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GLOBAL 2100: ALTERNATIVE SCENARIOS FOR
REDUCING CARBON EMISSIONS

This paper forms part of an OECD project which addresses the issue of
the cost of reducing CO, emissions by comparing the results from six global
models of a set of standardised reduction scenarios. The project provides
evidence on: i)projected carbon dioxide emissions through the next century,
and ii) the carbon taxes and output costs entailed in reducing these emissions.

* * % * %

Ce document fait partie d'un projet de 1’0OCDE qui s’interroge sur les
coits de réduction des émissions de CO, en comparant les résultats de six
modéles globaux formés d’un ensemble de scénarios standardisés de réduction. Ce
projet met en évidence : i) les émissions projetées de dioxyde de carbone d’ici
4 la fin du siécle et ii) les taxes sur le carbone et les cofits de production
que suppose la réduction de ces émissions.

Copyright OECD 1992
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The research reported in this paper was funded by the Policy Studies Branch,
Economics Department, OECD. The views presented here are solely those of the
individual author, and do not necessarily report <the views of OECD or its
members. The modelling framework is based upon joint work with Richard
Richels, Electric Power Research Institute.



1. Introduction - model structure

Global 2100 (jointly developed with Richard Richels) is a model for analyzing the economic
costs of limiting carbon emissions during the 21st century. The model is designed to estimate the
costs but nct the global benefits of slowing down climate change through carbon limitations. All
computations are performed in paralle]l for five geopolitical regions: USA, OOECD (other OECD
nations), USSR, China and ROW (rest of world). [Except for international trade in crude oil and in

carbon rights. these regions are treated independently.

The name Global 2100 has been adopted in order to emphasize both the global nature of the
carbon emissions problem and also the need for a long-term perspective. The model is benchmarked
against a base year of 1990. and the projections cover ten-year time intervals extending from 2000
through 2100. This is an intertemporal rather than a recursive system. It is assumed that producers
and consumers will be sufficiently forward-looking to anticipate the scarcities of energy and the

environmental restrictions that are likely to develop during the coming decades.

For each region. a dynamic nonlinear optimization is employed to simulate either a market or
a planned economy. Supplies and demands are equilibrated within each individual time period, but
there are ‘‘look-ahead™ features to allow for interactions between periods. These interactions are
particularly important for the depletion of exhaustible resources, for the rate of penetration of new
supply technologies and for the accumulation of capital over time.  Savings and investment are
determined through the maximization of discounted utility. Just as in the Ramsey economic growth
model, it is optimal for consumers to receive equal benefits from an additional dollar’s worth of current

consumption and from the future consumption generated by a dollar’s worth of investment.

In order to decompose the overall problem into more manageable subproblems, it is supposed
that each of the five regions faces an exogenously determined carbon emissions quota. We also show
how things might work out if each region has the opportunity to trade these quota rights on an
international market. In the case of international trade in crude oil, the model is almost consistent. It
is assumed that the ROW region (which includes OPEC) sets an international price, the OECD nations
are price takers, and the ROW meets their demands for net imports. Alternative scenarios (informal

iterative methods) are employed to eliminate any prospective gaps between oil supplies and demands.

Within edch region, the analysis is based upon a model named ETA-MACRO. Prices are
determined so as to allow for two-way linkage between two submodels. The supply side of the analysis
is provided by ETA, a linear activity analysis model for energy technology assessment. Demands are
determined by MACRO, a continuously differentiable macroeconomic production function describing
the balance of the economy. (See Figure 1.) Energy supplies include both exhaustible hydrocarbon
resources and also “‘backstop” technologies. The latter are available in unlimited quantities at

constant marginal costs. Associated with each of the supply technologies, there are coefficients



v

describing the costs and the carbon emissions per unit of the activity level. There are upper bounds
upon the speed of introduction of new technologies and lower bounds upon the rates of decline of

obsolete ones.

To describe the production of exhaustible resources, there are four categories of hydrocarbons:
low- and high-cost oil, low- and high-cost gas. Proven reserves are depleted by current production, and
are augmented by new discoveries out of the remaining stock of undiscovered resources. The model is
formulated so as to incorporate the Hotelling feature of forward-looking depletion policies. That is,
the economic rents on depletable resources cannot rise more rapidly than the marginal productivity of
capital. The model includes a similar feature with respect to the allocation of carbon rights over time.
There are carbon consumnption deferral activities that play a key role during periods when the value of
carbon rights is rising rapidly. In effect, these variables provide for the endogenous allocation of carbon
rights between successive periods. This type of look-ahead analysis leads to smoother price trajectories

than are characteristic of recursive myopic simulations.

In order to avoid the data-intensive approach that is associated with an end-use analysis for a
single country, energy demands are divided into just two categories: electric and nonelectric. Along
with capital and labor, energy is viewed as a basic input into the economy-wide macroeconomic
production function. The growth rate of the labor force {measured in ‘efficiency units’) determines the
potential rate of GDP growth within each region. These rates constitute one of the key inputs into the

model.

