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THE POSSIBILITY THAT INCREASED concentrations of carbon dioxide in 
the atmosphere might lead to global warming has emerged as a leading 
environmental concern. Many nations, including the United States, are 
considering policies to reduce emissions of carbon dioxide. 1 The policy 
instrument for reducing carbon dioxide emissions most often recom- 
mended by economists is a carbon tax.2 A carbon tax, levied on fossil 
fuels in proportion to the amount of carbon dioxide they produce during 
combustion, would stimulate firms and households to reduce fossil fuel 
use and shift the fuel mix toward less-carbon-intensive fuels, such as 
natural gas. 

A carbon tax would internalize the externality associated with carbon 
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1. Overviews of the economics of global warming have been given by Nordhaus 
(1991) and Schelling (1992). 

2. A carbon tax was first analyzed by Nordhaus (1979) and has recently been discussed 
by the Congressional Budget Office (1990) and Poterba (199lb). Alternative policy options 
for stabilizing the global climate are described in detail by the Environmental Protection 
Agency (1989). 
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dioxide emissions.3 However, this externality affects the whole planet, 
while carbon taxes are the responsibility of individual governments. 
Furthermore, carbon taxes would interact with taxes levied to achieve 
other objectives, such as taxes on motor fuels used to generate revenues 
for highway construction and maintenance. The design of an appropriate 
level for carbon taxes would involve international coordination and 
consideration of interactions among different tax and expenditure pro- 
grams within each nation. Finally, benefits of a carbon tax would have 
to be weighed against losses in efficiency resulting from distortions in 
resource allocation. 

Jorgenson and Wilcoxen have measured the efficiency cost to the 
U.S. economy of carbon taxes required to achieve alternative restric- 
tions on carbon dioxide emissions.4 For this purpose they simulated 
U.S. economic growth under different tax regimes by means of an 
intertemporal general equilibrium model of the U.S. economy. In this 
paper we analyze the distributional effect of carbon taxes that would 
stabilize U.S. carbon dioxide emissions at 1990 levels. To achieve this 
objective, we disaggregate the overall economic effect of carbon taxes 
to the level of individual households. 

An evaluation of the impact of taxes to reduce carbon emissions must 
consider not only the resulting efficiency losses, but also the effects of 
these taxes on equity in the distribution of welfare among households. 
A carbon tax has potentially significant distributional consequences 
because it would affect the relative prices faced by consumers. The 
impact of this change in relative prices could vary widely among con- 
sumer groups with different expenditure patterns. For example, an in- 
crease in the price of energy, resulting from the imposition of a carbon 
tax, would adversely affect those consumers who devote a large share 
of their total expenditures to energy. 

Our paper is not the first to examine the distributional impact of 
carbon taxes. Poterba has employed a static, partial equilibrium ap- 

3. The use of Pigouvian taxes to internalize environmental externalities is discussed 
by Laffont (1977) and Sandmo (1975). A very lucid exposition is provided by Laffont 
(1988, pp. 6-32). 

4. Jorgenson and Wilcoxen (1992). Many estimates of the efficiency effect of restric- 
tions on carbon dioxide emissions are now available. Detailed surveys are given by Hoeller, 
Dean, and Nicolaisen (1991) and Nordhaus (1990). 
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proach to estimate the effect of a $100-per-ton carbon tax on U.S. 
households with different levels of total expenditure.5 He concludes 
that such a tax would be regressive. DeWitt, Dowlatabadi, and Kopp 
have conducted a similar study for a range of carbon taxes, using a 
detailed econometric model of U.S. household energy consumption to 
estimate the response of energy consumption patterns to the tax.6 They 
find that there would be substantial differences in the economic effect 
among regions of the United States. 

Our analysis of the welfare effect of carbon taxes differs from these 
previous studies in two important ways. First, we employ a general 
equilibrium approach in analyzing these taxes. A partial equilibrium 
analysis is limited to the effects of changes in energy prices. As Poterba 
and DeWitt, Dowlatabadi, and Kopp point out, nonenergy prices will 
also change, so a general equilibrium approach is required to assess 
the full impact.7 Second, because a carbon tax will alter saving, in- 
vestment, and interest rates, as well as relative prices, we measure 
changes in economic welfare throughout the lifetime of consumers. 
Jorgenson and Wilcoxen have shown that it is essential to incorporate 
changes in the U.S. economy over time into the evaluation of a carbon 
tax .8 

To estimate the distributional effects of carbon taxes on the lifetime 
welfare of consumers, we consider a population of infinitely lived 
households. We refer to different household types, cross-classified by 
demographic characteristics and levels of wealth, as "dynasties." Each 
household type is linked to a similar household type in the future through 
intergenerational altruism in preferences.9 We evaluate the effect of 
carbon taxes on each dynasty through willingness to pay to avoid the 
consequences of the tax. Our measures of willingness to pay are var- 

5. Poterba (1991b). 
6. DeWitt, Dowlatabadi, and Kopp (1991). This model was developed by Jorgenson, 

Slesnick, and Stoker (1987, 1988) and is similar in many respects to the model of the 
household sector used in this paper. 

7. Poterba (1991b); and DeWitt, Dowlatabadi, and Kopp (1991). 
8. Jorgenson and Wilcoxen (1992). 
9. Barro (1974) demonstrates the equivalence between a single consumer with an 

infinite time horizon and successive generations of consumers linked by intergenerational 
altruism. Laitner (1991) shows how similar household types are linked through time by 
assortative mating. 



396 Brookings Papers: Microeconomics 1992 

iations in dynastic wealth that are the monetary equivalent of changes 
in dynastic welfare. 10 We consider the distributional effect of carbon 
taxes on more than 16,000 different types of households. 

The measurement of welfare levels of individual households is an 
essential first step in the evaluation of policies to control carbon dioxide 
emissions. An overall evaluation, however, must combine individual 
welfare levels into a measure of social welfare.11 We define a social 
welfare function on distributions of individual welfare over households. 
An explicit social welfare function facilitates the decomposition of 
changes in social welfare into two components: changes in efficiency 
and changes in equity. Our social welfare function is consistent with 
principles of consistent social choice under measurability and compar- 
ability of individual preferences. It is sufficiently flexible to incorporate 
alternative normative assumptions for ranking distributions. 

In this paper we first describe the intertemporal general equilibrium 
model of the U.S. economy employed in our evaluation of the effect 
of carbon taxes. We next outline the framework for measuring the 
welfare of individual households and combining these measures into 
an overall measure of social welfare. The effects of taxes required to 
hold U.S. carbon dioxide emissions constant at 1990 levels are then 
analyzed, and the growth of the U.S. economy with these taxes is 
compared with a "base case" with no controls on emissions. Finally, 
we evaluate the distributional effect of carbon taxes and summarize our 
conclusions. 

An Overview of the Model 

Our analysis of the incidence of carbon taxes is based on simulations 
of U.S. economic growth, using an intertemporal general equilibrium 
model of the U.S. economy described in detail by Jorgenson and Wil- 

10. Our approach exemplifies the "lifetime incidence" approach discussed by Poterba 
(1989). Poterba (1991a) provides estimates of the lifetime incidence of gasoline taxes and 
references to the literature. 

11. It is well known that unweighted or weighted sums of equivalent variations in 
wealth are inappropriate for this purpose. See Slesnick (1991) and the references given 
there. 
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coxen.12 This model has been used to measure the cost of all U.S. 
environmental regulations imposed at the federal level before 1990.13 
Here we outline the key features of the model and describe its appli- 
cation to policies for the control of carbon dioxide emissions. 

Producer Behavior 

Our submodel of producer behavior is disaggregated into 35 indus- 
trial sectors, listed in figure 1. The model determines levels of output 
for 35 separate commodities, each produced by one or more industries. 
The industries correspond, roughly, to two-digit industry groups in the 
Standard Industrial Classification (SIC). This level of industrial detail 
makes it possible to measure the effect of changes in tax policy on 
relatively narrow segments of the economy. Because carbon dioxide 
emissions are generated by fossil fuel combustion, a disaggregated 
model is essential for modeling sectoral differences in the response to 
policies for controlling these emissions. 

We represent the technology of each of the 35 industries in our model 
by means of a hierarchical tier structure of models of producer behavior. 
At the highest level, the price of output in each industry is represented 
as a function of prices of energy, materials, and capital and labor 
services. Similarly, the price of energy is a function of prices of coal, 
crude petroleum, refined petroleum, electricity, and natural gas; the 
price of materials is a function of the prices of all other intermediate 
goods. We derive demands for inputs of capital and labor services and 
inputs of the 35 intermediate goods into each industry from the price 
function for that industry. 

We have estimated the parameters of production models for the 35 
industries econometrically. For this purpose we have constructed a set 
of consistent interindustry transactions tables for the U.S. economy for 
the period 1947 through 1985.14 Our econometric method for para- 
meterization stands in sharp contrast to the calibration method used in 

12. Jorgenson and Wilcoxen (1990b). 
13. Jorgenson and Wilcoxen (1990a). 
14. Data on interindustry transactions are based on input-output tables for the United 

States constructed by the Bureau of Economic Analysis (1984). Income data are from the 
U.S. national income and product accounts, also developed by the Bureau of Economic 
Analysis (1986). The data on capital and labor services are described by Jorgenson (1 990b). 
Additional details are given by Wilcoxen (1988, app. C) and Ho (1989). 
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Figure 1. Industries Used in the Model 
Agriculture, forestry, and Paper and allied products Motor vehicles 

fisheries Printing and publishing Other transportation 
Metal mining Chemicals and allied equipment 
Coal mining products Instruments 
Crude petroleum, natural Petroleum refining Miscellaneous 

gas extraction Rubber and plastic manufacturing 
Nonmetallic mineral products Transportation and 

mining Leather and leather warehousing 
Construction products Communication 
Food and kindred products Stone, clay, and glass Electric utilities 
Tobacco manufactures products Gas utilities 
Textile mill products Primary metals Trade 
Apparel and other textile Fabricated metal products Finance, insurance, and 

products Machinery, except real estate 
Lumber and wood products electrical Other services 
Furniture and fixtures Electrical machinery Government enterprises 

almost all applied general equilibrium models. Calibration involves 
choosing parameters to replicate the data for a particular year."1 

The econometric approach to parameterization has several advan- 
tages over the calibration approach. First, by using an extensive time 
series of data rather than a single data point, we are able to derive the 
response of production patterns to changes in prices from historical 
evidence.16 The calibration approach imposes these responses on the 
data through the choice of functional forms. Elasticities of substitution, 
for example, are set equal to unity by imposing the Cobb-Douglas 
functional form or equal to zero by imposing the Leontief form. Sim- 
ilarly, all elasticities of substitution are set equal to each other by 
imposing the constant elasticity of substitution functional form. 

A second advantage of the econometric approach is that parameters 
estimated from time series are much less likely to be affected by the 
peculiarities of the data for a particular time period. By construction, 
parameters obtained by calibration are forced to absorb all the random 
errors present in the data for a single benchmark year. This poses a 

15. See Mansur and Whalley (1984) for more detail. An example of the calibration 
approach is given by Borges and Goulder (1984), who present a model of energy policy 
calibrated to data for the year 1973. Surveys of applied general equilibrium modeling are 
given by Bergman (1985, 1990). 

16. A detailed discussion of our econometric methodology is presented by Jorgenson 
(1984, 1986). 
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severe problem when the benchmark year is unusual in some respect. 
Parameters calibrated to data for 1973, for example, would incorporate 
into the model all the distortions in energy markets that resulted from 
price controls and rationing of energy during the first oil crisis. Econo- 
metric parameterization greatly mitigates this problem by reducing the 
influence of random errors for any particular time period. 

The third important feature of our producer submodel is the endog- 
enous determination of productivity growth.17 Other models used to 
study global warming, for example, that of Manne and Richels, take 
productivity growth to be exogenous.18 In our model the rate of pro- 
ductivity growth for each industry is determined endogenously, as a 
function of input prices. In addition, an industry's productivity growth 
can be biased toward some inputs and away from others. Biased pro- 
ductivity growth is a common feature of historical data but is often 
excluded from models of production. By allowing for biased produc- 
tivity growth, our model is able to capture the evolution of input patterns 
much more accurately. 

In summary, the salient features of our production model are, first, 
that it is disaggregated into 35 industries. Second, all parameters of the 
model are estimated econometrically from an extensive historical data 
base developed specifically for this purpose. Third, the model deter- 
mines rates of productivity growth endogenously and allows for biased 
productivity change in each industry. Fourth, the model incorporates 
extensive historical evidence on the price responsiveness of input pat- 
terns, including changes in the mix of fossil fuels. We turn next to a 
brief discussion of our modeling of final demands-consumption, in- 
vestment, government expenditure, and foreign trade. 

Consumption 

Our model of household behavior is generated by a three-stage op- 
timization process. At the first stage each household allocates full wealth, 
defined as the sum of human and nonhuman wealth, across different 

17. Our approach to endogenous productivity growth was originated by Jorgenson and 
Fraumeni (1981). A general equilibrium model of production that incorporates both sub- 
stitution among inputs and endogenous productivity growth is presented by Jorgenson 
(1984). This model has been analyzed in detail by Hogan and Jorgenson (1991). 

