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CALIBRATION OF THE SECOND GENERATION MODEL

Methods and tools used to calibrate specific computable general equilibrium models (CGEMs) 
have been extensively documented in recent years (e.g. Mansur and Whalley (1984), and Ballard 
et al. (1985)). Many embodiments of CGEMs have sufficiently similar properties that relatively 
stand^d techniques can be employed to implement them. When model design departs 
substantially from the norm, existing methods must be extended and new methods developed.

The second generation model (SGM) is a CGEM which was designed specifically to address 
issues associated with global change. As a consequence, the model embodies characters which 
are novel and interesting. A theoretical description of the model is contained in Edmonds et al 
(1993). Because the model must be capable of addressing major issues associated with both the 
emission of radiatively important gases and the potential consequences of atraosphereZ-climate 
change, the model was designed to perform three tasks;

1. Provides estimates of environmentally important emissions associated with human 
activities,

2. Provides estimates of the consequences of global environmental change, with particular 
emphasis on human activities, and

3. Provides estimates of the economic consequences of actions to mitigate and adapt to 
global environmental change.

Further, the nature of the global change problem dictates that the SGM reflect the following 
characteristics:

1. The issue is global, emissions from all sources in all regions of the world determine total 
atmospheric change,

2. Anticipated changes in the greenhouse effect result from the emission of a number of 
gases including; CO2, CH4, CO, N20, NOx, SO2, VOCs, CFCs, and CFC substitutes,

3. Many human activities are involved in both emissions and impacts including: 
Agriculture and Forestry, Energy Production and Consumption, Transportation, 
Manufacture, Services, Coastal Zone Settlement, Health Care, Water Use, and Land Use,

4. Emissions and impacts depend upon multiple resources and technologies including: 
Managed and Unraanaged Ecosystems, Capital Stocks, and Labor,

5. Emissions and impacts also depend on international trade patterns, and possibly, 
migration patterns,

6. Factors 3,4, and 5 depend upon institutional arrangements,

7. Policy analysis requires both mid-term (5-year) and long-term (100 year) time horizons.

'.J As a consequence, the SGM differs from other CGEMs in that it includes;
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1. ail energy/agriculture focus;
2. a putty-clay vintaged representation of capital;
3. land as a factor of production;
4. depletable natural resources;
5. competition among technologies; and
6. sector- and subsector-level investment decisions.

This paper provides a complete description of how the SGM was calibrated including the 
methods and tools from existing literature which were applied and the calibration methods which 
were developed to handle the unique features of the SGM. In addition, the important underlying 
assumptions and procedures used to produce a data set consistent with the general theoretic 
principles of the SGM are presented.

X''-'

L CALIBRATION VS. MACROECONOMIC PRACTICE

An essential step in applying general equilibrium analysis is the construction of a benchmark data 
set for the base year of simulation. Contrary to standard macroeconomic models, which are 
estimated economeirically from time-series data, parameters for most computable general 
equilibrium models (CGEMs) are not estimated with econometric techniques 1. From a practical 
standpoint, this can easily be explained by the number of parameters involved. More 
importantly, however, is the absence of input-output time series data with satisfectory levels of 
disaggregation which makes econometric estimations of some model parameters virtually 
impossible. Although Chipman [1991] demonstrates that the number of observations does not 
have to be greater than the number of parameters to be estimated in a CGEM, the number of 
parameters requiring estimation within the SGM is too large for econometric estimation to be a 
feasible option. This is largely due to the SGM's requirement of 6-digit input-output tables to 
describe the economy in appropriate detail when, as is the case with the U.S., such data 
requirements are only published every 5 years^. In addition to the problems of data availability, 
parameters estimated econometrically over 5, 10, or 20 years can be questionable when used for 
long-term projections^. As a result of these data constraints, the method of calibration, described 
as the process of choosing model parameters to exactly reproduce observations in a given base 
year, is widely used by developers of CGEMs.

As with econometric estimation, calibration also has its limitations. The method of calibration 
not only assumes that benchmaric year data reflect an economy in equilibrium, it also assumes 
that the benchmark equilibrium is representative of a "normal" growth path. Input-output tables 
and national accounts are well suited for use in general equilibrium analysis since they reflect an 
economy where supply equals demand (including trade). Budget constraints for the government 
and household sectors, however, are not explicitly reflected in input-output tables, thus requiring 
some work to reconcile input-output observations with these constraints.

‘ The Jorgenson/Wilcoxen [1990] model is an exception to this rule.
^ Chipman [1991] shows that to econometrically estimate a linear approximation of a CGEM with 10,000 
parameters, a minimum of 8 years of quarterly observations (2S observations) are required.
^ Reliability, however, can be enhanced with the use of elasticities given by the literature and a 
comprehensive sensitivity analysis.
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n. DATA REQUIREMENTS

The objective of calibration, as previously mentioned, is to choose model parameters so as to 
exactly reproduce data observations in the chosen base year. Essentially, the calibration process 
consists of translating available data into a problem-oriented data set which is used not only to 
reproduce observations in the benchmark years, but also to make long-term projections. A set of 
appropriate input-output tables (e.g., the 6-digit level 1982 benchmark tables for the US, 
published by the US Department of Commerce), and the national accounts are the basis for the 
calibration of the SGM. Other data sources include: 1) time series data on gross capital stocks 
and discards for each major industry and service, 2) energy data, and 3) input-output tables and 
national accounts for 1985, the actual benchmark year of the model. Key-parameters, such as 
elasticities of substitution in production, and income and price elasticities of final demand 
sectors, were obtained from existing literature.

n.a. Intermediate Production

In order to acquire the model parameters necessary to estimate intermediate production by SGM 
industry, data are required on the use of factors by industry, and input-output transactions. The 
"use" and "make" tables of the input-output accounts published by the Bureau of Economic 
Analysis (Department of Commerce, BEA 1982) provide the necessary data on factor 
requirements, value-added, and final demand to develop most of these model parameters. The 
"use" table provides the value of (1) each industry's consumption of commodities as factors of 
production, (2) each industry’s value-added components (i.e., labor expenditures, indirect 
business taxes, and other value-added components), and (3) final demands for commodities.

Each column in the interindustry portion of the "use" table describes production within a specific 
industry while the row values pertain to the amount consumed of each commodity as input to the 
industry's production process. Therefore, the "use" table dimensions of commodity-by-industry. 
Because of joint production (i.e., multiple commodities produced in a single industry), output by 
industry is different than output by commodity; hence, row sums do not equal column sums in the 
"use" table. This presents a problem when using these data to calibrate production functions 
within a CGE modeling framework where single commodity production is assumed.

In order to produce an "use" table where row sums equal column sums, the construction of a 
commodity-by-commodity or industry-by-industry "use" table is required. A commodity-by­
commodity table was constructed for the SGM since the units of output pertain to actual 
commodity units and not to a mix of commodities as is the case with an industry-by-industry 
table. This commodity-by-commodity table was constructed by combining data from the "use" 
table with data from the "make" table. The "make" table provides a distribution of commodity 
production across industries. Each row in the "make" table pertains to a single industry and gives 
the amount produced of each commodity within that industry. Thus, the dimensions of the 
"make" table are industry-by-commodity. By normalizing this "make" table and post-multiplying 
it with the "use" table (i.e., "use" table X normalized "make" table), a commodity-by-commodity 
"use" table is obtained.
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Before the "use" and "make" tables can be combined, however, translation of the more 
disaggregate BEA industry categories to SGM categories is required. The BEA publishes two 
types of input-output accounts; the "benchmark" I-O accounts and the axmual I-O accounts. The 
benchmark 1-0 accounts are published for economic census years and therefore include more 
detailed data than are available on an annual basis. Annual I-O accounts, although published 
more frequently, include 85 industry categories while the benchmark I-O accounts include 500 
industry categories. Although the base year of the SGM is 1985, data from the 1985 annual I-O 
accounts are not used directly to calibrate the SGM; rather these data are used to project 
observations of the 1982 benchmark 1-0 accounts to 1985 levels. This is due to ±e energy sector 
detail required in the SGM which is only available in benchmark years.

Table 1 provides a mapping of BEA's 1982 benchmark I-O industry categories to SGM 
categories. Although most SGM categories are aggregations of BEA categories, a few SGM 
categories are aaually portions of more aggregate BEA categories. In particular, the SGM Crude 
Oil Extraction and Natural Gas Extraction categories were created by separating the two from the 
more aggregate BEA category, Crude Oil and Natural Gas Extraction. To separate the two 
industries, it was assumed that (1) all crude oil and natural gas demand from the Oil Refining 
industry is actually only crude oil, and (2) all crude oil and natural gas demand from the Gas 
Transmission and Distribution industry is actually natural gas.

The SGM industry "Uranium Mining and Processing" also required some manipulation of the I-O 
accounts data. Through discussions with BEA staff, values of uranium mining and uranium 
processing were determined and extracted from the more aggregate BEA categories of 
"Nonferrous Metal Ores Mining" and "Industrial Inorganic Chemicals n.e.c".

Table 1

SGM Industry 
Category

BEA
Category

Standard
Industrial

Classification

BEA
Classification

Agriculture Agriculture, Forestry 01 - 09,20 01 - 04,14
and Fishing; Food and

• Kindred Products

Crude Oil Crude Petroleum & 13 08
Extraction Natural Gas*

Natural Gas Crude Petroleum & 13 08
Extraction Natural Gas*

Coal Mining Coal Mining 12 07

Uranium Mining Nonferrous Metal Ores 1094 0602
and Processing Mining, except Copper*
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Industrial Inorganic 
Chemicals n.e.C*

2819 270104

Electricity Private Electric 4911 6801
Generation,
Transmission &

Services (Utilities)

Distribution Federal Electric
Utilities

7802

State & Local
Electric Utilities

7902

Oil Refining Petroleum Refining 2911 310101

Products of Petroleum 
& Coal n.e.c.

2999 310103

Gas Transmission 
& Distribution (utilities)

Private Gas Production 492 - 6802

Other Products All other industries
* Part of this industry category.

Upon completion of the commodity-by-commodity (CXC) "use" table, values are adjusted to 
1985 levels by using data obtained from the 1985 input-output accounts. Industry output and 
intermediate consumption toUls in 1985 for each of the SGM commodities are estimated using 
the 19851-O data. Using these totals, CXC teble values are then adjusted using the RAS (row 
and column sum) adjustment procedure developed by Michael Bacharach [1971]4. Other 
adjustments to the CXC table include industry-specific data reconciliation; for example, splitting 
crude oil from natural gas and ensuring that uranium is only consumed by the electric generation, 
and defense industries.

n.b. Industry Value Added

Once completed, this CXC table provides the necessary information on the use of produced 
commodities in the production of other commodities which will be used in the computation of 
each industry's production function coefficients. Before these coefficients can be estimated, 
however, information on the use of non-produced factors of production (i.e., land and labor) is 
required. Each industry's land and labor expenditures are included in the value added portion of 
the I-O accounts. For benchmark years (e.g., 1982), the value added portion of the I-O accounts 
included the following components: (1) "compensation of employees" (labor expenditures), (2) 
"indirect business taxes" (e.g., sales taxes, excise taxes, property taxes, import taxes (duties)), (3)

* This procedure adjusts the values within the matrix so that the row and column sums equal the 1985 
estimated totals.
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"other value added" (e.g., profits, land rents). In order to obtain information on land and labor 
expenditures in the form required by the SGM, some adjustments to the data provided in the I-O 

accounts are necessary.

Land

In the I-O accounts, the real estate industry includes rents for buildings but not for land. Land 
rents paid by each industry is included in the "other value added" component of value added in 
the I-O accounts. A separate land component is imperative for the SGM to study the effects of 
greenhouse gas emissions on land use; particularly for the Agriculture sector. TThe land 
component for each SGM industry was separated from the "other value added" component by 
estimating each industry's expenditures on land. Land rents by SGM industry were estimated by 
applying an average cost of agricultural land (based on data obtained from the U.S. Department 
of Agriculture) to land use data from the "Statistical Abstract of the U.S." published by the 
Department of Commerce^. These estimates of land rents for each SGM industry are added as a 
separate component to each industry's value added and accounted for by subtracting an equal 
value from the "other value added" component of value added.

Labor

Industry labor expenditures are given in the "use" table of the I-O accounts as a component of 
value added called "compensation of employees". These data are aggregated to SGM industries 
at the same time as intermediate production. The only adjustment to the mdustry labor 
component is the extraction of labor used for government services from the "Other Products" 
industry sector. Prior to SGM industry aggregation, the industrial production component of the I- 
O accounts includes a "Government Industry” which contains labor as its only input to 
production. (This industry was added to the "Other Products" industry during SGM industry 
aggregation). Since the calibration of the government services' utility function (discussed in 
Section Ill.d. below) is conducted separately from industrial production, government labor 
expenditures need to be included with other government expenditures in ±e final demand portion 
of the I-O accounts. Therefore, government services labor expenditures are extracted from the 
"Other Products" sector and added as another component of the government's final demand.