Energy consumption and carbon emissions are closely linked to the GDP, but need not grow at
the same rate. Over the long run, they may be decoupled. In ETA-MACRO, these possibilities are
summatized through two parameters. One is termed AEEI (autonomous energy efficiency
improvements), and the other is ESUB (the elasticity of price-induced substitution between energy and
other productive inputs.) 1In a period of rising international energy prices, both price-induced and non-
price conservation will permit a significant reduction in demands. For further details on the model,

see Manne and Richels (1992).

2. Business-as-usual and three alternative scenarios for reducing carbon emissions

Many of our b.a.u. (business-as-usual) assumptions are based upon the guidelines for
participants in Energy Modeling Forum Study 12. Figure 2 shows index numbers for the rates of
population and GDP growth employed in EMF 12. Between 1990 and 2100, world population is
projected to double, and GDP to increase by more than nine-fold. These are input assumptions to the
model. The output results include the growth of carbon emissions. Under b.a.u., note that carbon
emissions grow almost as rapidly as GDP. As a result of price- and non-price-induced conservation -
and also as a result of introducing carbon-free technologies into the electric sector - the carbon-GDP

declines from 1990 to 2050. Thereafter, with the exhaustion of conventional oil and gas resources,



there is a shift toward coal- and shale-based synthetic fuels. As a result of these offsetting factors, the

global carbon-GDP ratio remains nearly constant from 2050 through 2100.

Caveat: These results depend heavily upon the specific guidelines adopted by EMF 12,
Suppose;, for example, that there had been much greater optimism on the availability of natural gas
resources. Since gas has a carbon efficient less than half that of synthetic fuels, there would have been
a much sharper decline in the carbon-GDP ratio. Similarly, if we had adopted a greater degree of
optimism with respect to the AEEI, there would have been a lower rate of growth of energy demands
and of carbon emissions. Each of these numerical assumptions needs to be probed further. One such

sensitivity analysis is reported below.

Not only the numerical parameters but also the model structure may affect the cost of carbon
limits. Accordingly, the OECD’s Policy Sl‘;udies Branch has defined four alternative carbon reduction
scenarios. Each of these scenarios is being examined in parallel by different modeling groups, and the
results will be integrated in an overall report. The individual modelers have been asked to begin by
projecting the growth of carbon emissions under a business-as-usual scenario. Figure 3 shows the
regional distribution of emissions for this scenario. Global carbon emissions increase throughout the
21st century, but the USSR’s emissions are reduced in absolute terms between 2030 and 2070. Unlike
the other four regions, the USSR's natural gas resources are adequate to support a high level of

production during this period.

As of 1990, the industrialized countries (USA, OOECD and USSR) generated about 2/3 of the
global emissions total. According to Global 2100, their emissions continue to grow during the 21st
century, but those from China and the ROW will increase at a much more rapid rate. The overall
result is that the share’of the USA, OOECD and USSR drops to only 30% by the year 2100. Clearly,
if there is to be a meaningful global agreement, the currently industrialized countries cannot be the

only participants. China and the ROW will also have to bear a portion of the burden.

There are many possible ways to allocate a given global reduction between regions. The first
' three scenarios are specified in terms of the reduction in the rate of growth relative to the b.a.u.
projections for each region. Under the 1% scenario, emissions in each region are to be cut by 1% per
year relative to that region’s b.a.u. projection. The next two cases imply a 2% and a 3% annual
reduction relative to the b.a.u. case. Table 1 and Figure 4 show the global results of these allocations.
Note that the 1% criterion leads to a continuing increase in emissions; 2% implies a modest decline;
and 3% produces a sharp reduction. Modelers have also been asked to report on a fourth case - one in
which each region’s emissions remain constant at 1990 levels. For short, this is described as the *“1990”
scenario. Together, these four options span much of the range that is currently under consideration by

policy makers..



At any given point in time, the first three scenarios lead to regional percenfage emission shares
that are identical to those indicated by Figure 3, the b.a.u. scenario. These allocations guarantee
neither equity nor economic efficiency. They are designed principally to explore the technical

properties of the models participating in this comparison.

3. The cost of reducing carbon emissions

In assessing the costs of carbon limits, there are two main schools of thought - those who
believe in free lunch and those who do not.  The first school holds that energy consumers and
producers are ill-informed, or are limited in their access to capital for cost-effective conservation and for
the supply of renewable forms of energy. Carbon limits will overcome these existing market
imperfections through “technology forcing”. That is, households and firms will be induced to adopt
technologies that reduce carbon emissions and also reduce their life-cycle costs. This is sometimes

termed a “no regrets” policy. For an exposition of this viewpoint, see Williams {1990).

Global 2100 belongs to the second school of thought. It is based on the assumption that
consumers and producers are at least as well-informed as the potential regulators of carbon emissions.
There is no free lunch, and a “low regrets” policy is the most that one can hope to attain. If the
current system is operating optimally, government mandated limitations on carbon emissions can only

lead to a reduction in conventionally measured GDP.