18. Manne and Richels (1990). 
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time periods. We formalize this decision by introducing a representative 
agent who maximizes an additive intertemporal utility function, subject 
to an intertemporal budget constraint. The optimal allocation satisfies 
a sequence of necessary conditions that can be summarized by means 
of a Euler equation. 19 This allocation is determined by the rate of time 
preference and the intertemporal elasticity of substitution. 

After households have allocated full wealth to the current time period, 
they proceed to the second stage of the optimization process-choosing 
the mix of leisure and goods. We represent household preferences for 
leisure and goods by means of a representative agent with an indirect 
utility function that depends on the prices of leisure and goods. We 
derive demands for leisure and goods as functions of these prices and 
the wealth allocated to the period. This implies an allocation of the 
household's exogenously given time endowment between leisure time 
and the labor market, so that this stage of the optimization process 
determines labor supply. 

The third stage of the household optimization problem is the allo- 
cation of total expenditure among capital and labor services and the 35 
commodity groups included in the model. At this stage, we replace the 
representative consumer approach with the approach of Jorgenson, Lau, 
and Stoker for deriving a system of demand functions for each house- 
hold.20 We distinguish among household types cross-classified by at- 
tributes such as the number of household members and the geographic 
region in which the household is located. For each type of household, 
we employ a hierarchical tier structure of models of consumer behavior 
to represent demands for individual commodities.21 These features of 
our household model are described in greater detail in the following 
sections. 

As with production, the parameters of the behavioral equations for 
all three stages of our consumer model are estimated econometrically.22 

19. The Euler equation approach to modeling intertemporal consumer behavior was 
originated by Hall (1978). Our application of this approach follows Jorgenson and Yun 
(1986). 

20. Jorgenson, Lau, and Stoker (1982). 
21. Our model of personal consumption expenditures can be used to represent the 

behavior of individual households or the behavior of the household sector as a whole, as 
in Jorgenson and Slesnick (1987) and Jorgenson, Slesnick, and Stoker (1987, 1988). 

22. Details on the econometric methodology are given by Jorgenson (1984, 1990a). 
Additional details are provided by Wilcoxen (1988) and Ho (1989). 
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This includes the Euler equation, demand functions for leisure and 
personal consumption expenditures, and demand functions for individ- 
ual commodities. Our household model incorporates extensive time 
series data on the price responsiveness of demand patterns by consumers 
and detailed cross-section data on demographic effects on consumer 
behavior. An important feature of our household model is that demands 
need not be homothetic. As levels of total expenditure increase, patterns 
of expenditure on individual commodities change, even in the absence 
of price changes. This captures an important feature of cross-section 
data on household expenditure patterns that is usually ignored in applied 
general equilibrium modeling. 

Investment and Capital Formation 

Our investment model is based on perfect foresight, or rational ex- 
pectations. In particular, we require that the price of new investment 
goods is always equal to the present value of future capital services.23 
The return on a unit of capital is determined by the economy-wide rental 
price of capital services. The price of investment goods and the dis- 
counted value of future rental prices are brought into intertemporal 
equilibrium by adjustments in prices and the term structure of interest 
rates. This intertemporal equilibrium incorporates the forward-looking 
dynamics of asset pricing by producers. 

For tractability, we assume there is a single capital stock in the 
economy that is perfectly malleable, so that it can be reallocated among 
industries and between industries and final demand categories at zero 
cost. Under this assumption, imposition of a carbon tax can affect the 
distribution of capital and labor supplies among sectors, even in the 
short run. In each time period, the supply of capital in our model is 
completely inelastic, since the stock of capital is determined by past 
investment. Investment during the period is determined by the savings 
made available by households. The relationship between capital stock 
and past investment incorporates backward-looking dynamics into our 
model of intertemporal equilibrium. 

We assume that new capital goods are produced from individual 

23. The relationship between the price of investment goods and the rental price of 
capital services is discussed in greater detail by Jorgenson (1989). 
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commodities, so that the price of new capital depends on commodity 
prices. We have estimated the price function for new capital goods 
using final demand data for investment over the period 1947-85. Thus, 
our model incorporates substitution among inputs in the composition 
of the capital. This feature can play an important role in the evaluation 
of environmental policies. Jorgenson and Wilcoxen have found, for 
example, that an increase in the price of automobiles resulting from 
mandatory installation of pollution control devices shifts investment 
away from motor vehicles and toward other types of capital.24 

In summary, capital formation in our model is the outcome of in- 
tertemporal optimization by households and firms. Optimization by 
households is forward-looking and incorporates expectations about fu- 
ture prices, wages, and interest rates. Optimization by producers is also 
forward-looking and depends upon these same expectations. Both types 
of optimization are important for modeling the effect of future restric- 
tions on carbon dioxide emissions. The effects of these restrictions will 
be anticipated by households and firms, so that future policies will have 
important consequences for current decisions. 

Government and Foreign Trade 

The two final demand categories remaining in our model are the 
government and foreign sectors. We determine final demands for gov- 
ernment consumption from the income-expenditure identity for the gov- 
ernment sector. The first step is to compute total tax revenue by applying 
exogenous tax rates to appropriate transactions in the business and 
household sectors. We then add the capital income of government en- 
terprises, determined endogenously, and nontax receipts, determined 
exogenously, to tax revenue to obtain total government revenue. 

We assume the government budget deficit can be specified exoge- 
nously. We add the deficit to total revenue to obtain total government 
spending. To arrive at government purchases of goods and services, 
we subtract interest paid to domestic and foreign holders of government 
bonds together with government transfer payments to domestic and 
foreign recipients. We allocate the remainder among commodity groups 
according to fixed shares constructed from historical data. Finally, we 

24. Jorgenson and Wilcoxen (1990a). 
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determine the quantity of each commodity by dividing the value of 
government spending on the good by its price. 

Foreign trade has two components-imports and exports. We assume 
that imports are imperfect substitutes for similar domestic commodi- 
ties.25 The goods actually purchased by households and firms reflect 
substitution between domestic and imported products. The price re- 
sponsiveness of these purchases is estimated econometrically from his- 
torical data. In effect, each commodity is assigned a separate elasticity 
of substitution between domestic and imported goods. Because the 
prices of imports are given exogenously, intermediate and final demands 
implicitly determine imports of each commodity. 

Exports, on the other hand, are determined by a set of export demand 
equations, one for each commodity, that depends on exogenously given 
foreign income and the foreign price of U.S. exports. Foreign prices 
are computed from domestic prices by adjusting for subsidies and the 
exchange rate. The demand elasticities in these equations are estimated 
from historical data. Without an elaborate model of international trade, 
it is impossible to determine both the current account balance and the 
exchange rate endogenously. In the simulations reported below, we 
take the current account to be exogenous and the exchange rate to be 
endogenous. 

Estimating Carbon Emissions 

The most important remaining feature of the model is the way in 
which carbon dioxide emissions are calculated. For tractability, we 
assume that carbon dioxide is emitted in fixed proportion to fossil fuel 
combustion. This implicitly assumes that nothing can be done to reduce 
the carbon dioxide produced by a given combustion process.26 For 
comparability with other studies, we measure carbon dioxide emissions 
in tons of contained carbon. To convert to tons of carbon dioxide, the 
reader can multiply contained carbon by 3.67. 

We have calculated the carbon content of each fossil fuel by mul- 

25. This is the Armington (1969) approach. See Wilcoxen (1988) and Ho (1989) for 
further details on our implementation of this approach. 

26. This is largely the case in practice, since carbon dioxide is one of the natural 
products of combustion. Little can be done to change the amount produced when burning 
a particular fuel. 
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Table 1. Carbon Emissions Data, 1987 

Gas 
Coal Oil (thousands of 

Item (tons) (barrels) cubic feet) 

Heat content 
(million BTUs per unit) 21.94 5.80 1.03 

Emissions rate 
(kilograms per million BTUs) 26.9 21.4 14.5 
(kilograms per unit) 590.2 124.1 14.9 

Total domestic output 
(billion units) 0.9169 0.3033 17.8 

Total carbon emissions 
(million tons) 595.3 414.1 268.6 

Source: Authors' calculations; Energy Information Administration (1990); and Environmental Protection Agency (1988). 

tiplying the heat content of the fuel by the carbon emitted. From the 
Energy Information Administration, we obtained the average heat con- 
tent of each fuel in millions of British thermal units (BTUs) per quantity 
unit.27 We then obtained data from the Environmental Protection Agency 
on the amount of carbon emitted per million BTUs generated from each 
fuel.28 Multiplying the emissions figures by the heating value gives the 
carbon content of each fuel. Total carbon emissions can then be cal- 
culated from data on fuel production. Table 1 gives data for each fuel 
in 1987. 

All prices in our model are normalized to unity in a common base 
year, so quantities do not correspond directly to physical units. More- 
over, the model has a single sector for oil and gas extraction. To convert 
the data for this industry into a form appropriate for the model, we 
have added carbon production for crude petroleum and natural gas and 
divided by the industry's output for 1987 to obtain the carbon coefficient 
for this industry. Similarly, the coefficient for coal was obtained by 
dividing total carbon production from coal by the model's 1987 value 
for coal mining output. These coefficients were used to estimate carbon 
emissions in each simulation. We now turn to a brief discussion of the 
model's base case. 

27. Energy Information Administration (1990). 
28. Environmental Protection Agency (1988). 
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The Base Case 

To simulate the U.S. economy, we must provide values of the ex- 
ogenous variables for all time periods. We have accomplished this in 
two steps. First, we have adopted a set of default assumptions about 
the time path of each exogenous variable in the absence of changes in 
government policy. These assumptions are used in generating a simu- 
lation of U.S. economic growth called the "base case." The second 
step is to change certain exogenous variables to reflect the introduction 
of a carbon tax and then to simulate U.S. economic growth again to 
produce an "alternative case." We then compare the two simulations 
to assess the effect of the policy change. Obviously, the assumptions 
underlying the base case are important in interpreting the results. 

Because our model is based on agents with perfect foresight, we 
must, solve the model indefinitely far into the future. To do this, we 
project values for all exogenous variables over the period 1990-2050. 
After 2050 we assume the variables remain constant at their 2050 values, 
which allows the model to converge to a steady state by the year 2100.29 
First, we set all tax rates to their values in 1985, the last year in our 
sample period. Next, we assume that foreign prices of imports in foreign 
currency remain constant in real terms at 1985 levels before U.S. tariffs 
are applied. 

We project a gradual decline in the government deficit through the 
year 2025, after which the nominal value of the government debt is 
maintained at a constant ratio to the value of the national product. 
Finally, we project the current account deficit by allowing it to fall 
gradually to zero by the year 2000. After that, we project a current 
account surplus sufficient to produce a stock of net claims on foreigners 
by the year 2050 equal to the same proportion of national wealth that 
existed in 1982. 

The most important exogenous variables are those associated with 
growth of the U.S. population and corresponding changes in the econ- 
omy's time endowment. We project population by age, sex, and edu- 
cational attainment through the year 2050, using demographic assumptions 
consistent with Social Security Administration projections.30 We hold 

29. A more detailed discussion of these projections is given by Jorgenson and Wilcoxen 
(1992). 

30. Our breakdown of the U.S. population by age, sex, and educational attainment is 
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population constant after 2050, which is approximately in line with 
these projections. In addition, we project the educational composition 
of the population by holding the level of educational attainment con- 
stant, beginning with the cohort reaching age 35 in 1985. We transform 
our population projection into a projection of the time endowment by 
holding relative wages across different types of labor input constant at 
1985 levels. Because capital formation is endogenous in our model, 
our projections of the time endowment effectively determine the size 
of the economy in the more distant future. 

Welfare Economics 

In assessing the welfare effects of a carbon tax, we have focused on 
three closely related questions. First, how does the tax affect the welfare 
of different types of households? Second, how can these individual 
effects be aggregated to provide a summary measure of the effect of 
the tax? Third, is the tax progressive or regressive? This section presents 
the analytical framework used to answer each of these questions. 

Dynastic Welfare 

We begin by assuming that the household sector comprises a number 
of infinitely lived households, which we refer to as dynasties. Each 
household takes commodity prices and rates of return as given and is 
endowed with perfect foresight. All dynasties face the same vector of 
consumer goods prices at time t, p,, and the same nominal interest rate, 
r,. The quantity of commodity n consumed by dynasty d in period t is 
Xndt, and the total expenditure of dynasty d on consumption in period 
t is Mdt. 

N 

Md, = P,ttX,ndt, 
nw= I 

where N is the number of commodities. 

based on the system of demographic accounts compiled by Jorgenson and Fraumeni (1989). 
The population projections are discussed in detail by Wilcoxen (1988, app. B). 
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We assume that each dynasty maximizes an additive intertemporal 
utility function of the form 

(1) V,= E 8' ln Vd, 
t =o0 

where 8 1/(1 + p) and p is the subjective rate of time preference. 
The intratemporal indirect utility function Vd, is taken to be of the form 

(2) In Vd, = ct' Inp, + Inp Bp Inp, - D(p,) In(Md,/Nd,). 

In this representation, otp and Bpp are unknown parameters, Nd, = 

Kd, mo(p,, Ad) is the number of household equivalent members in the 
dynasty at time t, and D (p,) has the form D (p,) = -1 + L'Bpp lnp,. 
The number of household equivalent members is 

lnmo(p, Ad) 

ln m (Ad)'Otp + 1/2 ln m (Ad)'Bpp ln m (Ad) + ln m (Ad)'Bpp lnp 

D(p) 

where the function lnm(Ad) = Bpp BpAAd is a vector of commodity- 
specific equivalence scales.3" We allow dynasties to differ by a vector 
of attributes Ad. These attributes allow for differences in preferences 
among households. 