Corporate Retained Earnings

Included in the total amount of savings available for investment is corporate retained earnings; 
the amount of corporate profits retained for investment purposes. The SGM estimates the 
corporate retained earnings rate (the percentage of corporate profits retained) for each sector as 
follows:

RE, = a, (1 -
where

w
^ An average agricultural land rental price was used on the assumption that (1) agricultural land makes up 
the majority of total usable land area and (2) the differential from urban land prices will be reflected in the 
constant term of the production function.
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coiporatc retained earnings rate of sector i;
the maximum potential retained earnings rate;
the real market interest rate; and
the retained earnings sensitivity to the real interest
rate.

Although separate retained earnings rates are defined for each sector, an average retained 
earnings rate over all sectors was applied to each. To calibrate equation (1) to the 198S base year 
it is necessary to first calculate an actual retained earnings rate over all sectors for 1985 by 
dividing 1985 total corporate retained earnings by 1985 total corporate profits obtained from the 
"Economic Report of the President, 1992". Next, the maximum potential retained earnings rate 
was estimated irom historical data to be 0.60 (i.e., the percentage of corporate profits retained 
would never expect to be higher than 60%). Last, assuming a real market interest rate of 3%, the 
sensitivity parameter (bi) can be directly calculated from equation (1).

ILc. Capital Inputs

In addition to the factor inputs described in the I-O accounts, data on the underlying capita] stock 
used in production are also required to compute each industry's production function coefficients. 
The SGM requires productive capital stock of each industry to be divided into "vintages" 
corresponding to the 5-year period in which the capital was initially purchased. "Vintaged" 
capital stock allows for improvements in production efficiency (e.g., as a result of technological 
change) within an industry. The SGM also assumes capital to be a fixed factor of production and 
to be completely productive until its average lifetime is reached^. The SGM assumes that at any 
period of time, an industry produces using capital stock from the number of vintages equal to the 
average lifetime of capital in that industry divided by 5 (length of a SGM time step (period)). For 
example, in period 1 (which includes the years 1986 to 1990) an industry with an average capital 
lifetime of 20 years would have four vintages of capital stock: (1) capital stock purchased during 
the period 1971-1975, (2) capital stock purchased during the period 1976-1980, (3) capital stock 
purchased during the period 1981-1985, and (4) capital stock purchased in the current period 
1986-1990. Each of these capital stocks would be used to produce output in period 1.

Annual equipment and structures capita] stock data were obtained from the "Fixed Reproducible 
Tangible Wealth m the United States" published by the BEA and are consistent with the national 
income and product accounts (NIPA). These data include annual values by BEA industry 
category for gross capital stock, capital inputs, net capital stock, depreciation, and discards. As 
with the I-O tables, these data require conversion from BEA industries to SGM industries.

To calculate capital stock by vintage for each SGM industry, it is necessary to first calculate 
annual investment by industry as the difference between the industry's current year’s gross capital 
stock and last year's gross capital stock plus the current year's discards. Capital stock by vintage 
is calculated by taking the sum of investment over the vintage's corresponding 5-year period and 
subtracting the "vintage" discards which are calculated on the basis of lifetimes of equipment and 
structures, and annual investment numbers^.

y
* This differs from typical accounting roechods in which capital is depreciated over time.
^ Note: Since the BEA capital stock data includes actual discards which do not always occur at the exact 
end of the capital's lifetime (some capital could have been discarded before or after the capital’s average
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As discussed previously, the production function for each industry is the sum of separate CES 
production functions for each vintage. For example, an industry with an average capital lifetime 
of 20 years would have the following production function in Period 0:

where
Qo.. = 9,., + + 9.;,, + <3^,s

Qo,s
Qv,s

total production of commodity s in period 0; and 
output of commodity s produced with vintage v capital 
stock (based on a CES production function).

This specification allows for improvements in productivity (e.g., technological change) over time. 
This improvement in productivity is based on Ae Hicks-neutral technological change rate which 
consists of a percentage rate of change in production efficiency incorporated into the scale factor 
(aO) of each vintage's CES production function. Table 2 presents the average capital lifetimes 
and the historical rate of Hick's-neutral technological change assumption for each SGM sector. 
These rates were calculated based on historical data on the use of factor inputs in production, and 
are applied only to historical vintages in the SGM (i.e., vintages prior to period 0). Future 
productivity growth assumptions were determined separately and are documented in Fisher- 
Vanden, ct. al. [1993].

r’"

Table 2

SGM Industry
Category

Average Capital 
Lifetime (in years)

Rate of Hick's-neutral 
Technological Change 
(in %)*

Elasticity of 
Substitution in 
Production

Agriculture 20 0 0.4
Crude Oil Extraction 15 1.5 0.5
Natural Gas
Rxtraction

15 1.5 0.5

Coal Mining 15 2.5 0.5
Uranium Mining and 
Processing

15 1.0 0.5

lifetime), adjustments to the capital stock data are needed to reflect the SGM assumption that discards 
occur at the time the capital's lifetime has been reached. This is done by summing annual investment 
values (the difference between the current year’s gross capital stock and last year's gross capital stock plus 
the current year's annual discards value given by the BEA) over the 5-year vintage period and adding a 
"vintage” discards value which is calculated based on the SGM capital retirement assumption. By 
calculatmg vintage capital stock this way, the only discards taken into account are those based on the SGM 
assumption; BEA discards are not included. Since capital stock values include equipment and structures, 
"vintage" discards in these benchmark data will only exist in cases where either an industry's equipment or 
structure lifetime is less that the average lifetime for both equipment and structures, niis is done only for 
benchmarking purposes only, and once in the SGM, equipment and structures are combined and retired at 
the average lifetime of both.
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Electricity 
Generation, 
Transmission, and 
Distribution
Oil Refining 30

1.0

0.5 0.1
Gas Transmission and 
Distribution

0.5 0.15

Everything Else 0.5 0.5
* Applied to vintages prior to period 0.

Incept for hydroelectric pov^rer plants (65 years).

.

ILd. Subsectors

In order to fully understand the effects of certain economic activities on potential greenhouse gas 
emissions and to adequately address the consequences of certain policy actions to reduce 
greenhouse gas emissions on these activities, some further disaggregation of SGM industries is 
necessary. In this version of the SGM, the following disaggregation of particular SGM industries 
was done; (1) the Crude Oil Extraction sector was disaggregated into three subsectors each 
representing a different "grade" of crude oil; (2) the Natural Gas Extraction sector was also 
disaggregated into three subsectors each representing a different "grade" of natural gas; and (3) 
the Electricity Generation sector was disaggregated into six subsectors each representing a 
different method of electricity generation (e.g., oil-fired electricity generation).

"Grades" of crude oil and natural gas pertain to different levels of extraction costs^. For 
example, grade 1 of crude oil has the lowest cost of extraction which could represent the process 
of extracting oil close to the earth's surface. Grade 3, on the other hand, would have the highest 
cost of extraction and could represent extraction which requires much more extensive drilling 
procedures. Due to the different method of extraction associated with each "grade", a different 
production function specification is required for each grade. Using assumptions based on the 
cost of extraction for each grade, the I-O accounts and capital stock data for both the Crude Oil 
Extraction sector and Natural Gas Extraction sector are partitioned into different grades. It is 
important to note that although each grade has an associated method of extraction, the output 
produced is assumed to be homogeneous; thus, unlike seaors within the SGM, each grade faces a 
common output price of either crude oil or natural gas. Therefore, the likely outcome of the 
model would be that more of the "cheapest" grade (i.e., the grade with the lowest cost of 
extraction) would be produced relative to other grades.

The Electricity Generation sector was disaggregated into the following six subsectors based on 
the method of generation; (1) oil-fired electricity generation; (2) natural gas-fired electricity 
generation; (3) coal-fired electricity generation; (4) biomass-fired electricity generation; (5) 
nuclear electricity generation; and (6) hydro or solar electricity generation^. Data on annual net 
electricity generation by energy source and associated costs in addition to assumptions on capital 
intensity were used to separate the I-O accounts and capital stock data of the Electricity

* In the SGM, "grades" do not refer to the quality of crude oil extracted, but rather to the cost of extraction.
* Capita) purchased in this subsertor prior to 1991 is assumed to be used in hydroelectric generation. 
Subsequent purchases of capita] are assumed to be used in solar electricity generation. Different "vintage" 
production ftmctions are used to reflect this separation.
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Generation sector into these six subsectors. As with Cnide Oil and Natural Gas Extraction, these 
Hatn are used to create production functions for each subsector and each subsector faces a 
common price of output (i.e., the price of electricity).

n.e. Elasticities of Substitution in Production

The final items necessary to estimate production function parameters for each sector (or 
subsector) are assumptions on the elasticities of substitution among factors of production. 
Although in most cases elasticities of substitution for each production function were obtained 
from existing literature (e.g., Ballard et al [1985]), some were estimated based on the underlying 
assumptions of the SGM. For instance, since activities at a lower level of aggregation are being 
described within the electricity seaor, a lower level of substitutability among factors is implied. 
Therefore, a quasi-Leontif production function (i.e., a CES production function with an elasticity 
of substitution value close to 0) was assumed for the electricity subsectors. Table 2 provides the 
elasticity of substitution values chosen for each sector in the SGM.

IIL ESTIMATION OF MODEL PARAMETERS

nLa. Calibration ofthe CES Production Functions

As previously discussed, each SGM sector and subsector has associated with it a unique 
production function in order to reflect differences in production processes. As shovm in equation 
(2) above, total production in each sector and subsector is the sum of vintage production (i.e., 
output associated with each vintage capital stock). Each vintage production is described by the 
following CES production function:

^ * p
Ctj,sXfjy + CC)),Xfls,\) (v = -V}...0)

where

qv^s “ output of commodity s produced with vintage v capital stock; 
“0,s,v = scale coefficient in vintage v's production of commodity s;
“i.s

N-1

^i,s,v
«N,s

^N,s,v

-Vc

factor intensity of the ith input in the production of 
commodity s;
number of variable inputs (N = total number of inputs; 1 refers to tlie number
of fixed factors (i.e., capital) in Version 0.0);
demand for input i in vintage v's production of commodity s;
factor intensity of the capital input (input N) in the production of commodity
s;
demand for the csqjital input (input N) in vintage v's production of 
commodity s;
elasticity of substitution parameter; and
oldest vintage capital stock for industry s (equal to the negative of the 
average lifetime of capital for industry s divided by the length of a period 
(i.e., 5 years) plus 1)
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As evident from equations (2) and (3), Version 0.0 of the SGM assumes that relative production 
function factor intensities do not differ between vintages. The difference in production between 
vintages is due to the overall efficiency of all inputs; not to the efficiencies (or inefficiencies) of 
individual inputs to production. Therefore, Version 0.0 of the SGM assumes that the factor 
intensity parameters of each vintage production function (within a sector or subsector) differ only 
by a scalar (reflected in the scale parameter (ao,s,v))- This scalar comprises the Hick’s-neutral 
technological change parameter; a parameter which reflects the overall production efficiency of 
the vintage. The relative factor intensity parameters, therefore, do not differ between vintages 
within a sector or subsector and the scale parameters of each vintage production differ only by 
the rate of Hick's-neutraJ technological change.

As previously discussed, the following seven data items are required to estimate each sector's 
production function coefficients: (1) intermediate production data (based on the I-O accounts) by 
sector and subsector; (2) industry value-added data (also based on the I-O accounts) by sector 
and subsector; (3) final demand sector and subsector data; (4) capital stock data by sector and 
subsector and vintage; (5) assumptions on the lifetimes of each sector's capital stock; (6) 
assumptions on the rate of Hick's-neutral technological change; and (7) assumptions on the 
elasticities of substitution in production. Once these data are compiled, a method to compute 
CES production function coefficients is applied. This method was specially developed for the 
SGM in order to handle vintaged capital stock in production. The steps involved in the 
computation of these coefficients are as follows;

I. Except for land and labor, set ail 1985 input prices^^ equal to 1. Compute the price of land 
and labor as follows 11;

 ̂/am/
TE land

Toted Land

TE lobar
IcbQr Total Labor

where

TEiand 
TE]abor 
Total Land 
Total Labor

Total land expenditures in 1985 (discussed in Section 3.2.2). 
Total labor expenditures in 1985 (based on I-O accounts). 
Total U.S. managed land in 1985 (in 1000 km^).
Total U.S. employed population in 1985 (in 1000 persons).

