy is to reduce CO2 

emissions, then any offset program must be verifiable so that net CO2 emissions are indeed 

reduced. 

 

We found U.S. and Canadian shale gas resources to be a significant source of the increased 

supply stimulated by the policies. This emphasizes the importance of the recent advances in 

technology that have opened up these vast new resources. The ready availability of a relatively 

low-carbon source of energy, which also has a well-developed distribution network, certainly 

increases the feasibility of policies aimed at reducing the carbon intensity of our energy system. 

We also note that the emergence of shale tends to keep prices from rising very steeply, even in 

the most restrictive of the cases considered.  

 

Our analysis shows that LNG also plays a role in facilitating the shift to natural gas, particularly 

beyond 2030. There are many underdeveloped sources of natural gas around the world and 

improvements in liquefaction, transportation, and re-gasification technologies have made LNG 

trade from these locations much more competitive. In addition, LNG has an advantage over 

international pipeline delivery from an energy security viewpoint insofar as it allows for much 

more flexibility in trading partners. On the other hand, our analysis also revealed that any policy 

that leads to increased demand for LNG benefits Iran in particular, and the Middle East more 

generally. This tendency is exacerbated if CO2 emission constraints are extended to other 

developed economies in Europe and Asia (the so-called Annex I countries). Insofar as Iran 

relations remain contentious for the United States and Europe in future decades, our analysis also 
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highlights potential conflict between policies aimed at mitigating environmental problems and 

policies aimed at promoting energy security. 
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