The dynasty maximizes the intertemporal utility function V,1 over the 
time path of the intratemporal utility levels {Vd,} subject to the budget 
constraint: 

E -ytMdt(AptP Vdt, Ad) Qd 9 
t =o0 

where 

, = H (1 + rs),- 
s=O 

and ?d iS the wealth of the dynasty. In this representation, Md, (PI p Vd,t 
Ad) is the intratemporal expenditure function and takes the form 

31. Further details are given by Jorgenson and Slesnick (1987). 
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L' lflp, + 1/2lInp,'Bpp Inpt - InlVdt 
InMdt(Pt, Vdt, Ad) P p, 

(3) D(t 
+ ln(Nd). 

The necessary conditions for a maximum of the intertemporal utility 
function, subject to the wealth constraint, are given by the discrete time 
Euler equation: 

(4) In Vd - = t-InVd, i + Dt In( D - NdP%)\\ 

where we have used D, to denote D (p,), and 

P,= exp ( Inp, + 1/21np,' B lnp,) 

The Euler equation implies that the current level of utility of the dynasty 
can be represented as a function of the initial level of utility and the 
initial and future prices and interest rates: 

(5) In Vdt = D-In Vdo + DN,ln dIDtNetPt 

Equation 5 enables us to represent dynastic utility as a function of 
wealth and initial and future prices and interest rates. We begin by 
rewriting the intertemporal budget constraint as 

(6) Et '= d 
t 0 

Substituting equation 5 into equation 6 and simplifying yields the fol- 
lowing: 

(7) ln Vdo = -Do ln ( R) ' 

where 

P0 
o N R DynatEi 8tit r 

This enables us to evaluate dynastic utility in terms of dynastic wealth: 
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(8) Vd = E tlnfVdl, 
t =o 

8t [Dt ln Vdo + D, Dn dNPt 

= E8 [-DK lnMd/R) + D,lnt( I DnP)1 

S InR -S lnfd + E 86 D, In Y(d(P(D ) 

where 

S = E6'D,. 
t =o 

Solving for wealth as a function of prices and utility yields the 
intertemporal expenditure function32 of the dynasty: 

(9) lnfd({p,}, {Y}t Vd) = - [S InR + LbD In ytdtPt Do VdJ 

where {p,} indicates a profile of prices and {-y,} is a profile of discount 
factors. We employ this expenditure function in measuring the monetary 
equivalent of a change in welfare resulting from the imposition of a 
carbon tax. We let {p,} and {Jy?} be the profiles of prices and interest 
rates under the base case and VO be the resulting level of welfare. If 
the welfare of the dynasty after the imposition of a carbon tax is denoted 
VI, the equivalent variation in dynastic wealth is 

(10) AWd = fd({P,?}, {Y?}, V1d) - fd({P,?}, {Yto}, VO). 

The equivalent variation in wealth in equation 10 is the wealth re- 
quired to attain the welfare -associated with imposition of a carbon tax 
at prices in the base case, less the wealth required to attain the welfare 
of the base case at these prices. If this equivalent variation is positive, 
the carbon tax produces a gain in welfare; otherwise, the policy change 
results in a welfare loss. Equivalent variations in wealth enable us to 

32. The intertemporal expenditure function was introduced by Jorgenson and Yun 
(1991). 
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rank the policy of the base case and any number of alternative policies 
in terms of a money metric of dynastic welfare. 

Social Welfare 

Although the distribution of equivalent variations across dynasties 
is useful for policy analysis, it is also important to assess the change 
in social welfare that results from the imposition of a carbon tax. For 
this purpose we define an intertemporal social welfare function over 
the distribution of dynastic welfare functions given in equation 8. Fol- 
lowing Jorgenson and Slesnick,33 we take the intertemporal social wel- 
fare function to be a weighted sum of the average dynastic welfare and 
a measure of deviations from the average: 

D - -14/ 

(11) W = V - I adlVd - Vl ' 

d=i 

where 

D 

V = E adVd 
d= 1 

In this representation of the social welfare function, the parameter 
-q is chosen to ensure that social welfare is increasing in the levels of 
individual welfare; this is the familiar Pareto principle. The parameter 
R is a measure of social aversion to inequality and can take values 
ranging from minus one to minus infinity. The maximum value of minus 
one gives the greatest weight to equity relative to efficiency. Allowing 
this parameter to go to minus infinity generates a utilitarian social 
welfare function and gives the least relative weight to equity consid- 
erations. 

If we require that all transfers of wealth from rich dynasties to poor 
dynasties must increase social welfare, then the weights on the indi- 
vidual welfare levels must be given by 

33. Jorgenson and Slesnick (1990). 
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exp{L[ 8'D ln (Ndt) 1/S 

a exp{[ 8t'D, ln(N)1 /SI 

The maximum level of social welfare for fixed prices and fixed total 
wealth is attained by reallocating wealth among dynasties to equalize 
dynastic welfare. This occurs when the wealth of dynasty d is fd = 

adfl, where fl is total wealth. 
The maximum level of social welfare can be represented as 

(12) Wmax = S InR - S InQ + S InN + E 6' D, In 

where 

N =Y exp{[ 8 Dt ln(NI,)1/S} 

This is a representative agent version of equation 8 and can be inter- 
preted as the welfare level of a dynasty with size equal to the number 
of household equivalent members in the whole population. 

To derive a money measure of social welfare, we define the social 
expenditure function as the minimum level of total wealth required to 
attain a specified level of social welfare at given prices and interest 
rates: 

fQ({pt}, {yt}, W) = min[l: W(u, x) ? W; Q E ld] 

Our representation of the social expenditure function is obtained by 
solving the welfare function for the representative agent shown in equa- 
tion 12 for aggregate wealth as a function of social welfare and the 
initial and future prices and interest rates: 

( lnf({pt}, {Jy}, W) = lnR + S lnN 
(13) S 

+ 18 D In -yttDo 
Pn W1 
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This is the expenditure function of a representative agent with welfare 
level given by equation 12. 

The social expenditure function enables us to evaluate the monetary 
equivalent of the change in social welfare that results from the impo- 
sition of a carbon tax. Let WO be the level of social welfare under the 
base case, and let WI be the corresponding level of social welfare after 
the imposition of a carbon tax. The monetary measure of the change 
in social welfare is given by 

(14) AW = Q({ p,?}, {f?}, WI) - Q({ p,}, {f,?}, WO). 

This is the variation in wealth equivalent to imposition of the tax. If 
this equivalent variation is positive, then social welfare has increased 
as a result of the tax. Otherwise, the tax decreases social welfare or 
leaves it unaffected. 

Policies for control of carbon dioxide emissions are often evaluated 
solely in terms of their impact on economic efficiency. Accordingly, 
we can define the change in efficiency to be the change in social welfare 
at a perfectly egalitarian distribution of wealth. For this distribution, 
social welfare is a maximum for a given level of wealth and corresponds 
to the potential level of welfare associated with a particular policy. 
This measure of efficiency is independent of the distribution of welfare 
among dynasties. If Womax is the maximum level of social welfare in the 
base case and WInax is the corresponding level after the imposition of a 
carbon tax, our monetary measure of the change in efficiency is 

(15) AE = Qf({p,}, {Yo}, W'Max) - f({Pt}, {Yto}, Womax). 

The definition of the change in efficiency shown in equation 15 
suggests a decomposition of the change in social welfare, shown in 
equation 14, into efficiency and equity components: 

(16) AW= AIE + ANEQ, 

where AEQ is a monetary measure of the change in equity. The dif- 
ference between the level of potential welfare and the level of actual 
welfare is the loss due to an inequitable distribution of dynastic welfare. 
Our measure of equity is the monetary value of the change in this welfare 
loss due to a carbon tax: 

(17) AEQ = [I({pO}, {"Yt}o W1) - l({po}t {1Yt}, WMIax)] 

- [Qf({pOt, }Y{t}, W0) - Q({pt}, {Yto}, Wmax)]. 
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A positive value of AEQ indicates that equity has increased due to the 
imposition of the carbon tax. 

Tax Progressivity 

We have developed a framework for evaluating the effect of a carbon 
tax on the level of social welfare. A separate but closely related issue 
is the progressivity of such a tax. Following Slesnick,34 we can classify 
a tax as progressive if it induces greater equality in the distribution of 
welfare. Equality, however, can be measured in absolute or relative 
terms. In the context of the model presented above, an absolute index 
of equality is given by 

(18) AEQ({p?}, {fy}, W, Wmax) = [f({p0?}, {fy?}, W) 

- f{Pto}, {Yt?}, Wmax)]. 

This measure of equality is the monetary value of the loss in social 
welfare due to an inequitable distribution of welfare. It is nonpositive 
and invariant to equal absolute additions to the money measures of 
potential and social welfare. 

A relative measure of equality can be defined as the ratio of money 
metric social welfare to the monetary measure of potential welfare: 

(19) REQ({p?}, {J?}y, W, Wmax) 

= P({ptb}, QY?}, W)/lQ({p,}},{Yto}l Wmax) 

This measure of equality lies between zero and one and attains the value 
of unity when the actual distribution of welfare is the perfectly egali- 
tarian distribution. The measure of relative equality is invariant to equal 
proportional changes in money metric potential and social welfare. This 
will occur with equal proportional changes in the wealth of all dynasties. 

An absolute measure of progression of a carbon tax is the change in 
the absolute measure of equality: 

(20) AP = AEQ({p?}, {1Y}, W1, Wnax) 

- AEQ({p?}, {?y}, W0, Woax)- 

34. Slesnick (1986). 
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The measure of absolute progressivity is identical to the measure of the 
change in equity, shown in equation 17. A positive value indicates that 
the carbon tax is absolutely progressive. A negative value indicates 
absolute regressivity. The corresponding relative measure of progres- 
sivity is defined similarly: 

(21) RP = REQ({p?}, {^Y}, W1, W' ax) 

- REQ({p0}, {y?}, W?, Woax). 

It is easily demonstrated that a carbon tax that is absolutely progressive 
need not be relatively progressive, and vice versa. 

The Impact of a Carbon Tax 

We next consider the economic effect of adopting a sequence of 
carbon taxes that holds U.S. carbon dioxide emissions constant at the 
1990 level of 1,576,000,000 tons. To measure this effect, we have 
constructed two alternative simulations of U.S. economic growth. The 
base case simulates U.S. economic growth without a carbon tax. The 
alternative case simulates growth with emissions of carbon dioxide held 
constant. 3 

To hold the level of carbon dioxide emissions constant, we introduce 
an endogenous tax applied to primary fuels in proportion to their carbon 
content. Because this tax produces substantial revenue, we hold gov- 
ernment spending constant at its base-case level and allow the average 
tax rate on labor income to adjust to keep the government deficit con- 
stant. We hold the marginal tax rate on labor income constant, so that 
adjustments in the average rate reflect changes in the implicit zero-tax 
threshold. This tax adjustment is equivalent to a lump-sum transfer to 
the household sector. 

Long-Run Effects 

The direct effect of introducing a carbon tax is to increase purchasers' 
prices of coal and crude oil. In the year 2020, for example, the tax 

35. Jorgenson and Wilcoxen (1992) have considered the efficiency effect of imposing 
a number of alternative limits on carbon dioxide emissions by different sequences of carbon 
taxes. 
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needed to hold emissions at 1990 levels is $17.65 per ton of carbon.36 
Using the data in table 1, this amounts to a tax of $11.46 per ton of 
coal, $2.41 per barrel of oil, or $0.29 per thousand cubic feet of gas. 
The rising price of fossil fuels results in substitution away from fossil 
fuels toward other energy and nonenergy commodities by both firms 
and households. Total energy consumption falls to about 68 quadrillion 
BTUs, or by 12 percent, relative to the base case. This substitution 
toward nonenergy inputs results in a drop of 0.7 percent in the capital 
stock and of 0.5 percent in the national product by the year 2020. 

The impact of a carbon tax differs considerably among different types 
of fossil fuels. Figure 2 shows changes in the supply price of the 35 
commodities, measured as percentage changes relative to the base case. 
The largest change occurs in the price of coal, which rises by 40 percent. 
This, in turn, increases the price of electricity by about 5.6 percent. 
Electricity prices rise considerably less than coal prices because coal 
accounts for only about 13 percent of total electric utility costs. Other 
prices showing significant effects are those for crude and refined pe- 
troleum and gas utilities. These rise, directly or indirectly, because of 
the tax on the carbon content of oil and natural gas. 

Changes in relative prices affect demands for energy and nonenergy 
commodities and lead to a restructuring of industry outputs. Figure 3 
gives percentage changes in quantities produced by the thirty-five in- 
dustries by the year 2020. Although most sectors show only small 
changes in output, the output of coal falls by 25 percent. Coal is strongly 
affected because its demand is elastic. Most coal is purchased by electric 
utilities. In our model these utilities can substitute other fuels for coal 
when its price rises. Moreover, the utilities also have some ability to 
substitute other inputs for energy, such as labor and capital services, 
further reducing the demand for coal. Finally, users of electricity reduce 
their demands substantially when the price of electricity rises. 