2. Compute the output price of a commodity as,

Setting an input price to 1 is interpreting the unit good as the quantity of the input which can be 
purchased in 1985 with 1 million 1982 dollars (since the data of the SGM are in millions of 1982 dollars). 
” Since the price of land is obtained by dividing 1985 total land expenditures (in millions of 1982 dollars) 
by total managed land (in 1000 km2), the price of land can be interpreted as the millions of 1982 dollars 
required to purchase 1000 km2 of land in 1985. Similar to the interpretation of the price of land, the price 
of labor can be interpreted as the millions of 1982 dollars required to hire 1000 workers annually.
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Po =
TO - IBT

where

Pq = Output price of the commodityl^ (in millions of 1982 dollars).
TO = Tot^ output of the commodity (in millions of 1982 dollars).
IBT = Total indirect business taxes paid in 1985 associated with the production of 

the commodity (in millions of 1982 dollars).

3. As discussed above, relative factor intensities within a sector or subsector do not differ. 
Therefore, factor intensity parameters for the variable inputs can be calculated based on the 
assumption that total output is produced from one vintage (i.e., total production can be described 
by one CES production function rather than a summation of multiple CES production function 
(as in equation (2)). The production function factor intensity parameters for the variable inputs 
are computed using the following equation which is a direct result of the SGM’s profit- 
maximizing assumption:

. f Poj
X i,other P O.oiher

i = J...N-l

where.

ajj = factor intensity of the ith input in the production of commodity),
Xjj = total demand for the ith input in the production of commodity),
^i,other = total demand for the ith input in the production of the "other products"

commodity,
Poj = output price ("price received") of commodity),
Pq,other = output price ("price received") of the "other products" commodity, 
p = elasticity of substitution parameter,
^ = P/(P-1),
N-1 = number of variable inputs.

Derivation of Equation (7)

Hotelling's Lemma states that the partial derivative of the profit function with respect to the price 
of the ith input results in the negative profit-maximizing total factor demand for that input; i.e.,

dTt,
dPu

- X :s

where

total profit in the production of commodity s; i.e.,

^ ; i

*• This price refers to the price receivedhy this sector. The price paid is set to 1 (as mentioned in the input 
price discussion previously) and is the same as the input price for the commodity produced in this sector. 
As implied, the price received by producers of a commodity is less than the price paid by purchasers of the 
commodity as long as IBT is positive (i.e., taxes paid in a sector is less than subsidies received).
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where

iT ■/” Po,i9, ~ ^jPijXi,s

Po,s = output price (price received) of commodity s,
Pj 5 = input price (price paid) of the ith commodity in the production of commodity

s,
Xj^s “ demand of the ith input in the production of commodity s,
qs = total output of commodity s,
N = number of inputs to production,
N-1 = number of variable inputs to production (since there is only one fixed factor

(capital)).

Evaluating equation (8) using equation (9) and the "single vintage" CES production function 
defined as,

N-I I'P
9j ~ CCox (Xf, +

J-i
(10)

the demand for the ith factor input to the production process can be directly calculated as, 

X. = (ao.,Po,j^^/ (j/ i = l...N-J (11)

where, assuming capital is the only fixed factor.

Y = (12)

Z= l-(ao.sPo.sr('Za(f>>>P];;)
/-/

(13)

Equation (7) is the result of normalizing Xi,s in equation (11) by dividing by the factor input 
demand equation for the "Other Products" sector. Note: the aother,s parameter is assumed to be 
equal to 1 in order to obtain the aj^s parameters in relative tenns.

4. As discussed in Step 3, the vintage capital structure of the SGM does not affect the calculation 
of factor intensity parameters for variable inputs. This vintage capital structure, as designed in 
Version 0.0 of the SGM, allows for overall efficiency gains in the production process. These 
overall efficiency gains are incorporated into the scale factor for each vintage, defined as.
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a«,.v = fic.*0 + sj (14)
where

tto.s.v = scale factor in vintage v's production of commodity s;
3o,s overall scale factor in the production of commodity s (constant between 

vintages);
gs = Hick's-neutral techological change rate in the production of commodity s;
V = vintage (e.g.,v = -3...0 for a sector or subsector whose capital lifetime equals

20 years).

In addition to the calculation of the scale parameter (ao,s,v ), "vintaging" also affects the 
calculation of the capital intensity parameter (a>j^s )■ As previously discussed, total output in a 
sector or subsector is described as the summation of vintage production (equations (2) and (3) 
above). Capital is entered into the production process as separate vintage capital stock; not as a 
total annualized cost as with the variable inputs to production. Although the capital intensity 
parameter does not differ between vintages (similar to the variable inputs), due to the vintage 
capital structure of the SGM, the capital intensity parameter cannot be calculated similar to the 
variable inputs.

From equation (14), the vintage scale parameter (ao,s,v ) can be determined given the Hick’s- 
neutral technological change rate and the overall scale factor (pj, j )• Therefore, upon completion 
of Steps 1 through 3, two parameters still need to be estimated—the overall scale factor (Po s ) 
and the capital intensity parameter (ajq j )• Du® to the vintage structure of the production ’ 
process, these parameters cannot be directly determined; therefore, an iterative process must be 
applied to solve for Po,$ and ®N,s-

The steps involved in this iterative process are as follows;

(1) Choose an initial value for P^ g.
(2) For each variable factor input, compute as the total expenditxure for the ith input 

factor in the production of commodity s (value from tlie lO table) divided by the factor 
input price ("price paid") 13.

(3) For each variable factor input, calculate aj^g '^sing equation (7).
(4) Solve for aj^^g using equation (2) with equation (3); the variables determined in Steps (1) 

through (3); and assumptions on the elasticity of substitution parameter.
(5) Compute the difference between the actual and estimated input demand for the "other 

products" commodity in the production of commodity s. The estimated input demand for 
the "other products" commodity in the production of commodity s is defined as,

■ oiherj:

V

Mother, (15)

where

Xother.s = estimated input demand for the "other products" commodity in the 
production of commodity s;

Except for land and labor, input price (price paid) should be equal to 1 in the benchmark year (as 
previously explained).
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-Vc

Xother,s,v

oldest vintage capital stock for industry s (equal to the negative of the 
average lifetime of capital for industry s divided by the length of a period 
(i.e., 5 years) plus 1); and
estimated input demand for the "other products" commodity in vintage 
v's production of commodity s defined as,

where

and

(16)

Y = ayjXsjy (17)

S-t

(18)
j-i

(6) If the difference computed in Step (5) is sufficiently close to zero (less than a specified 
convergence criterion), a solution is obtained; otherwise, a search procedure is applied to 
adjust 3o,s Steps (1) through (S) are repeated until a solution is reached.

(7) Once a solution has been found, the factor mtensity parameters for each sector are 
normalized to sum to 100 in order to compare relative intensities between sectors. In 
addition, estimated production levels and profit rates are verified with actual data from 
the 10 table.

(8) Steps (1) - (7) are repeated for each SGM sector and subsector.

nib. Computation of Reserves

Upon completion of the CES production function calibration, reserves of depletable resources by 
vintage for the base year (period 0) are calculated based on estimated levels of production in the 
depletable resource sectors. Actual total reserves produced in the base year (1985) is available 
from existing sources, but due to the vintage production structure of the SGM, reserves produced 
by each vintage need to be estimated. The ratio of actual energy extracted to actual levels of 
production was used to obtain estimated energy extracted (reserves) from estimated levels of 
production. The following equation was used to determine vintage reserves of depletable 
resources produced by each vintage in period 0:

4w

PRDEN,

where

Reservesj.r = + ^ v = 0...-3 (19)

Reservesj reserves (in exajoules) of depletable resource j produced by vintage v;
Qj,v = output (in $) of depletable resource sector j produced from vintage v;

Vintage 0 reserves penain to the amount of resources which will be transferred to reserves in period 0.

15
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4PRDENi

PRD;

= lifetime of capital stock in sector j;
= total depletable resource extracted of commodity j (exajoules) ir 

period 0^5;
= actxial total production of commodity j (in $ - from 10 tables).

ULc. Calibration of the Investment Function

Annual aggregate investment levels in each sector of the SGM is represented by the following 
functional relationship which is essentially an accelerator from the previous period’s total 
investment levels;

/<,. = aoL.Ubaserate,)°‘ f (cxp(7rj)” (20)

where

It^5 = annual level of investment in sector s at time t;
= annual level of investment in sector s at time t+1; 

baseratet = underlying growth in the economy affecting investment; 
f(exp(7it,s)) = a function of the expected profit rate; 
ao = scale coefficient; and
ai,a2 = sensitivity parameters.

In version 0.0 of the SGM, the baserate variable is represented by the growth in potential 
employment (labor supply) and growth in lagged productivity; specifically,

(—)
baserate, = (-^>(^Spf>

' E
(21)

where

PE = potential employment (population ages 15 to 64);
GNP = gross national product;
E = total employment; and
(GNP/E)t-i = gnp per worker (productivity) at time t-1.

In version 0.0 of the SGM, the function of expected profit is defined as the growth in expected 
profit; specifically,

u

exp(^,.,J (22a)

where
exp(7ttjS ) = the expected profit rate in sector s at time t.

These dau were obtained from the Annual Energy Review 19S5.



FEB 12 '98 05:29RH BRTTELLE ESD P.19/30

The expected rate of profit can be interpreted as the present value of an average profit rate 
occuring at the middle of each year for the lifetime of the capital investment; specifically.

lifciinie ./

« I(1 + r + wJ'^ ^ (1 + r + wJ (22b)

where

lifetimes
"t,s

= the real interest rate (assumed to be 3% in the baseyear);
= the sector-specific interest rate wedge (representing the additional 

interest rate risk associated with sector s);
= sector-specific lifetime of capital investment; and 
= sector-specific profit rate at time t.

Calibration to the base year

Calibrating sector level investment to the base year involves a two step process. First, in order to 
obtain the scale and sensitivity parameters (ao, a^, 02) an aggregate investment function 
(described by equation (20)) was econometrically estimated on the macroeconomy level. Next, 
these scale and sensitivity parameters were used in each sector-specific investment equation 
(equation (20) for each sector) to determine sector level investment in the base year. Estimated 
sector-specific investment levels in period 0 were reconciled with actual investment levels by 
adjusting the investment wedge parameter for each sector and subsector.

Investment levels at the subsector level are determined separately from sector-level investment. 
For each sector without subsectors, the investment equation given in equation (20) was calibrated 
by using the scale and sensitivity parameters which were estimated on an economy-wide scale 
and adjusting each sector’s interest rate wedge until its base year investment level is achieved. 
Sector-specific variables in the investment equation include lagged investment and the expected 
profit rate. The base rate variable and the scale and sensitivity parameters are identical across 
sectors.

In the SGM, investment is determined at the sector level; therefore, investment equations only 
exist for sectors and not subsectors. Within a sector, investment for each subsector is determined 
by allocating sector level investment using the following logit share equation;

Share,j„ nisi (23)

isi=t

where

Sharetjss = Share of total sector investment allocated to subsector iss; 
^’^tjiss “ expected profit rate for subsector iss at time t; and 
p = sensitivity parameter.
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In order to calibrate the investment equation for a sector with subsectors, aggregate values for the 
sector-specific variables (i.e., lagged investment and the expected profit rate) within the 
investment equation are required. Lagged investment at the sector. level is obtained by 
aggregating subsector lagged investment.

As previously stated, once all other variables and parameters in the sector-level investment 
equation are determined, the sector-specific interest rate wedge was adjusted to reconcile 
estimated investment with actual investment. To accomplish this task for a sector with 
subsectors, calibration of the logit share equation was required. From the investment equation, 
the sector-level expected profit rate was determined directly since all other variables and 
parameters are known. This sector-level expected profit rate is essentially the denominator of the 
logit share equation raised to the sensitivity parameter. Since the share of sector investment for 
each subsector and the sensitivity parameter were known for the baseyear, subsector-specific 
investment rate wedges are calculated directly from the logit share equation.

HLd. Calibration of Final Demands

The SGM comprises three final demand sectors - government, households, and trade. These final 
demand sectors consume commodities produced in the nine producing sectors of the SGM and 
are not producers of any market commodity^ Input-output accounting ensures that the amoimt 
of commodities produced by the producing sectors is equal to the amount of commodities 
consumed by the producing and final demand sectors. Calibration of the final demand sectors is 
performed to ensure equilibrium by choosing final demand parameters which result in an exact 
replication of the final demand values provided in the baseyear input-output accounts. Details of 
each final demand sector's calibration process is provided below.

Government Final Demand

Commodities and primary factors of production (e.g., labor, land) are consumed by the 
government final demand in order to provide government services. Within the SGM, three 
government services comprise the government final demand sector - education, national defense, 
and genera] government which encompasses all other govenunent services. Government 
expenditures must satisy the following identity:

where

TXtot - 5. TRgov i,X»v (24)
I-/

TXiot = total net tax revenues ^ 7;
SgQv = net government savings or, for negative values, net government

borrowing;
TRgov - transfer payment by the government;

The government final demand sector produces "government services" which are provided "free of 
charge" to all sectors of the economy. Therefore, although the government final demand sector produces 
services, it is not a producer of any market conunodity as is the case with producing sectors.