In Global 2100, it is assumed that carbon emission limits are imposed in such a way as to have
a minimum impact on economic growth. For a market econohy, this could be accomplished through
auctioning off carbon emission rights. Alternatively, one could limit emissions by imposing uniform
taxes upon the consumption of individual fuels. For each region, Global 2100 provides an estimate of
the optimal allocation of carbon quotas between sectors - and also the tax rate that is implicit in these

allocations.

Figure 5 shows how the USA might fare under the four OECD emission reduction scenarios.
For the year 2000, the annual costs lie well below 2% of conventionally measured GDP. Initially, it is
optimal to comply with carbon limitations through price-induced energy conservation, but there are
diminishing returns to conservation.  Post-2000, the losses rise sharply. In the most restrictive
scenario, the percentage GDP losses reach a peak of over 4% in 2020. Thereafter, the system
overcomes the early bottlenecks in the rate of market penetration of backstop technologies for the
supply of electric and nonelectric forms of energy. Demand growth resumes, and GDP losses lie in the

range of 2-3%.

Now consider a representative carbon limitation scenario - 2% annual reductions in each of the
regions. (See Figure 6 and Table 2.) The level of GDP losses varies from one region to another, but

the general pattern remains similar. The OOECD’s losses do not exceed 1.5% in any year. The USA



is in an intermediate position, and the other three revions incur losses ranging up to nearly 7% of GDP
It is reasonably clear that carbon limitations could impose high costs upon China.  The country is
likely to er'oy a rapid rate of economic development. Its oil and gas resources are limited, but there
are ampe s pplies of coal available to be converted into synthetic fuels and into electricity - and

therefore int. carbon emissions.

There is far greatér uncertainty in the outlook for the USSR and for the ROW. If perestroika
is successful. it is possible that the USSR could achieve a much greater reduction in its carbon-GDP
ratio than is projected here. The ROW is an enormously heterogeneous grouping. It includes Brazil,
India, Korea. Nigeria and Saudi Arabia. More bottom-up analysis is needed in order to check upon the
validity of our ESUB and AEE!I assumptions for this group of nations. Global 2100 is designed as a
framework fur thinking about the cost of emission reductions, but is not intended‘to provide definitive

numerical answers.

The next charts (Figure 7 and Table 3) refer to the marginal cost of carbon limitations - the
region-by -region tax rates that might be associated with the 2% annual reduction scenario. These time
paths are somewhat erratic. but it is often possible to distinguish three phases - first an eatly period
during which the use of emissions rights is deferred, and the value of these rights rises at the same rate
as the marginal productivity of capital (about 5% annually, in real terms). There is a middle phase
during which there are high costs on the rate of introduction of backstop technologies and an overshoot
bevond the long-nfn equilibtium rate. Finally, there is a terminal phase in which the tax rate is
determined 5o as to make the carbon-free nonelectric backstop activity economically competitive with
coal-based sy nthetic fuels ($208/ton in the four regions other than the USSR). The USSR is a special

case. Its gas resources are so great that there is no need to rely upon coal-based synthetic fuels .

Tables 4 and 5 both refer to the 2% scenario. They show the potential impact of international
trade in carbon emission rights. This type of trade would promote economic efficiency, but the gains
would be modest in all regions but the USSR. Without trade, the USSR’s carbon quota would be
inadequate {o petmit the extraction of its vast resources of natural gas, and there could be a high
potential value for emission rights during the second half of the 21st century. The import of these
rights would permit a significant expansion of domestic natural gas production in place of high-cost

nonelectric backstop supply technologies.



4. Sensitivity analysis - alternative demand parameters

There is no single consensus value for the energy demand parameters employed in Global 2100.
In this model, there are two parameters that are critical for projecting the long-term options for energy
conservation. ESUB measures the long-run elasticity of price-induced substitution between energy and
capital-labor. The AEEI (autonomous energy efficiency improvement) measures the annual rate of
non-price conservation. Specifically, it is defined as the difference between the rate of growth of GDP
and that of energy - assuming that energy prices remain constant over time. For the USA. our base
case assumption is that ESUB = .40, and that the AEEI = 0.5% per year. These parameter values are

consistent with the 1960-1990 *‘backcasting analysis” reported in Manne and Richels (1992).

For purposes of this sensitivity analysis, the value of ESUB is doubled in all regions.
Alternatively, 0.5% is added to the AEEL.  GDP losses are presented for the fourth of OECD’s
scenarios - the one in which carbon emissions are to remain constant in all regions at 1990 levels.
Results for the USA are shown in Figure 8. Those for all five regions are reported in Table 6. Both
price- and non-price conservation make it possible to reduce the GDP losses, but these specific

variations are not sufficient to reduce the losses to zero.
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Figure 2.
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Figure 3
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Figure 4
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