Economic Dynamics 

Carbon restrictions adopted today will have effects far into the future 
through their influence on capital formation. At the same time, antic- 
ipated future restrictions will have effects today through expectations 

36. All dollar amounts are in 1990 prices. 
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Figure 2. Effect of a Carbon Tax on Prices in 2020 
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Figure 3. Effect of Carbon Tax on Quantities in 2020 
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Figure 4. Carbon Tax Required to Maintain 1990 Emission Levels, 1990-2020 

1990 $/ton 

16 - 

14- 

12 

10 

8 

6 

4 

2 

0 / l l l 
1990 1995 2000 2005 2010 2015 2020 
Source: Authors' calculations. 

of future prices, wages, and interest rates incorporated into current 
prices of investment goods. To assess the intertemporal effects of carbon 
taxes, we now examine the dynamics of the transition to an economy 
with lower emissions of carbon dioxide. 

The time path of the carbon taxes needed to maintain 1990 emissions 
is shown in figure 4. Base-case emissions increase over time, so the 
tax grows gradually over the next several decades. Holding carbon 
dioxide emissions constant lowers emissions relative to the base case, 
as shown in figure 5. By the year 2020, emissions are about 14 percent 
lower than they would have been without the tax. 

The rising price of energy reduces the rate of capital formation. The 
outcome is shown in figure 6, which gives percentage changes in the 
capital stock from the base case. The capital stock does not decline 
immediately; instead, it remains near its base-case level for the first 
few years. This reflects intertemporal optimization by households. The 
household regards carbon taxes as reductions in future earnings and 
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Figure 5. Change in Carbon Emissions as a Result of a Carbon Tax, 1990-2020 
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reacts by lowering consumption in all periods. In the early years, house- 
hold income is largely unaffected. However, the drop in consumption 
leads to an increase in saving and helps to maintain capital formation. 
Eventually, the impact of the tax reduces capital stock relative to the 
base case. 

The decline in growth of the capital stock leads to a drop in economic 
growth, as shown in figure 7. The national product falls gradually, 
relative to the base case, by about half a percent. The capital stock, 
however, is not the only factor contributing to the decline. Higher 
energy prices reduce the rate of productivity growth, leading to slower 
growth of output. Under the carbon tax, average annual growth of output 
between 1990 and 2020 is 0.02 percentage points lower than in the base 
case. About half of this is due to slower productivity growth and half 
to reduced capital formation. 
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Figure 6. Change in Capital Stock as a Result of a Carbon Tax, 1990-2020 
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The Effect on Welfare 

We now evaluate the welfare impact of the carbon tax, using the 

framework we have presented above. Within each period households 

allocate total expenditure among five broad commodity groups: 

Energy: expenditures on electricity, natural gas, heating oil, and 

gasoline. 
Food: expenditures on all food products, including tobacco and al- 

cohol. 
Consumer goods: expenditures on all other nondurables. 

Capital services: the service flow from consumer durables and hous- 

ing. 
Consumer services: expenditures on consumer services. 

Each of these commodity groups is an aggregate of several consumer 

goods and services. 
Our model contains 35 consumer goods and services, as shown in 

figure 8. Each consumer good is produced from the primary output of 
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Figure 7. Change in Real GNP as a Result of a Carbon Tax, 1990-2020 
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Figure 8. Consumer Goods Used in Model 
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one or more industries. Gasoline, for example, is produced by com- 
bining the output of petroleum refining with outputs of transportation 
services and retail trade. The price changes consumers face are a trans- 
formation of the changes in the prices of industry outputs. Figure 9, 
for example, gives changes in prices of consumer goods and services 
in the year 2020. 

In figure 10 we present the percentage changes of prices of the five 
commodity groups resulting from the imposition of carbon taxes. Al- 
though all prices increase relative to the base case, the changes are 
quite small except for energy prices, which exhibit the largest price 
increases over the entire period. The next largest increase is in the price 
of capital services. This demonstrates the importance of analyzing the 
general equilibrium effects of carbon taxes rather than focusing exclu- 
sively on the change in energy prices. 

In figure 11 we present the time path of the change in nominal total 
expenditure under the carbon tax relative to the base case. In every 
year there is an increase in total expenditure after the imposition of the 
carbon taxes. As with the prices, however, the changes are quite small. 
The percentage increase in nominal total expenditure is smaller than 
the increase in commodity prices in most years. This implies that carbon 
taxes induce a decrease in efficiency. 

Carbon Taxes and Dynastic Welfare 

Given the projections of commodity prices and total expenditure, we 
can evaluate the welfare changes induced by imposition of a carbon tax 
at various levels of aggregation. We begin by considering dynasties 
distinguished by the following demographic characteristics: 

Family size: One, two, three, four, five, six, and seven or more 
persons. 

Age of household head: 16-24, 25-34, 35-44, 45-54, 55-64, and 
65 and over. 

Region of residence: Northeast, Midwest, South, and West. 
Race: White, nonwhite. 
Type of residence: Nonfarm, farm. 
Sex of household head: Male, female. 

We consider 1 ,344 distinct types of households and 12 wealth categories 
within each household type, for a total of 16,128 household groups. 
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Figure 9. Effect of a Carbon Tax on Consumer Prices in 2020 
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Figure 10. Change in Prices of Aggregate Goods as a Result of a Carbon Tax, 
1990-2020 
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Figure 11. Change in Consumer Expenditure as a Result of a Carbon Tax, 1990-2020 
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We require projections of the distribution of total expenditure over 
time across dynasties. For this purpose we assume that the distribution 
of total expenditure within each of the 1,344 household types is the 
same as in the Bureau of Labor Statistics' Consumer Expenditure Survey 
for 1989.37 The expenditure level of each dynasty increases at the rate 
given by the discrete time Euler equation 4. 

We are now in a position to evaluate the welfare effects of a carbon 
tax for individual households. Because it is obviously impossible to 
present equivalent variations for each of the 16,128 household groups, 
we have chosen a single reference household with a family size of four, 

37. Bureau of Labor Statistics (1990). 
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and a white, male head of household, aged 35 to 44, living in the urban 
Northeast. We present equivalent variations in wealth for the imposition 
of a carbon tax for this household type and other household types that 
differ in one of the demographic characteristics. We also evaluate these 
equivalent variations for low, medium, and high levels of wealth. The 
results are presented in table 2. 

The medium and high wealth levels correspond to time paths of total 
expenditure equal to average and double-the-average wealth levels. 
Households with low wealth have a time path of expenditure that is 
one-half average wealth. In table 2 we see that the equivalent variation 
in wealth is negative for all households. For a household of one member 
with a low level of wealth, the carbon tax is equivalent to a loss of 
$1,396. The equivalent variations increase with wealth, but less than 
in proportion to wealth. As an illustration, for a household of one 
member, the equivalent variation for medium wealth households is less 
than twice that of low wealth households but more than half that of 
high wealth households. 

The demographic pattern of the equivalent variations is also of in- 
terest. The equivalent variations generally increase with family size. 
For a medium level of wealth, households of one member have an 
equivalent variation of -$2,545. Households of seven members with 
the same level of wealth have an equivalent variation of -$2,913. 
Thus, larger households are more adversely affected by imposition of 
a carbon tax than smaller households. The absolute size of the equivalent 
variations also decreases with the age of the head of household. For a 
medium wealth household, the equivalent variation is -$2,976 for 
heads of household under age 25 and - $2,845 for those aged 65 and 
above. Households in the West are affected least by the carbon tax, 
while those living in the Midwest have the greatest loss. Farm house- 
holds experience substantially lower losses than do nonfarm house- 
holds. Finally, nonwhite households and those headed by males have 
higher losses from imposition of a carbon tax. 

Although the demographic pattern of equivalent variations in wealth 
from imposition of a carbon tax is interesting, an important feature of 
table 2 is that all of the losses are small. This can be seen more clearly 
in table 3 where the equivalent variations are divided by the corre- 
sponding wealth. For our reference dynasty-a four-member household 
with medium wealth-imposition of a carbon tax is equivalent to a loss 



Table 
2. 

Equivalent 

Variations 
in 

Wealth 

upon 

Imposition 
of 
a 

Carbon 

Tax 

(1990 

dollars) 

Wealth 

Size 
I 

Size 
2 

Size 
3 

Size 
4 

Size 
5 

Size 
6 

Size 
7 
+ 

Low 

-1,396.22 

-1,527.30 

-1,570.84 

-1,564.30 

-1,586.36 

-1,561.91 

-1,580.02 

Medium 

-2,544.95 

-2,807.17 

-2,894.26 

-2,881.19 

-2,925.31 

-2,876.39 

-2,912.62 

High 

-4,594.80 

-5,119.36 

-5,293.58 

-5,267.42 

-5,355.69 

-5,257.82 

-5,330.29 

Wealth 

Age 

16-24 

Age 

25-34 

Age 

35-44 

Age 

45-54 

Age 

55-64 

Age 
65 
+ 

Low 

-1,611.60 

-1,590.93 

-1,564.30 

-1,595.77 

-1,600.36 

-1,546.28 

Medium 

-2,975.80 

-2,934.45 

-2,881.19 

-2,944.14 

-2,953.30 

-2,845.12 

High 

-5,456.68 

-5,373.97 

-5,267.42 

-5,393.35 

-5,411.69 

-5,195.28 

Wealth 

Northeast 

Midwest 

South 

West 

Nonfarm 

Farm 

Low 

-1,564.30 

-1,646.41 

-1,621.97 

-1,514.02 

-1,564.30 

-1,471.77 

Medium 

-2,881.19 

-3,045.43 

-2,996.54 

-2,780.60 

-2,881.19 

-2,696.08 

High 

-5,267.42 

-5,595.98 

-5,498.19 

-5,066.21 

-5,267.42 

-4,897.12 

Wealth 

White 

Nonwhite 

Male 

Female 

Low 

-1,564.30 

-1,741.19 

-1,564.30 

-1,446.60 

Medium 

-2,881.19 

-3,235.04 

-2,881,19 

-2,645.72 

High 

-5,267.42 

-5,975.29 

-5,267.42 

-4,796.40 

Source: 

Authors' 

calculations. 

Reference 

dynasty: 

size 
4, 

age 

35-44, 

Northeast, 

nonfarm, 

white, 

male. 
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3. 

Equivalent 

Variations 
as 
a 

Percentage 
of 

Wealth 

Wealth 

Size 
I 

Size 
2 

Size 
3 

Size 
4 

Size 
5 

Size 
6 

Size 
7 
+ 

Low 

-0.2608 

-0.2853 

-0.2935 

-0.2922 

-0.2964 

-0.2918 

-0.2952 

Medium 

-0.2377 

-0.2622 

-0.2704 

-0.2691 

-0.2733 

-0.2687 

-0.2721 

High 

-0.2146 

-0.2391 

-0.2472 

-0.2460 

-0.2501 

-0.2456 

-0.2490 

Wealth 

Age 

16-24 

Age 

25-34 

Age 

35-44 

Age 

45-54 

Age 

55-64 

Age 

65+ 

Low 

-0.3011 

-0.2972 

-0.2922 

-0.2981 

-0.2990 

-0.2889 

Medium 

-0.2780 

-0.2741 

-0.2691 

-0.2750 

-0.2759 

-0.2658 

High 

-0.2549 

-0.2510 

-0.2460 

-0.2519 

-0.2528 

-0.2426 

Wealth 

Northeast 

Midwest 

South 

West 

Nonfarm 

Farm 

Low 

-0.2922 

-0.3076 

-0.3030 

-0.2829 

-0.2922 

-0.2750 

Medium 

-0.2691 

-0.2845 

-0.2799 

-0.2597 

-0.2691 

-0.2518 

High 

-0.2460 

-0.2614 

-0.2568 

-0.2366 

-0.2460 

-0.2287 

Wealth 

White 

Nonwhite 

Male 

Female 

Low 

-0.2922 

-0.3253 

-0.2922 

-0.2703 

Medium 

-0.2691 

-0.3022 

-0.2691 

-0.2471 

High 

-0.2460 

-0.2791 

-0.2460 

-0.2240 

Source: 

Authors' 

calculations. 

Reference 

dynasty: 

size 
4, 

age 

35-44, 

Northeast, 

nonfarm, 

white, 

male. 
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Table 4. Change in Social Welfare 

Change in social welfare 

Iniequality Change in social welfare as a proportion of wealth 

aversion Welfare Efficiency Equity Welfare Efficiency Equity 
parameter (billions of 1990 dollars) (percent) 

-I - 187 - 234 47 -0.1495 -0.1871 0.0376 
-x -249 -234 - 15 -0.1991 -0.1871 -0.0120 

Source: Authors calcuLlations. 

of slightly more than one-fourth of 1 percent (0.269 percent) of lifetime 
wealth. By this measure, nonwhite households with low levels of wealth 
are most affected by the tax-a loss of 0.325 percent of wealth-while 
unattached individuals with high wealth are affected least-a loss of 
0.215 percent.38 

Carbon Taxes and Social Welfare 

The evaluation of policies to stabilize carbon dioxide emissions re- 
quires combining measures of changes in individual welfare into a 
measure of change in social welfare. For this purpose we estimate the 
changes in social welfare for two different representations of the social 
welfare function presented above. We take the inequality aversion pa- 
rameter p. to be minus one and minus infinity, in turn. A value of minus 
one gives the greatest weight to equity, while a value of minus infinity 
gives the least weight to equity. The corresponding estimates of changes 
in social welfare are given in table 4. 