Subsidies arc measured as negative taxes.
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Pi
^i.gov

price paid for input i; and 
government demand for input i.

Equation (24) states that government expenditures (right side of the equation) should not exceed 
the government's budget constraint (left side of the equation).

Net tax revenue

Net tax revenue in the SGM comprises tax revenue from the following four sources: indirect 
business tax; corporate income tax; social security tax; and personal income tax. The SGM 
interprets indirect business tax as the difference between price paid (by consumers of a 
commodity) and price received (by the producer of a commodity)^ Indirect business tax
expenditures for each producing sector is provided by the input-output accounts in industry 
value-added. The SGM calculates indirect business tax revenue by applying an indirect business 
tax rate to the value of production of each commodity. The followmg equation is used to 
calculate the indirect business tax rate for each commodity

IBTratei
IBTtoti

where
TOi - JBTtoti (25)

IBTratej = indirect business tax rate for commodity i;
IBTtotj = total indirect business tax expenditures in the production of commodity i; 
TO = total output of commodity i.

Combining Equations (6) and (25),

IBTratei - 1 (26)

Corporate income tax is a tax on corporate profits. The SGM applies an average corporate 
income tax rate to all producing sectors. This average corporate income tax rate was determined 
by solving for CITR in the following equation:

N
Total Corporate Taxes = ^IBTi + ^CITR* Profit. (27)

where

IBTj = total indirect business taxes paid by sector i;
CITR = average corporate income tax rate;
Profiti = total profits of sector i ("other value added" in the I/O accounts); and 
N = number of producing sectors.

Q “ For all practical purposes, indirect business tax can be inteiprctcd as a sales tax.



FEB 12 '98 05:30RM BRTTELLE ESD

Total corporate tax expenditures in 1985 was obtained from the "Economic Report of the 
President - 1990" and, as previously mentioned, total indirect business tax expenditures and 
profits for each producing sector was estimated from the 1985 input-output accounts. With 
knowledge of these data, an average corporate income tax rate can be determined directly from 
equation (27).

Social security tax is a tax on labor of which half is paid by employers as a tax on labor 
expenditures while the other half is paid by employees as a tax on earnings. For employers, the 
social security tax rate ^vas determined rising the following equation:

SSTRemplofitr
TLE

(TLE-TSS/2)
- 1 (28)

x:" ■

where

SSTRemployer = social security tax rate for employers (applied to each employer's 
labor expenditure);

TLE = total labor expenditures across all sectors; and
TSS = total social security tax expenditures across all sectors.

The social security tax rate for both employers and employees was assumed to be equal; 
therefore, the social security tax rate computed in equation (28) was assumed to be die social 
security tax rate charged to employees also.

Lastly, the personal income tax is a tax on income earned by consumers. This income includes: 
(1) labor income after taxes, (2) income from land rents (all land is assumed to be owned by 
consumers), and (3) corporate profits net of taxes and retained earnings (corporations are 
assumed to be owned by consumers (i.e., shareholders)). Both total personal income tax paid by 
consumers and total personal income for 1985 were obtained from the "Economic Report of the 
President - 1990" allowing an average personal income tax rate to be determined.

Government transfer payments

It was determined that a significant linear relationship exists between total government transfer 
payments and population. Therefore, a linear regression was conducted on the following 
equation using total population and total government transfers time series:

where
Total government transfers = GO* Population + G1 

GO, G1 = appropriate empirically determined coefficients.

(29)

Government demand for goods and services

The demand for goods and services by the government sector is modeled in the SGM as a 
constrained optimization problem. Instead of maximizing profit subject to a budget constraint (as 
is the case with the producing sectors), the objective of the government is to maximize utility
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subject to the government’s budget constraint defined in equation (24). The following CES utility 
function defined over the three government services is used:

f/CS fl/Mj

where

GU
Gss
5ss
IL
NGS

government utility, an unobservable variable;
the production of government service ss;
distribution parameter for service ss;
elasticity parameter (equal to -0.5); and
number of government services (equal to 3 in SGM Version 0.0).

(30)

As discussed in Edmonds, ct. al. [1991], the goal of the government sector is to maximize utility 
(Equation (30)) subject to its budget constraint (Equation (24)). The utility-maximizing 
production of government service ss is described as:

where

NGS

;«=/
(31)

Pss = 6ss(-l/(m-D);
y = p/(ji-l);and

(32)

where

Pg,ss = til® cost of the next unit of government service ss;
Pi = the price of input i in the production process; and
^i,g,ss “ amount of input i required to produce government service ss.

The government utility function was calibrated to the base year as follows. First, the aj^g^js 
parameters are defined as the ratio of the quantity of input i used in the production of service ss. 
Therefore, these parameters can be calculated using the mput-output account values of each input 
in the production of government service ss, and the assumed base year prices of these inputs; i.e..

y

r—;
NIN

H

(33)
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where

\g,ss

Pi
NIN

value of input i used in the production of government service ss (from 
the input-output accounts); 
price of input i ("price paid"); and 
number of inputs.

These a^g^ss are then used in equation (32) to obtain the value of Pg^ss ®ach government
service ss. Once the values of Pg^gg are determined, the 855 parameters in equation (31) can be 
estimated using an interative process. This process involves minimizing the sum of squared 
differences between the actual and estimated production of each government service (Gxx) by 
choosing values for the parameters 655 (substituting for Pss equation (31)).

Note: As discussed in Section ll.b. above, since the final demand sectors of the I/O table do not 
include "value added", labor expenditures of the government final demand sectors are found in 
the row component titled "Government Industry" of the I/O tables. This industry would be 
included in the SGM "Other Products" sector; fterefore, the 1985 "Government Industry" values 
was separated from government's consumption of the "Other Products" commodity and 
considered labor expenditures for each of the government final demand sectors.

Similar to the process used to estimate land expenditures for each SGM industry (discussed in 
Section Il.b.), government land expenditures vvere estimated by applying an average cost of 
agricultural land to the amount of land used for defense and education obtained from the 
"Statistical Abstract of the U.S., 1992" published by the Department of Commerce. These land 
expenditures were then subtracted from government's consumption of the "Gther Products" 
commodity in order to guarantee data consistency.

Net government savings

If positive, net government savings is subtracted from total net tax revenues to obtain the 
government’s budget constraint. In the year 1985, the government (federal, state and local 
together) ran a budget deficit (implying net government borrowing); therefore, this value would 
be added to total net tax revenues to obtain the government's budget constraint. Net government 
savings is calculated for the 1985 base year by subtracting 1985 total government expenditures 
from total net tax revenue (discussed above). To fund this government deficit, total savings 
(including personal savings and coiporate retained earnings) less total mvestment was used. 
Since this amount is not adequate to cover the total government deficit in 1985, the excess was 
assumed to be funded through a foreign supply of capital. Since this version of the SGM is a 
closed economy (except for crude oil), the amount of foreign capital supplied was specified 
exogenously in the SGM's trade component as an import of capita] in the base year and is 
constant through future periods. Since the SGM assumes market equilibrium, no government 
deficit will exist in future years; but in order to calibrate the SGM to the base year, this 
exogenous supply of foreign capital is necessary.

Household Final Demand

y The SGM assumes that a portion of the households' budget (personal income) is allocated to 
personal savings while the remainder is used to purchase produced commodities and primary
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factors of production. Disposable personal income consists of income from wages less taxes on 
labor; land rents (consumers are assumed to own all usable land) less taxes on land; corporate 
profits less profits tax and retained earnings; and government transfer payments.

Labor Supply

Household labor supply is estimated in the SGM using the following equation:

Xu.tor = (34)
where

WaP = total working age population (ages 15 to 64);
•^labor “ maiximum potential share of working age population employed in any

given year;
Plabor = a labor supply price responsiveness coefficient; and 
Plabor = an average aimual wage rate ($M per 1000 persons).

The following steps were taken to calibrate equation (34) to the base year: (1) the total working 
age population in 1985 was obtained from the "Statistical Abstract of the U.S."; (2) an average 
annual wage rate was calculated by dividing total labor expenditures (less amount paid in social 
security tax) in 1985 by total employment in 1985 (in thousands of persons); (3) the ma.ximum 
potential share of working age population employed in any year was estimated to be 0.90 (or 90% 
of working age population) which assumes that in any given year 10 percent of the working age 
population cannot be employed; and (4) the labor supply price responsiveness coefficient was 
directly calculated from equation (34) given the information in (1) through (3).

Land Supply

Land supply is estimated in the SGM using the following equation:

(35)

where

y

TLA
“land
Pland
Pland

total surface area potentially available for allocation;
the maximum potential share of land supplied to the market;
a land supply price responsiveness coefficient; and
an average annual rental rate on a unit of land ($M per 1000 km^).

The following steps were taken to calibrate equation (35) to the base year: (1) total usable 
surface area (which excludes unusable land such as deserts, marshes, rock, etc) was obtained 
from the "Statistical Abstract of the U.S." (equal to 8313 km2); (2) an average annual land rental 
rate was calculated by dividing total land expenditures in 1985 by total usable land area (in 
thousands of km2); (3) the maximum potential share of land supplied to the market was estimated 
to be 1 (or 100% of TLA) since TLA represents total usable land area; and (4) the land supply
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price responsiveness coefficient was directly calculated from equation (35) given the infoimation 
in (1) through (3).

Household Savings Supply

The following equation is used in the SGM to estimate the supply of household savings:

(36)

where

Y = disposable personal income;
cihhsave ~ the maximum potential savings rate;
Shhsave = ^ scale parameter;
Phhsave = the price sensitivity of households to the available interest rate; and 
r = the real market interest rate.

Equation (36) was calibrated by first assuming that the maximum potential savings rate for the 
U.S. is equal to 0.20 (i.e., 20% of total disposable personal income) and the real market interest 
rate is equal to 0.03 (i.e., 3%). With these assumptions and knowledge of the 1985 values for 
disposable personal income and total personal savings, equation (36) can be written in terms of 
^hhsave 3"d |3hh$ave-

'hh'iffvt

y*a.Muate
(37)

In addition, the interest elasticity of savings was assumed to be equal to 0.40. The equation for 
the interest elastiticity of savings is defined as:

SShh^ r 

Sr S„
, - Skhsmn ^

0.40 (38)

Combining equations (37) and (38), values for dhhsave and bhhsave can be determined. 

Household Demand for Final Products

Household demand for the primary factors land and labor are computed separately from demands 
for other goods and services. Household demand for land is defined as:

where
XianiM - Phmd (39)

tt|and,hh = the household land intensity factor;
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Pland
NHH

the price of land; and
the number of households (in 1000s) which is defined as,

NHH =
TOTPOP

(40)

where

TOTPOP = total population (in 1000s); and
3hh “ average number of people per household.

Equation (40) was calibrated to the base year (1985) by solving for Phh using 1985 actual values 
for NHH and TOTPOP. Similarly, equation (39) was calibrated to the base year by solving for 
a]and,hh using estimated 1985 household demand for land (discussed in Section Il.b.); 1985 
price of land (discussed in Section IIl.a.); and the estimated 1985 value for NHH from equation 
(40).

Similar to the process used to estimate land expenditures for each SGM industry (discussed in 
Section ll.b.), household land expenditures were estimated by applying an average cost of 
agricultural land to a portion (assumed to be 75%) of urban and transportation land obtained from 
the "Statistical Abstraa of the U.S., 1992" published by the Department of Commerce. These 
land expenditines were then subtracted from household's consumption of the "Other Products" 
commodity in order to guarantee data consistency.

Household demand for labor is defmed as:

^IttborMi X labor CClahor,hh P labor (41)
where

“labor,hh ~ *he household labor intensity factor;
^labor = the price of labor; and 
^labor = total labor supply (in 1000s).

Equation (41) was calibrated to the base year by solving for aiabor.hh using estimated 1985 
household demand for labor; 1985 price of labor (discussed in Section IIl.a.); and the estimated 
1985 total labor supply from equation (34).

Since the final demand sectors of the I/O table do not include "value added", labor expenditures 
of the household final demand sector is found in the row component titled "Household Industry" 
of the I/O tables. This industry would be included in the SGM Everything Else sector, therefore, 
the 1985 "Household Industry" value was separated from household’s consumption of the 
Everything Else commodity and considered labor expenditures for the household final demand 
sector.

Household demand for other goods and services are estimated as follows:
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Xdu„. = a,*, Pf'“ yT'** (j) (42)

yis y “ Shh ~ Xlunj,hh Pland ~ Xlaiorjih P labor (43)

where

^^i,hh “ household demand for good i;
cti,hh = household demand intensity fector for good i;
Pi,hh “ household price elasticity of demand for good i;
Yc = total value of consumption which is defined as,
Yi,hh = til® household income elasticity of demand for good i; and

nsA = Y.<xiMb p?'>^*‘rc"-- 
>=/

(44)

Table 3 contains the household price and income elasticities used in the SGM which were 
obtained from existing literature.