Our first conclusion is that social welfare decreases as a result of 
imposing a carbon tax that would stabilize emissions of carbon dioxide 
at 1990 levels. This conclusion is independent of the choice of the 
inequality aversion parameter, since changes in social welfare are dom- 
inated by changes in efficiency. When inequality aversion is equal to 
minus one, its maximum value, money metric social welfare decreases 
by $187 billion (in 1990 dollars). When the inequality aversion param- 
eter goes to minus infinity, the loss is $249 billion. These losses are 

38. The results presented in table 3 are typical of findings for all 16,128 household 
types. For example, the minimum percentage loss is 0.186 percent of wealth and the 
maximum loss is 0.330 percent for all medium wealth households. 
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very small proportions of aggregate wealth, 0. 149 percent and 0.199 
percent, respectively. 

We can decompose the changes in social welfare into changes in 
efficiency and changes in equity. Our measure of efficiency is inde- 
pendent of the degree of aversion to inequality and is the same for both 
measures of social welfare. Imposition of a carbon tax reduces money 
metric efficiency by $234 billion, or 0.187 percent of total wealth. Our 
measures of equity vary from a gain of $47 billion, or 0.0376 percent 
of total wealth, for the maximum value of aversion to inequality to a 
loss of $15 billion, or - 0.0120 percent of total wealth, for a utilitarian 
social welfare function. 

Is the carbon tax regressive? The answer depends critically on whether 
equality is measured in absolute or relative terms and on the inequality 
aversion parameter used in the social welfare function. The absolute 
measure of progression shown in equation 20 corresponds to the changes 
in equity reported in table 4. When the inequality aversion parameter 
is minus one, equity increases, indicating that the carbon tax is abso- 
lutely progressive. When the social welfare function is utilitarian, how- 
ever, equity decreases, indicating that the same carbon tax is absolutely 
regressive. For both social welfare functions, the change in equity 
induced by the carbon tax is small relative to the efficiency change. 

The relative measure of progression shown in equation 21 indicates 
that the carbon tax is regressive for both social welfare functions. When 
the inequality aversion parameter is minus one, the index of relative 
progression is - 0.0004. The utilitarian social welfare function implies 
an index of relative progression equal to -0.0005. The base-case mea- 
sure of relative equality is equal to 0.58 so that, although a carbon tax 
is regressive in the relative sense, the effect on the relative distribution 
is extremely small. 

In summary, the direct effect of imposing carbon taxes that would 
stabilize carbon dioxide emissions at 1990 levels is to increase the prices 
of fossil fuels. This increase induces changes in relative prices for all 
commodity groups in our model and results in changes in the industry 
composition of output through substitution away from fossil fuels by 
firms and households. Imposition of a carbon tax reduces carbon dioxide 
emissions quite substantially and depresses economic growth by a mod- 
est amount. These changes are spread over time, reflecting the back- 
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ward-looking dynamics of capital accumulation and the forward-looking 
dynamics of intertemporal optimization by producers and consumers. 

We have measured the impact of a carbon tax on social welfare and 
decomposed this impact into equity and efficiency components. The 
efficiency changes greatly predominate in the overall effect of the tax 
on social welfare. The equity changes are much smaller and depend on 
the degree of aversion to inequality in the social welfare function. In 
addition, we find that the carbon tax is either mildly progressive or 
mildly regressive, depending on the degree of inequality aversion and 
the measure of progression used. 



Comments 
and Discussion 

Comment by Paul L. Joskow: Concerns about the global effects of 
the accumulation of carbon dioxide (CO2) and other greenhouse gases 
in the atmosphere have intensified interest by both developed and de- 
veloping countries in public policies designed to constrain emissions 
of these gases. The policy debate has focused primarily on CO2 emis- 
sions. Since the vast bulk of the CO2 emissions result from the com- 
bustion of fossil fuels, there is a close relationship between policies 
regarding CO2 and the future evolution of the supply and demand for 
energy. Among the control policies under consideration are carbon 
taxes, energy taxes, tradable allowance schemes, subsidies for conser- 
vation and renewable energy technologies, and a variety of command 
and control regulations affecting both the production and use of energy. 

Economists have been drawn into these policy discussions to examine 
the likely costs of alternative CO2 emissions constraints, to evaluate 
alternative policy instruments for achieving them, and, to a much smaller 
extent, to measure the societal benefits that are likely to flow from 
reducing CO2 emissions and slowing global warming. Because CO2 
emissions are so intimately related to the combustion of fossil fuels, it 
should come as no surprise that economists interested in examining the 
costs of alternative emissions constraint policies have either dusted off 
the energy models of the 1970s and 1980s as a platform for performing 
their analysis or built new models that are centered around interactions 
between energy and CO2. These models generally simulate the costs 
of achieving a variety of CO2 emissions constraints by introducing taxes 

Support from the MIT Center for Energy and Environmental Policy Research is gratefully 
acknowledged. 
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on the carbon content of fossil fuels sufficient to meet a given carbon 
emissions constraint target. In some cases the analysis is meant to 
analyze the impacts of carbon taxes per se, while in other cases carbon 
taxes are merely used as a modeling convenience to generate estimates 
of "the costs of controlling CO2 emissions." 

Dale Jorgenson and his collaborators (in particular Peter Wilcoxen 
and Daniel Slesnick) have been major players in the "cost of controlling 
C02" game. The paper before us expands upon their previous analyses 
of the costs to the U.S. economy of achieving various U.S. CO2 con- 
straints using a carbon tax. It examines the implications for the United 
States of achieving a particular CO2 target, (apparently) immediate 
stabilization of CO2 emissions at 1990 levels, using a carbon tax. The 
analysis produces the values for the carbon tax required to achieve this 
target and the effects of the tax on prices and quantities for 35 producing 
sectors, gross national product (GNP), aggregate U.S. welfare, and the 
distribution of wealth. It does so by using a highly disaggregated general 
equilibrium model of production, consumption, investment, and eco- 
nomic growth that the authors have developed over the past several 
years. All of the relevant parameters of the model are estimated econ- 
ometrically based on post-World War II time series data. I will refer 
to the model simply as "JSW" in what follows. 

Overall, the model is an impressive machine that applies basic neo- 
classical production, consumption, and growth theory to the nines. It 
allows for virtually all of the relevant input and product substitutions 
that in theory one would like to examine for these purposes. In addition, 
the inclusion of 1,344 distinct household types with various demo- 
graphic characteristics and 12 wealth categories within each type allows 
for more refined estimates of the welfare consequences of alternative 
constraint policies and their distributional implications. 

It is important to address, however, a number of questions about the 
JSW model and how it is being used here and elsewhere. Let me begin 
by observing that for someone whose ambition in life is not to become 
an expert on the JSW model, it is very difficult to figure out what is 
going on from the information provided in this paper or the other recent 
papers on the same subject by Jorgenson and his collaborators that I 
reviewed. None of the papers that I reviewed reports the relevant coef- 
ficient estimates, their standard errors, or the relevant elasticities in a 
clear and consistent way. Perhaps more important, given the complexity 
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of the model, none of the papers ever presents the levels for all of the 
key quantity and price variables of interest over the simulation period 
either for the base case or the constraint cases. Instead, the papers 
report primarily percentage changes from unreported base-case levels 
for some of the variables of interest resulting from imposing carbon 
taxes that achieve alternative CO2 constraint targets. This makes it 
extremely difficult to relate the results generated by the JSW model to 
those generated by other models or to conventional (or unconventional) 
wisdom about how key variables and production sectors are likely to 
evolve in the future both with and without regulations on CO2 emissions. 
While the detail of the JSW model is impressive compared with the 
much simpler models used by other analysts, this detail is not without 
its costs, at least from the perspective of this casual consumer. The 
underlying parameters and how they interact are much more transparent 
in other models that are often used to evaluate the economic conse- 
quences of carbon taxes. And although the parameters in these models 
are often not estimated econometrically based on historical data, at least 
we know what the parameters are and can change them to see how 
sensitive the results are to key parameter values. 

The mysteries associated with the JSW machine and what comes out 
of it are important for a number of reasons. First, for those who rely 
on respectable economic models of one sort or another to generate 
estimates of the costs of controlling CO2 emissions, the JSW models 
almost always yield carbon tax rates and GNP losses that are signifi- 
cantly lower than those generated by other models to meet otherwise 
similar constraints. 

To see this, let's look at table 1, which is taken from another recent 
paper using the JSW model. Table 1 presents the results from three 
simulations produced by the JSW model, including the one presented 
in this paper. The first column is a simulation of a policy that does 
nothing until the year 2000, then gradually imposes increasing carbon 
taxes until CO2 emissions are stabilized at year 2000 levels by 2010. 
The second column reports the results for a policy that stabilizes CO2 
emissions at the 1990 levels immediately. This appears to be identical 
to the constraint case presented in this paper. The final column is a 
simulation of a policy that constrains CO2 emissions gradually over the 
1990-2005 period until they are 80 percent of 1990 levels. The resulting 
carbon taxes required to meet these CO2 constraints are $8.55, $17, 
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Table 1. Summary of Jorgenson/Wilcoxen Long-Run Carbon Simulations for 2020 
Percent change, unless otherwise indicated 

Emissions target 

Variable 2000 level 1990 level 80% of 1990 

Carbon emissions -8.4 - 14.4 -31.6 
Carbon tax 

(1989 dollars per ton) 8.55 16.96 60.09 
Tax on coal 

(1989 dollars per ton) 5.55 11.01 39.01 
Tax on oil 

(1989 dollars per barrel) 1.17 2.32 8.20 
Tax on gas 

(1989 dollars per 
thousand cubic feet) 0.14 0.28 0.98 

Labor tax rate -0.25 -0.45 - 1.22 
Tax revenue 

(billions of dollars) 14.4 26.7 75.8 
BTU production -7.1 -12.2 -27.4 
Capital stock -0.4 -0.7 - 2.2 
Real GNP -0.3 -0.5 - 1.6 
Price of coal 20.3 40.0 137.4 
Quantity of coal - 15.6 - 26.3 - 53.2 
Price of electricity 2.9 5.6 17.9 
Quantity of electricity -2.9 -5.3 - 15.3 
Price of oil 1.8 3.6 13.3 

Source: Dale W. Jorgenson and Peter J. Wilcoxen. 1991. "Reducing U.S. Carbon Dioxide Emissions: The Cost of Different 
Goals,' Discussion Paper 1575, Harvard Institute of Economic Research, October, Table 3. 1. Percent changes are from base- 
case values for unconstrained case in 2020. 

and $60 per ton carbon, respectively, in 1989 dollars (or roughly 2.8 
cents, 5.5 cents, and 20 cents per gallon of gasoline for those of you 
who don't think in terms of tons of carbon or coal). These carbon tax 
rates are associated with a loss of GNP of 0.3 percent, 0.5 percent, 
and 1.6 percent respectively in 2020. 

In comparison, for a U.S. constraint case similar to Jorgenson and 
Wilcoxen's 80 percent of 1990 case, the Manne-Richels model yields 
a carbon tax of $375 and a loss of GNP of 3.2 percent. For a similar 
constraint case applied to a world model, Manne-Richels produces a 
carbon tax of about $300 and a loss in GNP of 2 to 3 percent. Most of 
the other models that have analyzed similar CO2 constraints yield tax 
rates and GNP losses between these extremes. 

I was quite surprised the first time I saw the JSW results. One of the 
special, and controversial, characteristics of the JSW framework is that 
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(endogenous) productivity growth is negatively correlated with energy 
prices, a correlation that generally does not appear in other models. 
Since carbon taxes increase energy prices, higher energy prices would 
tend to reduce productivity growth and increase the cost of CO2 con- 
straints. In an earlier paper, Hogan and Jorgenson write that "this 
ignored productivity effect could be the largest component of a complete 
cost analysis." Despite the negative effect of higher energy prices on 
productivity growth, the JSW results continue to be the low field among 
the "respectable" players in the game of modeling the cost of con- 
trolling CO2. 

There are, of course, many reasons why these models could yield 
different results. In comparing different models, however, it is impor- 
tant to keep in mind the nature of the constraint that is generally being 
analyzed. Specifically, the target CO2 reduction is typically specified 
in terms of proportional changes from emissions in some historical base 
year CO2 (1990, for example) rather than in terms of a reduction in a 
specific number of tons of CO2 (300 million tons a year, for example). 
This means that models that project rapidly rising base-case CO2 emis- 
sions must work a lot harder to meet a constraint based on 1990 emis- 
sions than models that project slow growth in CO2 emissions. As a 
result, the equilibrium tax rates and GNP losses derived from different 
models are very difficult to interpret unless the base cases are quite 
similar or, at the very least, we understand how and why they differ. 
Unfortunately, Jorgenson and his collaborators have not generally pre- 
sented base or constraints case values for the levels of the key economic 
variables in their papers. Instead, they report their results as percentage 
changes from base-case values that are not revealed. This makes inter- 
pretation of the results and comparisons with other analysts' projections 
quite difficult. 

To try to gain a better understanding of the differences in the baseline 
cases being used by different analysts, I asked Peter Wilcoxen to provide 
me with the values for several quantity and price variables for 1990, 
2020, and 2050 for the base case in this paper and for the constraint 
cases in table 1. He was kind enough to provide me with most of what 
I asked for, and, I hope, this has been helpful in improving my un- 
derstanding of what is going on here. 

Turning to table 2, the first thing to note is that in the JSW base 
case, U.S. carbon emissions do not grow very quickly in the absence 
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Table 2. Base-Case Values, 1990-2020 

JSW EIA 2010 

2020 Annual annual 
1990 simulated growth rate growth rate 

Variable values values (%) (%) 

GNP (1990 dollars) 5,981.34 9,226.01 1.5 2.20 
Fossil fuels consumed (quads) 69.14 78.04 0.4 1.00 
Oil and gas consumed (quads) 48.05 47.82 0.0 0.90 
Coal consumed (quads) 20.98 30.05 1.2 1.50 
Electricity 

(billions of kilowatt hours) 2,259.4 3,170.43 1.1 1.90 
Carbon emissions 

(millions of tons) 1,576.82 1,842.31 0.5 1.10 
Oil and gas imports (quads) 12.09 7.21 - 1.7 2.80 
Domestic oil/gas price 

(dollars per million BTUs) 4.53 4.92 0.3 3.20 
Imported oil/gas price 

(dollars per million BTUs) 3.59 9.08 3.1 2.20 
Electricity price 

(cents per kilowatt hours) 5.92 4.74 -0.7 0.20 
Source: Computed fronm data provided by Peter Wilcoxen, Decenmber 9, 1991 and fronm data in the Department of Energy. 

U. S. Energy Infomiation Adnministration, Annuiiial Energy Ouitlook, Washington. D.C., March 1991. 

of any controls. From 1990 to 2020, CO2 emissions increase by only 
about 17 percent (0.5 percent a year) without any special CO2 emissions 
constraints. These are very low baseline values compared with those 
generated by other models. The Manne-Richels model projects that U. S. 
CO2 emissions increase by about 60 percent by 2025 and 230 percent 
by 2100. The Office of Technology Assessment model projects about 
a 50 percent increase in U.S. CO2 emissions by 2015. The Department 
of Energy's Energy Information Administration (EIA) projections of 
energy consumption imply carbon emissions increases of 25 percent 
(reference) to 50 percent (high growth) by 2010. The annual growth 
rates for the relevant variables for the EIA reference case (which only 
goes to 2010) are presented in.the last column of table 2 for comparison 
purposes. So, the JSW model does not have to work too hard to keep 
CO2 emissions at 1990 levels since emissions do not rise all that much 
above 1990 levels even without any special constraints being imposed. 

Just because the JSW model produces unusually low rates of growth 
in CO2 emissions over the next 30 years absent any constraints, how- 
ever, does not mean that the projections are implausible. After all, U.S. 
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CO2 emissions increased by only about 17 percent between 1970 and 
1990 (0.8 percent a year), while GNP grew by 70 percent (2.7 percent 
a year). Nevertheless, it is useful to understand why the JSW baseline 
CO2 emissions are so low compared with other unconstrained projec- 
tions. Unfortunately, the paper does not present the information nec- 
essary to do so. The additional information Peter Wilcoxen provided 
to me, however, does begin to answer this question. 

Perhaps most important, table 2 indicates that, for the period 1990- 
2020, the model generates an unconstrained base case with a very low 
(endogenous) rate of growth in GNP and a low marginal energy-to- 
GNP ratio. The time path of these endogenous variables appears to 
account for a significant fraction of the difference in baseline CO2 
emissions levels compared with other models. The model also generates 
some base-case values that are, at least to me, surprising. Oil and gas 
imports fall, rather than rise as they do in most other medium-term 
projections. Oil and gas consumption does not increase as it does with 
most other models. Electricity prices fall rather than rise as they do in 
most other projections. This raises questions in my mind about the 
underlying parameter estimates that drive the results. 

When we turn to what happens in the base case from 2020 to 2050 
(table 3), we see that the JSW base-case economy goes into a sort of 
suspended animation sometime early in the next century. Nothing changes 
very much at all between 2020 and 2050. The economy appears to go 
into a close-to-zero growth equilibrium, and CO2 emissions actually 
fall slightly between 2020 and 2050 without any help from government 
regulators. This presumably reflects the combination of the stabilization 
of the size of the U.S. population, slow endogenous productivity growth, 
a low marginal energy-to-GNP ratio, and the way the model has been 
simulated. The economic growth characteristics of the base case are so 
different from those used by other analysts that their credibility deserves 
at least some discussion by the authors. 

Overall, in evaluating the JSW results it is important to understand 
that the baseline against which the carbon taxes must constrain behavior 
is one of slow economic growth, slow increases in energy consumption, 
and slow increases in carbon emissions. In the JSW world the good 
news is that the United States does not have nearly as much of a CO2 
problem as some think because, even if we do nothing, CO2 emissions 
will stabilize by the middle of the next century at a level not much 
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Table 3. JSW Base-Case Values, 2020-2050 

2020 2050 Annual 
simulated simulated growth rate 

Variable values values (%) 

GNP (1990 dollars) 9,226.01 9,502.18 0.10 
Fossil fuels consumed (quads) 78.04 77.63 -0.02 
Oil and gas consumed (quads) 47.82 47.97 0.01 
Coal consumed (quads) 30.05 29.47 -0.06 
Electricity 

(billions of kilowatt hours) 3,170.43 3,232.56 0.06 
Carbon emissions 

(millions of tons) 1,842.31 1,828.77 -0.02 
Oil and gas imports (quads) 7.21 7.45 0.11 
Domestic oil/gas price 

(dollars per million BTUs) 4.92 4.80 -0.08 
Imported oil/gas price 

(dollars per million BTUs) 9.08 10.67 0.54 
Electricity price 

(cents per kilowatt hour) 4.74 4.58 -0.11 
Source: Computed from data provided by Peter Wilcoxen, Decenmber 9. 1991. 

higher than the level in 1990. The bad news is that we can look forward 
to slow economic growth. 

A lot of action associated with carbon taxes affects the electric power 
sector, a sector that is near and dear to my heart. The largest direct 
effects in the simulations reported in table 1 are large increases in the 
price of coal and large reductions in the quantity of coal consumed. 
Since the electric utility sector consumes 80 percent of the coal produced 
in the United States, and coal accounts for 60 percent of the electricity 
produced, the second largest price and quantity effects are associated 
with electricity. An especially good model of future electricity supply 
opportunities, electricity demand, and regulatory policies affecting both 
seems to be in order. However, I am quite dubious about the ability of 
JSW's econometric production or cost function approach that relies on 
the time series data for the 1947-85 period to make accurate projections 
of input choices and productivity growth for the U.S. electricity sector 
over the next 30 to 100 years. 

Why am I dubious? Primarily because I don't think that the future 
supply, demand, and regulatory conditions affecting the electric power 
industry are going to be much like those of the past. The historical 
period from which the data are drawn to estimate the parameters in the 
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JSW model includes long periods when gas was cheap but not available 
to utilities, the growth of the nuclear sector from zero to 20 percent of 
electricity generation, a large increase in hydroelectric capacity, the 
exhaustion of thermal efficiency improvements and economies of scale 
associated with conventional steam cycles, and continually changing 
environmental regulations. The generation technologies being built and 
planned today are frequently much more efficient thermodynamically 
than the Rankine steam cycle and rely heavily on gas rather than coal. 
Nuclear energy does not seem very promising in the medium term. 
Various renewable energy options are becoming much more economical 
due to technological change, and more likely to be selected by utilities 
due to changing environmental constraints and regulatory requirements. 
Amendments to the Clean Air Act were recently passed that will increase 
electricity costs considerably as electricity suppliers meet tighter SO2 
and NOX constraints. I have no reason to believe that JSW's econo- 
metric model picks up any of these structural changes. Nor am I thrilled 
with a key modeling assumption that capital is freely and costlessly 
mobile between sectors. There are very significant sunk capital costs 
associated with the production of electricity. Perhaps much of the stock 
will turn over by 2020, but these sunk costs should at least play a role 
in determining the transition path from here to there. I have more faith 
in the engineering-economic models used by other analysts to provide 
a useful framework for evaluating the full array of policy alternatives 
affecting the electric power sector than in the econometric model used 
here. In any case, not enough information is available (in the paper or 
from the authors) about how the electricity sector evolves in JSW's 
base and constraint cases to compare JSW's electricity future with those 
produced by other analysts. 

The authors' extension of their previous modeling and policy sim- 
ulations to examine aggregate welfare and, in particular, the distribu- 
tional consequences of a carbon tax are quite interesting and innovative. 
This may be where the real payoff to disaggregation at the industry and 
household level lies. It is a shame, however, that this paper limited 
itself to the particular CO2 constraint selected here since the tax rate, 
price, quantity, and welfare effects are (apparently) so small. The case 
reported in the last column of table 1 would have been a more interesting 
one to examine for exploring distributional issues. 

Let me move quickly now from models and what they spit out to 
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CO2 policy. All of the economic models that I have referred to generate 
numbers for the costs of meeting alternative CO2 constraints by im- 
posing carbon taxes on fossil fuels. They may do this because the 
analysts believe that carbon taxes are the most likely environmental 
policy instrument to be chosen to control CO2 emissions. Alternatively, 
carbon taxes may be used simply as a modeling convenience to generate 
the price, quantity, and investment responses necessary to calculate the 
costs to the economy of meeting a particular CO2 constraint. In either 
case, however, it is very important to recognize that the costs spit out 
by the models in this way are not likely to be good predictions of the 
actual costs of controlling CO2 emissions to various levels unless reg- 
ulatory policies are adopted that have the same efficiency attributes as 
carbon taxes. The way the models work, the assumption that carbon 
taxes alone are used to meet a specific CO2 target is equivalent to 
assuming that a specific emissions constraint will be achieved as effi- 
ciently as possible, that is, at least cost. (Marginal cost of CO2 control 
equals the carbon tax; the marginal cost of CO2 control is equated across 
all sources.) 

It would be very exciting if the U.S. government decided to rely on 
a carbon tax to control CO2 emissions. As a student of the history of 
U.S. environmental regulation, however, I must ask why we should 
assume either that the favored policy instrument will be a carbon tax 
in the United States or anywhere else, or that alternative constraint 
policies will be adopted that yield a least-cost solution to the carbon 
constraint specified. I hear much more talk about subsidies for conser- 
vation and renewables, CAFE standards, mandatory fuel switching, 
building efficiency standards, and the like than I do about CO2 taxes 
from the people who seem to matter most in the policy process. In 
general, why should we expect that we will adopt least-cost policies 
generally for CO2 emissions when we have not done so for almost any 
other environmental problem? 

Historically, U.S. environmental policies have generally relied on 
inefficient command and control mechanisms that cost 2, 4, 10, or even 
20 times the cost of the least-cost control strategy for achieving a 
particular emissions level. Rather that taxing gasoline, we have applied 
CAFE standards that increase the efficiency of new cars, leave old dirty 
cars on the road, and make it economical to drive both cars more miles 
a year. Rather than taxing SO2, we imposed costly sulfur removal 
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technologies (scrubbers) on electricity generators. If history repeats 
itself, the costs of controlling CO2 produced by the models that assume 
that a carbon tax or policy with equivalent attributes will be relied upon 
will significantly underestimate the actual cost of real CO2 constraint 
policies. 

Indeed, I am struck by some of the similarities to the problems of 
controlling SO2 and NOX from stationary and mobile sources and those 
we face with regard to CO2. The effects of CO2 constraints are con- 
centrated on the coal, utility, and petroleum sectors. Even for the modest 
constraints and aggregate costs implied by the CO2 emissions case 
reported in the JSW paper, which would maintain emissions at 1990 
levels, the effect on the coal industry is devastating, once we recognize 
that there are sunk investments and immobile workers in that sector. 
The price effects on electricity are more than double those projected 
for the acid rain title of the 1990 Clean Air Act. These are the same 
industries that fought reforms of the Clean Air Act for more than a 
decade and have opposed all efforts to use emissions or energy taxes 
to internalize pollution externalities. Although a tradable SO2 allowance 
system could be sold (barely) politically because it vested property 
rights in SO2 emissions in the incumbents, an SO2 tax would not have 
passed the laugh test politically. So, there is probably a lot to learn 
about the challenges associated with implementing good CO2 constraint 
policies by examining the way we have dealt with other air emissions 
from similiar sources. 

The political economy lesson of the efforts to control S02, NOX, 
and other air emissions is that it is not the average burden and distri- 
butional effects on consumers that matter so much as it is the interests 
of incumbent industries and workers that are likely to be harmed econ- 
omically by new environmental constraints. We have tended to insulate 
existing sources from the full costs of environmental compliance by 
placing significantly tighter emissions constraints on new sources (NSPS, 
percent removal, and CAFE) than on existing sources. We have pro- 
tected high sulfur coal suppliers by requiring utilities to remove at least 
70 percent of the SO2 from all coal regardless of how low the sulfur 
content is. We have avoided emissions taxes because the affected in- 
dustries perceive the burden to them of controlling some emissions and 
paying for inframarginal emissions to be much larger than the burden 
of paying much too much to clean up marginal emissions reductions 
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while paying nothing for inframarginal emissions. Finally, because of 
an irrational aversion to flexible incentive-based systems by most en- 
vironmental groups, we have been slow to allow for intersource emis- 
sions trading that could reduce control costs substantially. 

I can assure you that there are indeed some very costly ways to 
control CO2 emissions. Indeed, prototype designs for CO2 scrubbers 
that could be fitted on power plants have already been commissioned. 
These studies suggest that CO2 could be scrubbed from the combustion 
products of a pulverized coal generating unit at a cost of $350 to $450 
per ton of carbon removed, or roughly 20 times the tax the JSW model 
simulates for stabilizing CO2 emissions at 1990 levels. 