Table 3

Price Elasticity Income Elasticity
Agriculture -0.28 0.30
Everything Else -1.00 UO
Crude Oil N/A N/A
Natural Gas N/A N/A
Coal -0.82 0.89
Biomass N/A N/A
Uranium N/A N/A
Electricity -0.82 0.89
Refined Oil -0.82 0.89
GasT&D -0.82 0.89
N/A: commodity not consumed by the household sector.

Except for values of aj^hh . 1985 values of all the variables in equation (41) were determined as 
follows: (1) 1985 household demand for each good was obtained from the input-output accounts; 
(2) as previously discussed, all prices (except land and labor) were assumed to be 1 in the base 
year, (3) Since the 1985 values all of the components of equation (43) are either known or have 
been previously calculated, the total value of consumption (Yc) can be determined. With these 
values determined, the values of aj^hh can be calculated from equation (42).

W
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Trade

As previously discussed, Version 0.0 of the SGM assumes a closed economy (i.e. zero trade) for 
all goods except crude oil. For calibration purposes, it is necessary to exogenously add 1985 net 
exports to demand and supply in order to replicate the 1985 base year values. Net exports for all 
tradeable commodities(except Crude Oil and Other Products) are held constant at 1985 values 
for each period in the model. Net exports in the Crude Oil sector are set at 1985 values from the 
I/O tables for the base year, but are allowed to change in future periods; making up for the 
difference in domestic excess demand for crude oil. The SGM assumes balanced trade and 
implements this constraint by making op for any trade imbalances in the Other Products sector; 
therefore, a trade deficit would be set to zero by an equal amount in export demand for the Other 
Products commodity.

J In the SGM, "tradeable" commodities refer to those commodities which could be traded and in Version 
0.0 include all commodities except electricity, land, and labor.
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ABSTRACT

■" ■ \

I

The Second Generation Model (SGM) is employed to examine four hypothetical agreements to 
reduce emissions in Annex I nations (OECD nations plus most of the nations of Eastern Europe 
and the former Soviet Union) to levels in the neighborhood of those which existed in 1990, with 
obligations taking effect in the year 2010. We estimate the cost to the United States of complying 
with such agreements under three distinct conditions; no tradmg of emissions rights, trading of 
emissions rights only among Annex I nations, and a fiilly global trading regime.

We find that the cost of returning to 1990 emissions levels in the United States in the absence of 
trading opportunities is approximately $108 per metric ton carbon in 2010. The total cost in that 
year is approximately 0.2 percent of GDP. Emissions reductions are accomplished via energy 
conservation across a broad range of residential, commercial, industrial and transportation 
activities and by replacing coal fired power stations with natural gas facilities.

International trade in emissions permits lowers the cost of achieving any mitigation objective by 
equalizing the marginal cost of carbon mitigation among countries. This is sometimes referred to 
as “where” flexibility. “Where” flexibility allows least expensive emissions reductions to be 
undertaken first, regardless of where they occur among trade participants.

For the four mitigation scenarios in this study, economic costs to the United States remain below 
1% of GDP through at least the year 2020. This was the case even in the scenarios where the 
United States met its mitigation targets without international trading of carbon permits.
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More than 160 nations have signed the Framework Convention on Climate Change (FCCC). That 
agreement required Annex I nations,' the developed nations of the world plus economies of the 
Former Soviet Union and Eastern Europe, to undertake measures to return emissions to 1990 levels 
or below in the year 2000. The parties to the FCCC met in Berlin in the Spring of 1995 and 
determined that additional measures were required to implement the ultimate objective of the 
FCCC, “to stabilize the concentration of greenhouse gases in the atmosphere at a level which 
would prevent dangerous anthropogenic interference with the climate system."

Subsequent to the Berlin discussions, nations of the world have begun to consider measures that 
would set quantifiable emissions limitation requirements in the post-2000 period for Annex I 
nations. Various measures have been considered. The purpose of this paper is to explore the 
economic consequences of efficient policy mstruments—carbon taxes or tradable emissions 
permits—which might be employed to achieve a variety of targets in the post-2000 time frame. 
Using the Second Generation Model (SGM), we estimate the costs to the United States of 
complying with of four Annex I mitigation scenanos under three permit trading regimes. 
Specifically, we examine the carbon taxes required for emissions mitigation and provide measures 
of the costs of mitigation.

We begin by describing the variety of pohcy options to be considered and our general approach to 
modeling those policies. We then review some of the necessary assumptions for this exercise, as 
well as the structure and caUbration of the SGM. Finally, we discuss the results of our analysis, 
including time paths of emissions and measures of cost.

' Australia, Austria, Belarus, Belgium, Bulgaria, Canada, Czechoslovakia, Denmark, European Economic 
Community, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Latvia, 
Lithuania, Luxembourg, Netherlands, New Zealand, Norway, Poland, Portugal, Romania, Russian 
Federation, Spain, Sweden, Switzerland, Turkey, Ukraine, United Kingdom of Great Britain and Northern 
Ireland, and the United States.
^ In the United States, efforts were undertaken by the Interagency Analytical Team (lAT), and results were 
sununarized in United States Government (1997). The Second Generation Modeling team was one of 
three modeling teams that participated in the evaluation of potential emission mitigation measures under 
discussion. Note that the results presented in this paper differ (rom SGM results presented under the 
auspices of the I AT. The lAT effort assumed higher rates of technical change induced by a response to 
policy implementation. This study does not make the same assumptions.

1
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APPROACH

The SGM was used to simulate the impact of mitigation policies on the United States economy. 
The SGM is a computable general equilibrium economic model that projects economic activity, 
energy consumption, and carbon emissions for the United States and 11 other world regions. A 
more complete description of the SGM follows in the next section.

Four scenarios were constructed that reduce carbon dioxide emissions in Annex I countries by 
2010. The four policies, designated ‘M_’, are listed below. Figure 1 shows United States 
emissions paths for the four scenarios and the reference case in million metric tons of carbon 
(MMTC). The reference case is a business-as-usual scenario, or what we project will happen in 
the absence of a mitigation policy. In each mitigation scenario, allowable emissions are reduced 
linearly from the reference level in 2000 to the emissions target in 2010.

Ml990 Emissions from Annex I regions must be no greater than 1990 emissions levels
beginning in the year 2010.

M1990+10% Emissions from Annex I regions must be no greater than 10% above 1990 
emissions levels, beginning in the year 2010.

M1990-10% Emissions from Annex I regions must be no greater than 10% below 1990
emissions levels, begiiming in the year 2010.

M1995 Emissions from Annex I regions must be no greater than 1995 emissions levels
beginning in the year 2010.

[Figure 1. Carbon Dioxide Emissions Scenarios for the United States]

The four emissions mitigation scenarios each define a set of emissions rights for the Annex I 
regions. In a mitigation scenario, regions must possess permits, or rights to emit, for every million 
metric ton of domestic carbon dioxide emissions. Three emissions permit trading regimes were 
modeled under each mitigation policy: independent emissions mitigation. Annex I joint mitigation, 
and Annex I mitigation with global permit trading. The 12 SGM regions listed in Table 1 provide 
the necessary global coverage to simulate these trading systems. Carbon taxes were used to 
constrain emissions for each of the policy-trade combinations.

Table 1. Regions in the SGM

Annex I Non-Annex I
United States China

Canada India
Western Europe Mexico

Japan South Korea
Australia Rest of World^

^ The Rest of World includes Latin America, Africa, and other Asian countries.

2
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Former Soviet Union
Eastern Europe

In the independent mitigation case, each Annex 1 region must individually meet its required 
emissions targets without any trading of permits across regions. A time series of carbon taxes is 
determined for each region to reduce emissions to be equal to its allocated emissions rights.

With Aimex I joint mitigation, a common carbon tax is applied to all Annex I regions to meet the 
overall Annex I emissions target. However, regions are allowed to trade permits amongst
themselves so long as the total constraint is met in each time period. Regions may only emit more 
carbon than their allocated emissions rights allow if another Annex I region is willing to sell a 
corresponding number of its permits, thereby forcing the seller region to reduce its domestic 
emissions beyond the required target.

In the global trading case, emissions rights are allocated to Annex I regions at the same levels as in 
the Annex I trading case. Under global trading, however, the Annex I regions are allowed to 
purchase permits from each other and fi'om non-Annex I regions so long as the global emissions 
constraint is met. The global constraint in each period is composed of the Annex I constraint and 
the sum of the non-Annex I regions’ reference level emissions in that period. The SGM is used to 
determine a global carbon tax just large enough to meet the global emissions target.

In none of the above scenarios and trading combinations are non-Aimex I regions forced to 
constrain their emissions below reference levels. No mitigation targets or emissions trajectories are 
imposed on those regions. Under the global permit trading regime, non-Annex I regions participate 
in the market for carbon permits only when it is to their economic benefit to do so. These regions 
are allocated permits equal to their projected reference emissions, so they are only required to 
reduce their emissions by an amount equal to the number of permits they wish to sell.

Eastern Europe and Former Soviet Union Permit Allocations

While carbon dioxide emissions in most regions are anticipated to continually increase over time 
beyond 1990 levels, this is not true for the Eastern Europe and Former Soviet Union regions. 
Emissions in these regions have declined since 1990. Their reference case emissions trajectories 
reflect this decline fi'om 1990 to 1995 and then increase slowly fiom 1995 onward. The downturn 
in emissions poses a special problem when allocating emissions rights. Two approaches to permit 
allocations for the regions have been discussed in recent months. The first allocates permits based 
on the stated policy scenario (e.g.. Ml990 allocates permits based on 1990 emissions level) so that 
permits are allocated to them in the same way as they are to other Annex I regions. Because of the 
decline in emissions in those regions fiom 1990 to 1995, however, this approach results in 
emissions permits being granted to Eastern Europe and the Former Soviet Union in the policy years 
that are greater than their reference level emissions. These ‘paper credits’ are equal to the 
difference between the lower post-1990 emissions and the policy-level (i.e., 1990) emissions. For 
example, the Former Soviet Union’s reference emissions level in 2010 is 836 TgC, significantly 
lower than its 1990 emissions of 1050 TgC. If granted permits equal to its 1990 emissions, it 
would receive 214 TgC worth of permits more in 2010 than its projected emissions, giving it 214 
TgC worth of permits to sell without incurring any emissions reductions of its own.
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The second approach to allocating permits to Eastern Europe and the Former Soviet Union is to 
grant permits equal to reference level emissions in each period until the projected path is 
constrained by the policy. For example, in the Ml990 case, the Former Soviet Union would be 
granted permits equal to its projected reference emissions through 2020 because emissions in the 
policy years never recover to 1990 levels.

For the purpose of this exercise, we chose to emphasize the latter approach in allocating emissions 
to Eastern Europe and the Former Soviet Union. This reference allocation scheme ensures that the 
stated Annex I emissions targets are achieved in both the independent mitigation and permit trading 
scenarios. Because a final decision on the permit allocation method has yet to be made, however, 
we have also included a discussion of the impacts of the mitigation policies utilizing the first 
approach.

)

MODEL OVERVIEW

The SGM is designed specifically to address issues associated with global change. The model is 
designed to perform the following types of analysis:

1. Provide estimates of future time paths of environmentally important emissions associated 
with economic activity.

2. Provide estimates of the economic cost of actions to reduce greenhouse gas emissions.

Sectors

The SGM has ninp. producing sectors and twelve inputs to production. The inputs are land, labor, 
capital, and the nine produced goods. Economic detail is maintained in the energy supply and 
transformation sectors that are important for greenhouse gas emissions projections, but aggregated 
elsewhere into one large “everything else” sector.

Five different fuels are used for producing electricity, resulting in five subsectors for the electric 
generating sector. A separate economic production function, of the constant elasticity of 
substitution (CES) functional form, is used for each sector or subsector. Capital investment 
decisions depend on an assumed lifetime of capital for each sector or subsector. Capital lifetimes 
range from 15 years in the oil, gas, and coal production sectors to 70 years for hydroelectric 
power. The relative size of each production sector and subsector is shown in Table 2.
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Table 2. Producing Sectors in the SGM

Producing Sector
Gross Output in 1985 
(millions of 1985 $)

1 Agriculture 468,618
2 Everything Else 5,086,486
3 Oil Production 64,171
4 Gas Production 45,804
5 Coal Production 20,006
6 Uranium Processing 2,195
7 Electricity Generation 165,800

a. oil 10,959
b. gas 34,152
c. coal 85,930
d. nuclear 21,370
e. hydro 13,389

8 Petroleum Refining 145,015
9 Gas Transmission and Distribution 105,330

Market Clearing

In the SGM, markets are said to clear. In other words, the SGM solves for the set of prices for all 
markets (or sectors) in the modeled economy so that demands and supplies of each market are in 
equilibrium. The set of prices in which the equilibrium holds is called the market-clearing price 
set. In an equilibrium model like the SGM, markets are linked to other markets through the 
market-clearing process. For example, a change in the demand for coal will have an effect on not 
just the price of coal, but also the prices of oil, gas, and, at least indirectly, the prices of all markets 
in the economy.