The lesson that I take away from the history of environmental reg- 
ulation in this country is that we need models that will allow us to 
evaluate the effects of a wide range of potential public policies that 
include but are not limited to carbon taxes and that do not assume that 
least-cost solutions to environmental problems are what Congress or 
the United Nations will give us. Modeling approaches that allow us to 
analyze the consequences of a wide variety of different policies arguably 
aimed at reducing CO2 emissions are necessary to produce the infor- 
mation required to respond to those (at the Environmental Protection 
Agency, for example) who point to the JSW results to support their 
arguments that very restrictive constraints on CO2 are cheap and then 
turn to a variety of much more costly and inefficient subsidies and 
command and control regulations, rather than carbon taxes, to meet 
these constraints. The JSW model does not seem to me to be up to this 
task, and its results can easily be misused by those with an interest in 
doing so. 

Comment by Raymond Kopp: Certainly, one of the downsides of 
being the second discussant is that if you follow somebody like Paul 
Joskow who has a prepared handout and typewritten notes, you are 
necessarily going to look bad when you have just some miscellaneously 
collected thoughts. 

The plus side, of course, is that I get a chance to dynamically adjust 
to whatever he said. That allows me to take out all the stuff that is 
duplicative so we can stay within a timeframe. I may only need about 
three minutes, now. But, perhaps, I will emphasize a few things that 
he didn't say and, maybe, correct things that he did say. 
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Certainly, Dale Jorgenson will take care of most of the necessary 
corrections. There is one thing that I feel I have to comment on, how- 
ever, and that is this. The paper is not necessarily transparent to the 
user, and it cannot be so. Anyone who has ever designed these sorts 
of models and written them and sent detailed papers to editors and 
gotten them back by return mail would say thanks, but I wouldn't even 
think of imposing this on a referee. So, you put a referee's appendix, 
which is 90 pages long, and that doesn't even get sent out. No one 
really wants to know the details, when it comes right down to it, from 
the refereeing process. Of course, if you don't supply them, that is the 
first thing you get attacked on. So, to be able to use or interpret any 
of these results confidently you do have to go through a long laborious 
process of tracing back to year one or version 1.0 and then following 
it all up to the present. But that is just the way the game is played, and 
there is not much we can do about it. 

I might as well not comment, then, on the macroeconomic appli- 
cations of this model and look more to the distribution side. Since I 
seem to be a designated hitter for discussion of Wilcoxen and Jorgenson 
papers, anyway, I have already discussed the macro paper, which pre- 
ceded this one. So, those comments are on record. 

Let me just discuss the distributional side, which I think really is 
the interesting aspect of this particular paper. If you look at the two of 
these combined, if you are in favor of greenhouse taxes, this is the best 
of all possible worlds. There is virtually no macroeconomic impact of 
these things. Growth just continues on. 

Secondly, the distribution of these things is small, and it is evenly 
distributed across all the households. So, politically, this seems to be 
the greatest thing since sliced bread. 

The question is: Is it in fact true that, when we go from the modeling 
world, where this in fact is the case, to the policy world, both of these 
things will move over? 

Paul has already discussed that perhaps the macro side may be a 
little suspect in the real world, and I just want to talk a little bit, perhaps, 
about the distributional side. 

On the face of it, I guess I am not convinced. I mean, I started 
thinking about carbon taxes and their regressivity, and my initial think- 
ing is that it just seemed fairly evident that these things were going to 
be regressive in some sense, that is, that very poor people-black folks 
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living in urban Cleveland in the Midwest-are going to get hit worse 
than white affluent families living in the Pacific Northwest. A lot of 
the reasons have to do not so much with their income as to where they 
happen to live. But income also plays a part. We will talk about that 
in a little bit. 

One thing that you do have to understand about this particular kind 
of model-again, it is not an indictment of the model-is that these 
sorts of general equilibrium models have perfect foresight. No regrets. 
No one ever makes a mistake, ever. Mistakes, unfortunately, occur a 
lot, and they are costly. If you pick the prices wrong or you invest in 
something wrong, you make these kinds of irreversible decisions, and 
they turn out bad, there is cost associated with that. There cannot be 
any of that sort of thing in this model. 

But, more important, this model has perfect-factor mobility and 
malleability. What that means is that at any one point in time the model 
allows for only one kind of labor. Coal miners and rocket scientists are 
the exact same person. And there is only one kind of capital. Coal 
plants look just like heat pumps to the model when it does its reallo- 
cation. So, as soon as prices change and it wants to reallocate capital, 
it can do so instantaneously and costlessly. 

Where do all those coal miners go, by the way, who get zapped 
when the coal industry declines by 30 percent? Well, they are turned 
into somebody else, without any particular cost. So, there is no distri- 
butional implication to the fact that those coal miners get disrupted. 

Again, the model is very long run. It has got lots of flexibility in it. 
All of these things tend to diminish the impact of any one of these 
particular environmental shocks. But as long as you understand that, 
you have got a base case that you can compare against, and you can 
evaluate different sorts of things, knowing how that whole thing works. 

What is important about this particular application is this. It is how 
the tax reenters the economy that really counts. The authors are talking 
about the distribution of welfare losses. This is not a distribution of a 
tax. The taxes are fairly substantial. Depending upon what assumptions 
you want to make about the elasticities of substitution that may exist 
in the short run and where you are in the country, it can vary from- 
according to the paper-$50 to $100 a year per household. So, these 
things are not trivial. 

But all the households get the money back again. You take it out of 
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one pocket; you give it back to them in a lump sum form. As a result, 
essentially, it is a wash. Again, there is some little income loss due to 
the dead-weight loss of removing a lump-sum tax. The authors change 
the income tax by putting in this distortionary tax. But, on net, things 
look pretty good. 

I assume this is the case. What I generate out of my comments are 
a lot of questions that have to do with the dynasties. (For those of you 
who are not familiar with Dale-isms, this is households.) In the model 
all the households get back the money in the exact proportion in which 
they put it in. Given that, what is the difference between that sort of 
view of the world and the sort of view of the world that folks on Capitol 
Hill are going to have to deal with when it comes time to vote on actual 
carbon taxes? 

Well, the first thing is that in the authors' model there is no space. 
So, there is a coal sector and there is an electricity sector and there is 
a natural gas sector. But there is one big supplier that supplies all the 
households. As a result, there is one electricity price. In the real world, 
however, there is not one electricity price or natural gas price or fuel 
oil price or gasoline price. Energy prices vary greatly across the United 
States, by as much as 50 percent for some different kinds of energy 
forms. 

Why? For a variety of conditions. People use energy very differently. 
In some places you have to both heat and cool. In some places you 
don't have to either heat or cool. 

Also, depending on how energy comes to you and in what sort of 
forms, prices are very different. People who live in the Pacific North- 
west, who draw electricity off of the hydropower of the Bonneville 
Power System, or people in the Mid-Atlantic states, who draw it off 
of TVA, have fairly low electricity prices. If you live in the Midwest 
or in the central states, you have fairly high prices. If you use a lot of 
coal to generate your electric power, the impact of that tax is going to 
be much greater in your particular region than it is going to be in the 
Pacific Northwest. 

So, the first thing you want to look at, when you look at the distri- 
bution of these burdens, essentially is the distribution of the taxes, and 
they are not going to be even. It is pretty clear that the folks in the 
Pacific Northwest and in areas where they have a lot of hydropower 
are going to pay low taxes, and individuals who use fuel oil for heating 
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or whose electricity is generated by coal and who have to both air- 
condition and heat are going to pay substantial amounts. The model 
doesn't take these differences into account. 

If that is not taken into account, then how do you rebate the taxes 
to these people equally? Let's face it-this money is not going back 
into the pockets of individuals. But if you wanted to put it back into 
the pockets of individuals, how would you do it? You have got to have 
some regional way of rebating all of these energy credits, and this is 
a nontrivial public finance problem and one that I think deserves some 
attention. 

This leaves some questions that to me are still unresolved. The first 
one that is bothering me, of course, is that the analysis shows that there 
does not appear to be any real regressivity associated with the tax. The 
reason is that rich people buy a whole lot of other stuff also. The prices 
of those goods go up. And as those prices go up, energy prices go up, 
but somehow, on net, everything seems to work out. Okay. That may 
well be. And, again, I don't think any of us know, really, what the 
income elasticity of energy demand is by income class, but there still 
are some facts that we can look at. 

If you look at the 1987 household energy survey that the Energy 
Information Administration did and if you look at the percentage of 
income by household class, there are some striking numbers that you 
have got to deal with. Families that earn less than $5,000 a year spend 
25 percent of their income on energy. Those individuals in the $20,000 
to $25,000 range spend 4 percent. 

You have got to convince yourself that there is enough going on in 
those non-energy-related commodity categories-I didn't see any huge 
price shocks out there-to account for these huge differences in the 
components of the energy budget. Perhaps the model really doesn't 
capture very low-income individuals. This gets back to what exactly 
the model is capturing. 

We have these dynasties out here, but are we to believe that if we 
have rich and poor dynasties, everyone is paid the same wage rate in 
the model? Everyone gets the same rate of return on wealth in the 
model. But, presumably, the authors have allocated expenditure across 
these dynasties, according to the 1989 Consumer Expenditure Survey. 
Is that how they arrived at rich dynasties and poor dynasties? And, if 
they did that, did they have enough very poor dynasties in there to say 
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anything about those folks down at the low end of the line? Or, are the 
authors only starting where the bulk of individuals live, which is maybe 
the higher level of the income distribution, where essentially the amount 
of expenditures spent on energy is fairly flat, and it only really drops 
off when you get down to this very low-income group. I am not sure 
what is going on there. 

The last thing that I am concerned about is how the authors are 
measuring the welfare. This is a technical issue, but it is one that is 
definitely not transparent in the paper and is confusing to me. This 
model sets up the consumer side, so that consumers make a whole host 
of hierarchical decisions, starting with this intertemporal decision about 
how they are going to spend their full wealth over their lifetime. How 
much are they going to spend now, and how much are they going to 
spend in the future? Once they have the amount they are going to spend 
now, they must decide how to divide that portion between leisure and 
goods and services. 

Once the consumers have settled on an amount for goods and ser- 
vices, they must decide how to divide that between imports and exports. 
The domestic amount must be divided among all these commodities. 
So, there is a whole tree structure. 

Each one of those can be identified as a little expenditure function 
or a little indirect utility function, and you can measure welfare changes 
anywhere you want in that tree. The lower you measure it, however, 
the less flexibility the household has to adjust to the shock that you are 
imposing and, as a result, the higher the welfare loss is going to be. 
So, keep that in mind. 

It is said on the consumption side of the paper that at the first stage, 
each household allocates full wealth across different time periods ac- 
cording to its rate of time preference and its intertemporal elasticity of 
substitution. The authors formalize this decision using a representative 
agent who maximizes an intertemporal utility function subject to an 
intertemporal budget constraint. So, at the top level of the hierarchy, 
we have got a representative agent up there with an intertemporal utility 
function. 

Now, on the welfare analytic side, it says: "We assume that each 
dynasty' -read "household "- "'maximizes an additive intertemporal 
utility function. . . ." Well, is this the same or a different intertemporal 
utility function? 
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According to the paper, "The intertemporal utility function forms 
the foundation for the analysis of the change in lifetime well-being. . .. 

Here is where I am confused. It is clear we are making the welfare 
calculation. It is very high up the tree, so it is the place where the 
household has the most flexibility, up where they are making their 
intertemporal decisions. But, I am confused as to who is doing this. If 
in fact it is all these individual households where the demographics lie 
and where the income-distribution story lies, it seems to be inconsistent 
with the first statement that said it was a representative household. I 
didn't know that these dynasty households had ever been estimated over 
anything other than just static goods and services. I didn't know there 
was an estimation of how they allocate their intertemporal wealth. If 
there is, you have got intertemporal substitution elasticities that vary 
by demography, which would be fascinating information. I don't think 
I have ever seen that. So, again, it confuses me because that seems to 
be crucial to telling the story here about why the welfare loss is as low 
as it is. I know it is low because you have got it very high up in the 
tree, but I want to tie that to the distribution of these various kinds of 
households. 

In closing, I have to go back to the remark that I criticized originally 
but which still holds a certain amount of validity, and that is that the 
paper itself isn't really transparent. We know you can't go out there 
and lay out the 6,000 coefficients with standard errors. I don't think 
anybody is asking you to. No one wants to see them, anyway. But how 
exactly the consumer side works in this case, how these different house- 
holds actually link into the story and how you get a brighter light on 
the demographic side of this to convince those of us who still doubt 
why we should believe this story about progressivity-that I think would 
be important. 

General Discussion: Several participants commented on the social wel- 
fare effects of a carbon tax. Linda Cohen questioned the authors' claim 
that a carbon tax would have political appeal because it would not be 
regressive. She said that the political feasibility of such a tax would 
more likely be connected to other issues, such as the geographic dis- 
tribution of costs and benefits. 

Richard Schmalensee also said that regressivity was not the correct 
equity measure surrounding the effects of a carbon tax. In noting the 
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similarity between the new global warming issue and the slightly older 
acid rain problem, Schmalensee said that during the debate over re- 
ducing acid rain through reducing coal usage in electric power gener- 
ation, there was little discussion over the regressive effect of increased 
prices for electricity, but much concern about the substantial effect on, 
for example, a relatively small number of coal miners. Schmalensee 
pointed out that the political importance of such an effect would be 
connected to the mobility of labor and capital in an industry hit hard 
by these measures. He noted that the model used in the paper did not 
take into account the existence of industry-specific human or physical 
capital. 

Some discussion centered on the long-run projections about the U.S. 
economy that were made in the paper. Schmalensee said that projection 
of past productivity trends into the future might lead to serious problems 
when examining long time horizons. He wondered if one could make 
better predictions by moving away from the kind of standard modeling 
strategy used in the paper and toward actually talking to people with 
knowledge about the shape of future technologies. 

Ariel Pakes argued that the effects on technology development of 
price increases brought about by a carbon tax must be examined more 
closely. He suggested that patents on technology dealing with reducing 
carbon emissions might shoot up within a few years after the imposition 
of a carbon tax. Pakes said that the development of these new tech- 
nologies might have a substantial effect on long-run projections about 
the U.S. economy. 

John Meyer argued that because the greenhouse problem from carbon 
emissions is worldwide, solutions should also be reviewed on this scale. 
He suggested that there might be some exceptionally inexpensive (at 
least partial) solutions to the carbon emission problem. For example, 
the economies of the communist and formerly communist nations (in- 
cluding China, the former Soviet republics, and Eastern Europe) make 
extremely inefficient use of energy resources, especially coal. Accord- 
ing to Meyer, rationalizing energy prices in these economies almost 
certainly would lead to a large reduction in coal and, more generally, 
in total energy usage. Worldwide carbon emissions could thereby be 
reduced substantially while at the same time increasing economic 
efficiency. 



Dale W. Jorgenson, Daniel T. Slesnick, and Peter J. Wilcoxen 451 

References 

Armington, Paul S. 1969. "The Geographic Pattern of Trade and the Effects 
of Price Changes." IMF Staff Papers 16 (July):179-201. 

Barro, Robert J. 1974. "Are Government Bonds Net Wealth?" Journal of 
Political Economy 82 (November-December): 1095-1117. 

Bergman, Lars. 1985. "Extensions and Applications of the MSG-Model: A 
Brief Survey." In Production, Multi-Sectoral Growth, and Planning: Essays 
in Memory of Leif Johansen, edited by Finn R. Forsund, Michael Hoel, and 
Svein Longva. Amsterdam: North-Holland. 

. 1990. "The Development of Computable General Equilibrium Mod- 
eling." In General Equilibrium Modeling and Economic Policy Analysis, 
edited by Lars Bergman, Dale W. Jorgenson, and Erno Zalai. Oxford: Basil 
Blackwell. 

Borges, Antonio M., and Lawrence H. Goulder. 1984. "Decomposing the 
Impact of Higher Energy Prices on Long-Term Growth. " In Applied General 
Equilibrium Analysis, edited by Herbert E. Scarf and John B. Shoven. Cam- 
bridge, Eng.: Cambridge University Press. 

Bureau of Economic Analysis. 1984. "The Input-Output Structure of the U.S. 
Economy, 1977." Survey of Current Business 64 (May):42-78. 

. 1986. The National Income and Product Accounts of the United States, 
1929-1982: Statistical Tables. Washington: Department of Commerce. 

Bureau of Labor Statistics. 1990. "Consumer Expenditures Survey 1989." 
Washington: Department of Labor. Magnetic tapes. 

Congressional Budget Office. 1990. Carbon Charges as a Response to Global 
Warming: The Effects of Taxing Fossil Fuels. Washington: Government 
Printing Office. August. 

DeWitt, Diane E., Hadi Dowlatabadi, and Raymond J. Kopp. 1991. "Who 
Bears the Burden of Energy Taxes?" Discussion Paper QE91-12. Washing- 
ton: Resources for the Future. 

Energy Information Administration. 1990. Annual Energy Review 1989. Wash- 
ington: Department of Energy. 

Environmental Protection Agency. 1988. "The Potential Effects of Global 
Climate Change in the United States." Draft report to Congress. October. 

. 1989. "Policy Options for Stabilizing Global Climate," vol. 2. Draft 
report to Congress. February. 

Hall, Robert E. 1978. "Stochastic Implications of the Life Cycle-Permanent 
Income Hypothesis: Theory and Evidence." Journal of Political Economy 
86 (December):971-87. 

Ho, Mun Sing. 1989. "The Effects of External Linkages on U.S. Economic 
Growth: A Dynamic General Equilibrium Analysis." Ph.D. diss., Harvard 
University, Department of Economics. May. 



452 Brookings Papers: Microeconomics 1992 

Hoeller, Peter, Andrew Dean, and Jon Nicolaisen. 1991. "Macroeconomic 
Implications of Reducing Greenhouse Gas Emissions: A Survey of Empirical 
Studies." OECD Economic Studies 16 (Spring):45-78. 

Hogan, William W., and Dale W. Jorgenson. 1991. "Productivity Trends and 
the Cost of Reducing Carbon Dioxide Emissions." The Energy Journal 12 
(January):67-85. 

Jorgenson, Dale W. 1984. "Econometric Methods for Applied General Equi- 
librium Analysis." In Applied General Equilibrium Analysis, edited by Her- 
bert E. Scarf and John B. Shoven. Cambridge, Eng.: Cambridge University 
Press. 

. 1986. "Econometric Methods for Modeling Producer Behavior." In 
Handbook of Econometrics, edited by Zvi Griliches and Michael D. Intri- 
ligator, vol. 3. Amsterdam: North-Holland. 

. 1989. "Capital as a Factor of Production." In Technology and Capital 
Formation, edited by Dale W. Jorgenson and Ralph Landau. Cambridge, 
Mass.: MIT Press. 

. 1990a. "Aggregate Consumer Behavior and the Measurement of So- 
cial Welfare." Econometrica 58 (September): 1007-40. 

. 1990b. "Productivity and Economic Growth." In Fifty Years of Eco- 
nomic Measurement: The Jubilee of the Conference on Research in Income 
and Wealth, edited by Ernst R. Berndt and Jack E. Triplett. Chicago: Uni- 
versity of Chicago Press. 

Jorgenson, Dale W., and Barbara M. Fraumeni. 1981. "Relative Prices and 
Technical Change." In Modeling and Measuring Natural Resource Substi- 
tution, edited by Ernst R. Berndt and Barry C. Field. Cambridge, Mass.: 
MIT Press. 

1989. "The Accumulation of Human and Nonhuman Capital, 1948- 
84." In The Measurement of Saving, Investment, and Wealth, edited by 
Robert E. Lipsey and Helen S. Tice. Chicago: University of Chicago Press. 

Jorgenson, Dale W., and Daniel T. Slesnick. 1985. "General Equilibrium 
Analysis of Economic Policy." In New Developments in Applied General 
Equilibrium Analysis, edited by John Piggott and John Whalley. Cambridge, 
Eng.: Cambridge University Press. 

. 1987. "Aggregate Consumer Behavior and Household Equivalence 
Scales." Journal of Business and Economic Statistics 5 (April):219-32. 

. 1990. "Individual and Social Cost-of-Living Indexes." In Price Level 
Measurement, edited by W. E. Diewert. Amsterdam: North-Holland. 

Jorgenson, Dale W., Daniel T. Slesnick, and Thomas M. Stoker. 1987. "Two- 
Stage Budgeting and Consumer Demand for Energy." In Advances in the 
Economics of Energy and Natural Resources, edited by John R. Moroney, 
vol. 6. Greenwich, Conn.: JAI Press. 

. 1988. "Two-Stage Budgeting and Exact Aggregation." Journal of 
Business and Economic Statistics 6 (July):313-25. 



Dale W. Jorgenson, Daniel T. Slesnick, and Peter J. Wilcoxen 453 

Jorgenson, Dale W., and Kun-Young Yun. 1986. "The Efficiency of Capital 
Allocation." Scandinavian Journal of Economics 88:85-107. 

. 1991. "The Excess Burden of U.S. Taxation." Journal ofAccounting, 
Auditing, and Finance 6:487-509. 

Jorgenson, Dale W., Lawrence J. Lau, and Thomas M. Stoker. 1982. "The 
Transcendental Logarithmic Model of Aggregate Consumer Behavior." In 
Advances in Econometrics, edited by R. L. Basmann and G. Rhodes, vol. 
1. Greenwich, Conn.: JAI Press. 

Jorgenson, Dale W., and Peter J. Wilcoxen. 1990a. "Environmental Regu- 
lation and U.S. Economic Growth." RAND Journal of Economics 21 (Sum- 
mer):314-40. 

. 1990b. "Intertemporal General Equilibrium Modeling of U.S. En- 
vironmental Regulation." Journal of Policy Modeling 12 (Winter):715-44. 

. 1992. "Reducing U.S. Carbon Dioxide Emissions: The Cost of Dif- 
ferent Goals." In Advances in the Economics of Energy and Natural Re- 
sources, edited by John R. Moroney, vol. 7. Greenwich, Conn.: JAI Press. 

Laffont, Jean-Jacques. 1977. Effets externes et theorie economique. Paris: 
Centre National de la Recherche Scientifique. 

. 1988. Fundamentals of Public Economics, trans. by John P. Bonin 
and Helene Bonin. Cambridge, Mass.: MIT Press. 

Laitner, John. 1991. "Modeling Marital Connections Among Family Lines." 
Journal of Political Economy 99 (December): 1123-41. 

Manne, Alan S., and Richard G. Richels. 1990. "CO2 Emission Limits: An 
Analysis for the USA." The Energy Journal 11 (April):51-79. 

Mansur, Ahsan H., and John Whalley. 1984. "Numerical Specification of 
Applied General Equilibrium Models: Estimation, Calibration, and Data." 
In Applied General Equilibrium Analysis, edited by Herbert E. Scarf and 
John B. Shoven. Cambridge, Eng.: Cambridge University Press. 

Nordhaus, William D. 1979. The Efficient Use of Energy Resources. New 
Haven, Conn.: Yale University Press. 

. 1990. "The Cost of Slowing Climate Change: A Survey." The Energy 
Journal 12 (January):37-65. 

. 1991. "To Slow or Not to Slow: The Economics of the Greenhouse 
Effect." Economic Journal 101 (July):920-37. 

Poterba, James M. 1989. "Lifetime Incidence and the Distributional Burden 
of Excise Taxes." American Economic Review (Papers and Proceedings, 
1988) 79 (May):325-30. 

. 1991a. "Is the Gasoline Tax Regressive?" In Tax Policy and the 
Economy, edited by David Bradford, vol. 5. Cambridge, Mass.: MIT Press. 

. 1991b. "Tax Policy to Combat Global Warming: On Designing a 
Carbon Tax." In Global Warming: Economic Policy Responses, edited by 
Rudiger Dornbusch and James M. Poterba. Cambridge, Mass.: MIT Press. 



454 Brookings Papers: Microeconomics 1992 

Sandmo, Agnar. 1975. "Optimal Taxation in the Presence of Externalities." 
Swedish Journal of Economics 77:86-98. 

Schelling, Thomas C. 1992. "Some Economics of Global Warming." Amer- 
ican Economic Review 82 (March): 1- 14. 

Slesnick, Daniel T. 1986. "The Measurement of Effective Commodity Tax 
Progressivity." Review of Economics and Statistics 68 (May):224-3 1. 

. 1991. "Aggregate Deadweight Loss and Money Metric Social Wel- 
fare." International Economic Review 32 (February): 123-46. 

Wilcoxen, Peter J. 1988. "The Effects of Environmental Regulation and En- 
ergy Prices on U.S. Economic Performance." Ph.D. diss., Harvard Uni- 
versity, Department of Economics. December. 


	Article Contents
	p. 393
	p. 394
	p. 395
	p. 396
	p. 397
	p. 398
	p. 399
	p. 400
	p. 401
	p. 402
	p. 403
	p. 404
	p. 405
	p. 406
	p. 407
	p. 408
	p. 409
	p. 410
	p. 411
	p. 412
	p. 413
	p. 414
	p. 415
	p. 416
	p. 417
	p. 418
	p. 419
	p. 420
	p. 421
	p. 422
	p. 423
	p. 424
	p. 425
	p. 426
	p. [427]
	p. [428]
	p. 429
	p. 430
	p. 431
	p. 432
	p. 433
	p. 434
	p. 435
	p. 436
	p. 437
	p. 438
	p. 439
	p. 440
	p. 441
	p. 442
	p. 443
	p. 444
	p. 445
	p. 446
	p. 447
	p. 448
	p. 449
	p. 450
	p. 451
	p. 452
	p. 453
	p. 454

	Issue Table of Contents
	Brookings Papers on Economic Activity. Microeconomics, Vol. 1992 (1992), pp. i-xxv+1-454
	Front Matter [pp.  i - vii]
	Summary of the Papers [pp.  ix - xxv]
	Standard Setting in High-Definition Television [pp.  1 - 93]
	Governance Structure, Managerial Characteristics, and Firm Performance in the Deregulated Rail Industry [pp.  95 - 186]
	Productivity Dynamics in Manufacturing Plants [pp.  187 - 267]
	Race and School Quality Since Brown v. Board of Education [pp.  269 - 338]
	The Structure and Performance of the Money Management Industry [pp.  339 - 391]
	Carbon Taxes and Economic Welfare [pp.  393 - 454]
	Back Matter