Carbon permit prices and taxes are also solved by the SGM as part of the market equilibrium. 
Specifically, the SGM finds the carbon price such that the amount of carbon emitted is Just equal 
to the carbon constraint of the region or group of regions under a carbon emissions limitation 
constraint.

Carbon Taxes and Revenue Recycling

The SGM uses a carbon tax within each region to provide an economic incentive for the economy 
to substitute away from carbon. Revenues obtained from the carbon tax can be very large, and 
how the revenues are recycled, or redistributed to the economy, makes a difference in the final 
economic cost. For this exercise, we assume that all carbon tax revenues are recycled back to 
consumers through a lump-sum government transfer.

W
For the cases where emissions rights are traded between countries, each SGM region is allocated 
an initial number of carbon emissions permits based on the stated mitigation pobcy (e g., 1990 
emissions levels for the M1990 scenario). Carbon permits can then be traded between countries at 
a price that clears the global market in these permits.
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Modes of Operation

All of the SGM regions were initially developed as single-region models with a base year of 1985. 
Each regional model operates in five-year time steps generally through 2030, 2050, or 2100. Most 
of the single-region models were developed in collaboration with experts fi-om that country. It is 
possible to run all of the regions individually or simultaneously in a global model with international 
trade. The three modes of operation for the SGM are:

1. Single Region
2. Global with Partial Market Clearing
3. Global with Full Market Clearing

Single-region operation. For each SGM region, all produced goods are classified as being 
tradable, nontradable, or traded at a fixed quantity. )^en SGM regions are operated 

independently, a fixed world price is assumed for certain tradable goods; regions may import or 
export as much of that good as desired at that fixed world price, subject to an overall balance of 
payments constraint. For all nontradable goods, the quantity of trade is fixed in advance. The 
following assignments are used when the United States model is operated independently:

Numeraire Sector: 

Fixed World Price: 

Fixed Trade Quantities: 

Nontradables:

everything else (price always equals 1) 

crude oil

agriculture, coal, nuclear fuel, refined petroleum, electricity 

distributed gas, land, labor

For each region, the large ‘everything else’ sector is the numeraire, with its price fixed at 1 for all 
time periods. The prices of the other sectors in the economy are reported relative to this fixed 
value. The ‘everyftiing else’ good is a tradable good for all regions. An exogenous balance-of- 
payments constraint is specified in advance for each region. Most regions are assumed to move 
linearly fi'om a historical trade balance in 1985 to balanced trade by 2005.

Given a trial set of prices, the SGM computes supply and demand for all producing sectors and 
primary fectors of production. Markets for the nontradables and goods traded at fixed quantities 
are brought into equilibrium by searching for a set of prices that equate supply and demand. Prices 
are adjusted until supply and demand are within 0.01% of each other.

Global model with partial market clearing. The global version of the SGM is used when there is 
at least one market that must clear globally. For the scenarios described in this paper, that market 
is tradable carbon emission permits. The model searches for a global carbon tax, which can be 
interpreted as a world carbon permit price, that clears the market for permits.

Each region is initially allocated a number of carbon permits and may trade those permits at the 
world permit price. Some regions will be sellers of permits and some will be buyers. After trading 
permits, all regions must hold permits equal to the domestic level of carbon emissions.
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All regions are still subject to a period-by-period balance of payments constraint. The model does 
not allow borrowing to pay for carbon emissions permits. Imports of permits must be paid for with 
exports of some other good.

Global model with full market clearing. There are no longer any markets with a fixed world 
price. A set of world prices is found that clears all world markets. Also, world markets can be 
created for goods that were traded in fixed quantities in the single-region model.

All of the scenarios described in this paper were run in the second mode, global with partial market 
clearing. This mode was chosen for two reasons. The first is that we chose to adopt a fixed time 
path of world oil prices for SGM model runs that were completed for the United States 
Government during the spring of 1997. This meant that the world oil market would not be allowed 
to clear in the model. The second reason is that model results are often easier to interpret when 
some variables in the model remain predetermined over time.

Data Requirements

Three types of data are used to construct and calibrate each region of the SGM:

1. Economic and Demographic Data
2. Energy Balances
3. Technology Descriptions

Economic data include input-output tables and supplemental information from the national income 
accounts. Population projections were obtained from the World Bank. Energy balance tables were 
obtained either from the International Energy Agency or from government agencies within a region.

Input-output tables describe, in value terms, the flow of goods between industries and consumers in 
an economy. However, a model concerned with quantities of carbon emissions must also be 
concerned with quantities of energy. An input-output table alone is not sufficient to determine the 
quantities of oil, gas, coal, electricity, and refined petroleum that are produced and consumed. 
Supplemental information on energy quantities is required to map currency units from an input- 
output table to energy units needed to calculate levels of carbon emissions. We combine economic 
input-output tables with energy balance tables to create a hybrid input-output table with units of 
joules for energy products and real dollars for all other products. Miller and Blair (1985) provide 
a general description of, and the motivation for using, hybrid input-output tables.

Individual energy technologies are characterized by the annualized cost of providing an energy 
service. Data needed to determine the annualized cost include capital cost, equipment lifetime, 
annual fuel requirements, the interest rate, and other annual maintenance and operating costs.

REFERENCE CASE AND CALIBRATION

The cost of reducing greenhouse gas emissions is dependent on the reference case. The higher the 
growth rate of emissions in the reference case, the greater the cost of returning to 1990 emissions. 
Therefore, much effort is expended to create an acceptable reference case before running any of the 
mitigation scenarios.
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Results for this study are reported for the years 1990 through 2020. The United States reference 
case was closely calibrated to the Annual Energy Outlook 1997 (AE097). Since AE097 projects 
only up to the year 2015, projections beyond 2015 are SGM model results and are not calibrated to 
any other established projections. Projections of carbon emissions, population, gross domestic 
product (GDP), energy consumption, and electricity generation for the United States are described 
below.

For the other global regions, economic and energy consumption growth rates were roughly 
calibrated to regional projections from the World Energy Outlook 1996 (WE096). For the Eastern 
Europe and Former Soviet Union regions, projected energy consumption levels were adjusted 
downward from the WE096 projection to reflect recent events. Population projections for all 
regions with the exception of the United States were set exogenously based on Ae World 
Population Projections 1994-1995, published by the World Bank. The United States population 
projection was set according to AE097 projections. As mentioned earlier, the international crude 
oil price trajectory was also taken from the AE097. Prices for all other fuels and goods in the 
model were determined endogenously.

The general calibration procedure was to first match GDP growth by adjusting parameters that 
control total factor productivity in the ‘everything else’ sector. Then energy consumption by fuel 
was calibrated by adjusting input-specific technical change parameters. Carbon emissions are an 
output of the model derived directly from primary energy consumption by applying fuel-specific 
emission factors.

Carbon Emissions

In 1990, total carbon dioxide emissions from the combustion of fossil fuels in the United States 
were 1,350 million metric tons of carbon. Model results show that total carbon dioxide emissions 
continue to rise as fossil fuel consumption increases and emissions reach 1,871 million metric tons 
by 2020. This amounts to a 39 percent increase in total emissions and an emissions growth rate of 
1.1 percent per year. Reference case carbon emissions were shown earher in Figure 1.

Gross Domestic Product

The two most important determinants of GDP are population growth and rates of change in 
productivity. Total population levels for the United States were taken directly from AE097. 
United States population grows from 250 million in 1990 to 323 million in 2020. This represents 
an annual population growth rate of 0.85 percent per year.

GDP for the United States was matched to AE097 projections by changing the total factor 
productivity parameter for the ‘everything else’ sector. Beginning with the 1990 GDP of 6.1 
trillion dollars, the economy grows at nearly 2 percent annually to reach 10.6 trillion dollars by 
2020.

Energy Consumption
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Total energy consumption from 1990 to 2015 was calibrated to within 2 percent of projections 
from AE097. Energy consumption by fuel is shown for the United States in Figure 2. Total 
consumption increases from 86 EJ in 1990 to 118 EJ in 2020. This increase represents an average 
annual growth rate of 1.1 percent over that period. The annual growth rate in energy consumption 
declines over time and by 2020 decreases to 0.5 percent per year.

Petroleum remains the major source of energy through 2020, but its share of total consumption 
declines over time, giving way to natural gas and, to a lesser extent, renewable energy sources. 
Coal is the third largest source of energy and its consumption grows steadily at slightly less than 1 
percent per year. Nuclear energy’s contribution to energy consumption declines over time!

[Figure 2. Energy Consumption - United States Reference Case]

Energy consumption does not grow as fest as GDP, which results in the energy-GDP ratio falling 
over time at an average annual rate of 1.0 percent per year. Figure 3 shows the energy-GDP ratio 
generated by the SGM for the United States reference case.

[Figure 3. Energy-GDP Ratio - United States Reference Case]

Electricity Generation

Projections of electricity generation are similar to those of the AE097. SGM total electricity 
generation results are higher than the AE097 projections by approximately 10 percent. Electricity 
generation from natural gas is the reason for the higher result. Total electricity generated in 1990 
is nearly 11 EJ, which grows at 1.5 percent per year and expands to 17 EJ by 2020. The major 
source of electricity is the combustion of coal; however, electricity generation from natural gas 
plays a significantly larger role with time. In 1990, electricity generation from coal contributed 53 
percent of the total generation, while that from natural gas combustion contributed 17 percent of 
the total. By 2020, the shares of electricity generation from coal and natural gas are closer. 
Electricity generation from coal and natural gas comprise 44 and 34 percent shares of the total, 
respectively. Highly efficient and low-cost natural gas combined cycle power plants incorporated 
mto the SGM contribute to the growth of natural gas as the choice fuel for electricity generation. 
Nuclear power’s contribution to the overall demand for electricity declines with time as existmg 
power plants are retired and no new additional plants are constructed.^ Renewable energy sources 
for electricity generation include hydroelectricity, solar photovoltaics and others. Generation of 
electricity from renewable sources increases sli^tly from 1990 to 2020; however, renewable 
energy’s share of total electricity remains below 10 percent of the total.

COST OF EMISSIONS MITIGATION

" The assuinpUon of no new starts reflects a de facto nuclear moratorium. Were nuclear power to be 
allowed to compete against other energy forms on the basis of price alone, the model would continue to 
build new facilities.
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Although this exercise employed the 12-region version of the SGM, discussion of results in this 
paper will focus on the United States. The SGM provides output on regional GDP and its 
components and a detailed description of the composition of energy supply. In this analysis, we 
focus on the broad economic impacts to the economy. Specifically, we discuss the permit prices 
required to meet the various mitigation requirements and the costs to the United States economy of 
undertaking such policies. We also discuss the impacts of the domestic carbon taxes on energy 
consumption.

Permit Prices

Table 3 shows the permit prices by trading regime required for the United States to meet its 
emissions targets under the four mitigation scenarios. Permit prices in the United States must 
reach $108 per metric ton of carbon to reduce United States emissions to 1990 levels m 2010 in the 
independent mitigation case. This price increases significantly with the tighter constraint imposed 
under the M1990-10% case. Permit prices in the M1995 and M1990+10% scenarios are very 
similar as only 5 TgC separate the constraints in the two cases in 2010.

Table 3. United States Carbon Taxes Required to Meet Policy Goal 
Eastern Europe & FSU Allocated Reference Case Permits 

(1992 US$ per Metric Ton of Carbon)

Independent
Mitigation

Annex I Joint Mitigation Annex I Mil 
Globa

ligation with 
Trade

2010 2020 2010 2020 2010 2020
M1990 108 170 72 87 26 27

M1990+10% 60 110 42 58 16 18
M1990-10% 173 260 109 122 38 36

M1995 61 112 70 106 26 32

Permit prices fall as more regioiis are included in the market for carbon permits. In the 
independent emissions mitigation case, carbon emitters in the United States may undertake 
emissions mitigation options available only within the United States. In the Annex I joint and 
global permit cases, however, regions are included that have mitigation options with significantly 
lower costs, thereby lowering the marginal cost to the carbon permit market of meeting the desired 
emissions targets. As we will discuss, this ‘where’ flexibility in meeting emissions targets has a 
significant impact on costs as well as permit prices.

A fixed emissions level and an increasing reference case emissions level imply both a rising 
percentage emissions reduction and a rising price of meeting the fixed emissions target. Increasing 
population in the United States, and the economic growth that accompanies it, put upward pressure 
on emissions that, in turn, forces larger shifts away from coal toward natural gas and renewable 
energy sources. The availability of relatively inexpensive abatement options in the developing 
world allows the permit price to remain relatively constant over time in those cases.
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As the permit prices decrease across trading regimes, the United States purchases increasing 
quantities of permits from abroad, thereby enabling it to emit more than its allocated permits alone 
would allow. Figure 4 shows United States emissions for the Ml990 case across the three trading 
regimes. Under the independent emissions mitigation regime, the United States is limited to 
emitting only what it is allocated under the scenario, its 1990 emissions level. With Annex I 
trading, however, the United States purchases 209 TgC worth of permits in 2010 and 244 TgC in 
2020 from the Former Soviet Union and Eastern Europe. The purchases increase to 316 TgC and 
436 TgC in 2010 and 2020, respectively, under the global trading regime. Again, ‘where’ 
flexibility reduces the amount by which a permit-buying region must reduce its emissions and, 
therefore, reduces the cost to the region.

[Figure 4. United States Carbon Emissions - Ml990 Cases]

The Ml995 Annex I trading case is the only case in which the United States sells permits to other 
regions. The permit price under independent mitigation in 2010, as shown in Table 3, is less than 
that shown under Annex I trading. Because the United States can mitigate emissions less 
expensively in 2010 than other Annex I regions, it reduces its emissions beyond the required 1995 
target and sells permits to other Annex I regions. By 2020, however, the United States begins to 
purchase permits from Eastern Europe and the Former Soviet Union.

Energy Consumption

Emissions mitigation is achieved primarily through two mechanisms; energy conservation - 
reduction in total energy consumption - and replacement of coal-fired capacity with less carbon­
intensive fuels such as natural gas and renewables in the electricity sector. In the no-trading cases, 
fuel switching from coal to natural gas and renewable fuels in the electricity generation sector 
accounts for roughly 60 percent of the reduction in total emissions. Energy conservation makes up 
the remaining 40 percent of the reduction. The domestic carbon tax of $108 in 2010 in the Ml 990 
case results in a reduction of total energy consumption by 14 percent relative to the reference case. 
Consumption of coal drops by 57 percent while consumption of petroleum drops by 7 percent. 
Consumption of natural gas, however, increases by 4 percent due to fuel switching. Figure 5 
shows energy consumption by fuel m the year 2010 for the four mitigation scenarios. Note that 
even when emissions are returned to 1990 levels, the scale of the total energy system is not. The 
fuel switching mentioned above allows the emissions targets to be met without reducing total 
consumption by the same percentage as the required reduction in emissions.

[Figure 5. United States Energy Consumption in 2010]

...I

Fuel substitution in the electricity sector results in the share of electricity generated from coal 
dropping from 45 percent in the reference case to 20 percent in the Ml990 case. The reduction in 
electricity generation from coal is compensated for by increased generation from natural gas. The 
share of electricity generation from natural gas increases from 29 percent in the reference case to 
51 percent Ml990 case.
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As discussed above, the domestic cost of stabilizing emissions at 1990 levels in 2010 without trade 
is $ 108 per metric ton carbon. This cost roughly reflects the cost of abandoning existing coal-fired 
power generation capacity and replacing it with a new combined-cycle natural gas-fired unit. A 
$108 per metric ton tax adds approximately $0.02 per kilowatt-hour to the operations and 
maintenance (O&M) cost of power generation in a coal-fired plant. This additional cost makes the 
O&M cost of the coal plant higher than the levelized cost of installing a new gas-fired combined- 
cycle unit, roughly $0.05 per kilowatt-hour. The $108 tax, therefore, provides an emissions 
mitigation plateau for permit prices that is not exceeded until most of the existing coal capacity is 

replaced.

Certain caveats apply to the discussion above concerning the marginal cost of substituting natural 
gas-fired electricity generation capacity for existing coal-fired capacity. The cost analysis requires 
that the tax be levied indefinitely. If the tax policy is believed to be only temporary, the amount of 
substitution is likely to be much less substantial and the tax level required for stabilizing emissions 
could be higher. The tax level required for mitigation also depends on the cost of developing the 
infrastructure necessary to supply natural gas to potential new users. Extending pipelines to 
particular areas, for example, might increase the cost of gas enough so as to discourage switching 
fi'om coal-fired plants in those areas.

Cost Calculations

A very convenient way to characterize the response of any SGM region to a carbon tax is by 
constructing a marginal cost of carbon curve. Figure 6 is a scatter plot of various carbon taxes 
applied to the United States economy and the corresponding reduction in carbon emissions. Data 
points plotted in Figure 6 are fi'om the four independent mitigation scenarios for the United States. 
Note that a positive tax is required to achieve any reductions in carbon emissions.

[Figure 6. Marginal Cost of Carbon]

The marginal cost curve is used to calculate one measure of cost that we will call the direct cost. 
For any level of carbon emissions mitigation, the direct cost is defined as the area under the 
marginal cost curve up to that amount of mitigation.* While the first units of emissions reductions 
are very inexpensive; successive units become more and more expensive. So, as the constraints on 
emissions become tighter across cases and over time, the cost of mitigation increases. Figure 7 
shows the direct costs for the United States for the four independent mitigation scenarios. Direct 
costs are shown at 5-year intervals through 2020 as a percentage of GDP. These costs are plotted 
as negative numbers.

[Figure 7. Cost of Emissions Mitigation - No Trading]

* Note tliat these costs do not include the costs of establishing a domestic or international permit trading 
system nor do they include the transaction costs associated with permit trading among firms and/or 
regions
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Figure 8 focuses on the Ml990 case and shows how costs to the United Sates are.reduced with 
trade in emissions permits between countries. The ‘independent’ cost line shown in Figure 8 is the 
same as the M1990 cost line in Figure 7. In 2010, costs are reduced somewhat with Armex 1 
trading and reduced by about one-half with global trading. In later years, the flexibility in where 
emissions reductions are undertaken impacts mitigation costs even more significantly.

[Figure 8. Illustration of ‘Where’ Flexibility - Costs for Ml990 Cases]

Cost calculations for the emissions trading cases are different than in the independent case. Costs 
for the trading case take into account the value of permits traded. For a buyer of permits, such as 
the United States, net cost includes the direct cost plus expenditures on carbon permits. A 
breakdown of these two cost components is shown for the M1990 Annex I trading case in Figure 9. 
Direct cost is roughly half of the net cost. The remaining cost, the difference between the ‘direct 
cost’ and ‘net cost’ lines in Figure 9, is the value of emissions permits that would be purchased 
from other Annex I countries.

[Figure 9. Cost Breakdown - Ml990 Annex I Trading Case]

Impact of Alternative Permit Allocation Approach

The results discussed thus far have been based on the assumption that Eastern Europe and the 
Former Soviet Union are allocated permits equal to the minimum of their reference-level emissions 
and the policy-level emissions. This section will discuss the impacts of an alternative permit 
allocation method in which Eastern Europe and the Former Soviet Union are granted permits equal 
to their policy-level emissions in every period. Recall that ‘policy-level’ refers to the emissions 
target set by the chosen mitigation policy. For example, the policy-level emissions in the Ml990 
case would be 1990 level emissions starting in 2010, and for the M1995 case they would be 1995 
level emissions beginning in 2010. This assumption results in the ‘paper credits’ discussed earlier 
that significantly impact the permit prices required to meet Annex I emissions targets in the Annex 
I and global trading cases.

Table 4 shows the permit prices required to meet the policy goal under the policy-level permit 
allocation approach. The prices required for independent mitigation in the United States do not 
change from Table 3 above because the paper credits in those cases are not available for purchase 
outside Eastern Europe and the Former Soviet Union. Permit prices also remain unchanged under 
the Ml995 case because by that time the two regions have already suffered the worst of their 
economic downturns so that emissions levels are at their lowest point in the 1990 to 2020 time 
firnne. The permit prices under the other trading scenarios are significantly less under this 
allocation approach, however, because the regions are able to sell the paper credits without 
incurring any cost domestically. In the Ml990 case in 2010, the paper credits allocated to Eastern 
Europe and the Former Soviet Union account for 37 percent of the emissions reductions necessary 
for the remaining Annex I regions to meet their target emissions. This addition of permits available 
for purchase reduces the permit price by $33, or by 46 percent, relative to the permit price under 
the reference-level allocation approach. Figure 10 shows the difference in permit prices for the 
M1990 case with Annex 1 trading between the two permit allocation approaches in 2010 and 2020.



Review Draft - Comments Welcome 11/14/97

Note that the difference decreases over time as emissions in Eastern Europe and the Former Soviet 
Union approach the policy goal.

Table 4. United States Carbon Taxes Required to Meet Policy Goal 
Eastern Europe & FSU Allocated Policy-level Permits 

(1992 US$ per Metric Ton of Carbon)

Independent
Mitigation

Annex I Joint Mitigation Annex I Mitigation with 
Global Trade

2010 2020 2010 2020 2010 2020
M1990 108 170

M1990+10% 110
M1990-10% 260 88 124

M1995 106

[Figure 10. Permit Prices under Alternative Permit Allocation Methods for EE & FSU - M1990 
Annex I Trading Case]

The lower permit prices under the policy-level approach result in lower total costs of emissions 
mitigation to the United States. In the M1990 Annex I trading case, costs as a percentage of GDP 
are reduced from 0.18 percent under the reference-level allocation approach to 0.12 percent under 
the policy-level approach in 2010. Figure 11 shows costs as a percentage of GDP for the M1990 
Annex I trading case for both allocation methods.

[Figure 11. Cost of Emissions Mitigation under Alternative Permit Allocation Methods for EE & 
FSU - Ml990 Annex I Trading Case]

DISCUSSION

In this section, we summarize some of the insights gained from our modeling activities using the 
SGM. First, economic costs depend a great deal on our assumptions about future carbon 
emissions. Second, several measures of cost are available from the SGM. Third, the distribution 
of costs among countries in a system of global permit trading is sensitive to assumptions on 
exchange rates as well as the initial allocation of permits. Fourth, any system of global trade in 
carbon permits implies potentially large transfers of wealth from one region to another. Finally, we 
discuss how some of our assumptions affect the results on costs.

•L- -j Role of Reference Emissions in Shaping Marginal Mitigation Costs

All of tlie results in this study depend on assumptions used to create a reference emissions scenario 
from the present to 2020. The amount of mitigation required to return to 1990 levels depends



Review Draft - Comments Welcome 11/14/97

directly on reference case emissions for each region. In the Annex 1 trading cases, carbon permit 
prices are particularly sensitive to reference scenarios for potential sellers of permits, especially 
Eastern Europe and the Former Soviet Union.

Among the Annex I countries, projecting future carbon emissions is especially uncertain for 
Eastern Europe and the Former Soviet Union. Of particular importance is when emissions in these 
regions will once again reach 1990 levels. If this point is reached before 2010, then we model EE 
and FSU just as any other Annex I country. If this point is reached after 2010, then emissions 
restrictions are not binding in EE and FSU until that point in time.

Measuring and Reporting Costs

At least two measures of cost are available from the SGM and from other models as well. The 
first measure, which we call the direct cost, can be thought of as either a deadweight loss or .the 
integral under the marginal cost curve for carbon. Using either approach, direct cost is 
approximately equal to one-half of the carbon tax (or permit price) times the reduction in carbon 
emissions. For the permit trading cases, direct costs are then adjusted by the value of transfer 
payments required to purchase or sell permits. This measure of net cost is simple to construct and 
is comparable across models.

Of ultimate interest, however, is the net impact on some broader measure of economic activity 
(such as GDP) or on economic welfare (such as real consumption). There are many reasons why 
the change in GDP (or real consumption) is different than direct cost net of transfer payments. 
These other components of cost include the effects of pre-existing distortionary taxes, changes in 
terms of trade, and how tax revenues are recycled. In addition, measurement of GDP (or real 
consumption) depends on the choice of index and base year used to construct that index. This 
reflects real-world problems m constructing a quantity index for GDP when relative prices are 
changing.

Foreign Exchange Rates

Permit prices for the global permit trading cases are very sensitive to assumptions about exchange 
rates. And while the United States follows a largely free market approach to exchange rates, most 
developing nations do not. Therefore it may be perfectly reasonable to assume that over the long­
term the United States exchange rate with other free market trading partners would tend toward the 
purchasing power parity rate, this assumption is questionable with other partners. This is 
particularly true for developing countries where market exchange rates, in local currency per U.S. 
dollar, can be three to five times the corresponding exchange rate based on purchasing power 
parity. A global permit price of $100 per metric ton translates, at market exchange rates, mto a 
much higher relative price in the developing countries than in the United States.

Exchange rates based on purchasing power parity are usually used to compare income levels 
between countries, but market exchange rates must be used for goods actually traded between 
countries. This creates a potential problem for developing countries considering participation in a 
global permit trading program; carbon permits would be traded at market exchange rates, while 
GDP losses are better measured using purchasing power parity. For developing countries, losses 
in GDP could be greater than the value of carbon permits sold.
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)

International Transfer Payments

We have modeled an international system of carbon permit trading that implies potentially large 
wealth transfers from buyers to sellers of permits. These transfers also change the pattern of other 
goods traded internationally. For a buyer of permits, this annual transfer of wealth is equal to the 
annual quantity of permits purchased times the world market price of the permits. The size of 
these transfers depends directly on the initial allocation of permits between countries. The initial 
allocation determines not only the amount of permits traded by each country, but also whether a 
country is a buyer or seller of permits.

For this study, the initial allocation of permits among Annex I countries is simply the emissions 
targets defined by the four mitigation scenarios. Non-Annex I regions were allocated permits equal 
to reference case emissions. These four mitigation scenarios represent only a few of the many 
possible ways of setting global emissions limits and allocating emissions rights among countries to 
meet those limits. Each allocation impUes a different pattern of wealth transfers among countries.

Each region in the SGM is assigned a period-by-period balance of payments constraint. Buyers of 
carbon permits must, therefore, export more of other traded goods than otherwise to pay for the 
purchased permits. Conversely, sellers of permits use the permit revenues to increase imports of 
other goods.

Sensitivity of Costs to Model Assumptions

Economic costs reported by the SGM for the United States are sensitive to many of the model 
inputs. These include the choice of exchange rate, the inclusion of paper permits, and the method 
of revenue recycling.

If purchasing power parity exchange rates were used instead of market exchange rates for the 
developing countries, then any given world permit price would translate into a lower carbon tax in 
that country’s local currency. For global trading cases, this would increase the global permit price 
needed to meet a global emissions limit, and the SGM would report higher costs for the United 
States.

For Eastern Europe and the Former Soviet Union, carbon permits were allocated based on their 
reference case, and not on 1990 emissions. If we had allocated permits based on 1990 levels, these 
extra ‘paper credits’ would create a less-stringent Annex I target. The model would then report a 
lower permit price for the trading cases, and a lower cost to the United States.

In this study, we assumed that all revenues from a carbon tax would be recycled as a lump sum to 
consumers. Another option is to use the carbon tax revenues to offset other taxes. This has the 
potential to reduce overall costs, since carbon tax revenues would displace other distortionary 
taxes.

KEY OBSERVATIONS
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Economic costs are reduced with a permit-trading program that equalizes the marginal cost of 
carbon between countries. The least expensive emissions reductions are taken first, regardless of 
where they occur. Costs shown in Figure 8 provide a good example of the importance of this 
‘where’ flexibility.

For the four mitigation scenarios in this study, economic costs to the United States remain below 
1% of GDP through at least the year 2020. This was the case even in the scenarios where the 
United States met its mitigation targets without international trading of carbon permits.

Each region in the SGM can be characterized by a marginal cost of carbon curve, as was shown in 
Figure 6. This shows the approximate carbon tax required for any given level of carbon emissions 
reduction. For the amount of emissions reductions needed m 2010 to return to 1990 levels, a 
carbon tax of $ 108 per metric ton of carbon is required.

I
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r?»- EMF-14 MODEL COMPARISONS

Model WGI-450 WGI-550 WGI-650

SGM (Battelle) $80 $48 $24

Minicam (Battelle) $160 $115 $77

CETA (Peck & 
Teisberg)

$145 $88 $37

CPBRIVM (Dutch 
Team)

$30 $19 $12

CRTM (Montgomery 
& Rutherford)

$242 $127 $92

Full Global Trading: 2010 Permit Prices

KYOTO PROTOCOL ANALYSIS

Model No Trading Annex 1 Umbrella - EU Annex 1 + Ideal J1

SGM (Battelle) $171 $48 $26 $19

G^ (Shackleton) $55 $32 $16 $11

MRT (Montgomery 
& Rutherford)

$279 $97 NA $34
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r • • • Kyoto, U.S. Only, Lump-Sum 

U.S.
Gross National Product {$90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Japan
Gross National Product ($90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

Australia
Gross National Product ($90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Other OECD
Gross National Product ($90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

China
Gross National Product ($90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Reai Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

LDC's
Gross National Product ($90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

OPEC Oil Exports ($90, % Change from Base)
OPEC Oil Price (% Change from Base)

2010 2015 2020

-0.6% -0.5% -0.4%
-0.6% -0.5% -0.5%

49 52 56
-514 -652 -811

2% 3% 4%
-2% -3% ■4%

-60 2 62

0.0% 0.0% 0.1%
-0.1% •0.1% -0.1%

0 0 0
-1 -1 -2

-4% -5% -5%
2% 2% 2%
13 10

0.0% 0.0% 0.1%
0.3% 0.3% 0.2%

0 0 0
2 2 2

2% 2% 2%
0% 0% 0%
-9 -12 -14

-0.1% -0.1% -0.'1%
-0.1% -0.1% -0.1%

0 0 0
0 -1 -1

-4% -5% -5%
2% 2% 2%
68 56 35

0.0% 0.0% 0.0%
0.0% 0.0% 0.0%

0 0 0
0 2 2

0% 0% 0%
0% 0% 0%

8 10 12

0.4% 0.4% 0.4%
0.3% 0.3% 0.2%

0 0 0
22 23 25

7% 6% 6%
-7% •6% -5%

6 -9 -22

-2% -2% -2%
-4% -5% -5%



Kyoto, No Trading, Lump-Sum, OOECD Target = 300 MMTC 
U.S.
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Inf 1 Invest Pos. (Change from Base, $90 Billion)

Japan
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change II Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net inf I Invest Pos. (Change from Base, $90 Billion)

Australia
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

Other OECD
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

China
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change fl Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net infl Invest Pos. (Change from Base, $90 Billion)

LDC‘s
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rata (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

OPEC Oil Exports ($90, % Change from Base)
OPEC Oil Price (% Change from Base)

2010 2015 2020

-0.3% -0.3% -0.2%
0.0% 0.0% 0.1%

54 57 60
-516 -662 -804

>12% 13% 14%
-14% -16% -18%
-528 -578 -572

-0.9% -0.7% -0.4%
-1.5% -1.5% -1.5%

222 230 237
-96 -122 -146

-23% -22% -22%
13% 12% 12%

28 44 30 ^

-2.4% -3.6% -4.5%
-0.1% -0.7% -1.2%

49 66 84
-27 -44 -65

16% 13% 10%
-10% -8% -7%

-68 -116 -165

-1.1% -1.4% -r.6%
-1.2% -1.4% -1.5%

111 148 184
-301 -473 -673

-23% -23% -23%
15% 14% 14%
460 604 688

0.0% 0.1% 0.1%
-0.1% -0.1% -0.1% .

0 0 0
1 4 4

-1% -1% -1%
1% 0% 0%
34 46 57

2.4% 2.4% 2.2%
1.4% 1.4% 1.2%

0 0 0
83 88 95

47% 44%
-34%. -30% ■ :25%" '

124 117 115

-9% -9% -9%
-14% -15% -17%



i.i.'.r

Kyoto, No Trading, Lump-Sum, OOECD Target = 400 MMTC 
U.S.
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

Japan
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

Australia
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change fi*om Base, $90 Billion)

Other OECD
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

China
Gross National Product ($90, % Change ft Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

2010 2015 2020

-0.3% -0.2% -0.2%
0.1% 0.1% 0.2%

55 58 62
-520 -673 -824
13% 14% 15%

-16% -18% -20%
-581 -628 -626

-0.8% -0.6% -0.3%
-1.6% -1.6% -1.5%

219 226 233
-96 -121 -144

-24% -24% -24%
14% 13% 13%

22 35 22

-2.5% -3.7% -4.6%
-0.1% -0.7% -1.2%

49 67 84
-27 -44 -65

17% 13% 10%
-10% -8% -7%

-68 -117 -166

-1.4% -1.6% -1.8%
-1.5% -1.6% -1.7%

146 179 212
-391 -574 -780

-26% -25% -25%
17% 15% 16%
508 654 739

0.0% 0.1% 0.1%
-0.1% -0.1% -0.1%

0 0 0
1 4 5

-1% -1% -1%
1% 0% 0%
37 49 61

LDC’s
Gross National Product ($90, % Change f/ Base) 
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

OPEC Oil Exports ($90, % Change from Base)
OPEC Oil Price (% Change from Base)

2.7%
1.6%

0
91

53%
-38%

141

-10%
-16%

2.6%
1.5%

0
96

51%
-33%

137

-10%
-17%

2.5%
1.3%

0
103

49%
-28%

133

-10%
-19%



Kyoto, Annex I Trading, Lump-Sum, OOECD Target = 400 MMTC 
U.S.
Gross National Product ($90, % Change II Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate {% Change from Base)
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

Japan
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base)
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

Australia
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base)
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

Other OECD
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base)
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

China
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base)
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

LDC's
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base)
Exports ($90, % Change From Base)
Net Inf I Invest Pos. (Change from Base, $90 Billion)

OPEC Oil Exports ($90, % Change from Base)
OPEC Oil Price (% Change from Base)

2010 2015 2020

-0.2% -0.5% -0.7%
-0.1% -0.3% -0.4%

32 52 67
-321 -625 -935

5% 6% 7%
-6% -8% -9%
-238 -302 -265

-0.2% -0.2% -0.1%
-0.5% -0.6% -0.6%

32 52 67
-19 -31 -43

-14% -14% -14%
8% 7% 7%
50 88 95 ^

-2.0% -3.3% -4.1%
0.1% -0.5% -0.9%

32 52 67
-17 -34 -51

13% 11% 9%
-7% -6% -4%
-81 -104 -147

-0.5% -0.7% -o.^%
-0.5% -0.7% -0.7%

32 52 67
-98 -173 -250

-16% -16% -16%
11% 10% 10%
402 550 603

0.0% 0.1% 0.1%
-0.1% 0.0% 0.0% .

0 0 0
-1 1 3

0% 0% 0%
0% 0% 0%
21 30 38

1.4% 1.4% 1.3%
0.9% 0.8% 0.7%

0 0 0
44 53 62

26% 26% 25%
-20% -18% -15%

63 53 38

■4% -5% -5%
-3% -6% -9%



Kyoto, "Umbrella", Lump-Sum, OOECD Target = 400 MMTC 
U.S.
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change II Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

Japan
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Australia
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Other OECD
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

China
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Infl Invest Pos. (Change from Base, $90 Billion)

LDC's
Gross National Product ($90, % Change II Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

OPEC Oil Exports ($90, % Change from Base)
OPEC Oil Price (% Change from Base)

2010 2015 2020

0.1% 0.0% -0.1%
0.3% 0.1% 0.0%

16 30 40
-127 -325 -519
8% 8% 8%

-10% -11% -12%
-344 -396 -362

-0.1% 0.0% 0.1%
-0.5% -0.5% -0.6%

16 30 40
-13 -21 -29

-16% -15% -15%
8% 8% 8%
29 73 97

-1.3% -2.1% -2.6%
0.1% -0.3% -0.6%

16 30 40
-8 -19 -30

7% 6% 4%
-4% -4% -3%
-21 -41 -62

-1.2% -1.4% -1.5%
-1.3% -1.5% -1.6%

146 179 212
-388 -568 -772

-19% -18% -17%
13% 11% 11%
426 576 653

0.0% 0.1% 0.1%
-0.1% 0.0% 0.0%

0 0 0
0 2 4

0% 0% 0%
0% 0% 0%
23 32 40

1.8% 1.8% 1.7%
1.0% 1.0% 0.8%

0 0 0
53 61 69

32% 31% 30%
-24% -21% -18%

102 106 104

-6% -6% -7%
-8% -10% -12%



Kyoto, Full "Jl", Lump-Sum, OOECD Target = 400 MMTC 
U.S.
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Japan
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Australia
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base)
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

Other OECD
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

China
Gross National Product ($90, % Change f/ Base)
Gross Domestic Product ($90, % Change f/ Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, ”/■ Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

LDC's
Gross National Product ($90, Vo Change f/ Base)
Gross Domestic Product ($90, % Change II Base) 
Permit Price ($90)
Emission Reductions (MMTC)
Real Effective Exchange Rate (% Change from Base) 
Exports ($90, % Change From Base)
Net Int'l Invest Pos. (Change from Base, $90 Billion)

OPEC Oil Exports ($90, % Change from Base)
OPEC Oil Price (% Change from Base)

2010 2015 2020

0.0% 0.0% 0.0%
0.0% 0.0% -0.1%

11 16 20
-102 -177 -267

3% 3% 3%
-3% -3% -4%
-78 -86 -47

0.0% 0.0% 0.0%
-0.2% -0.2% -0.2%

11 16 20
-6 -9 -12

-5% -6% -6%
3% 3% 3%
25 44 38

-0.7% -1.1% -1.3%
-0.1% -0.2% -0.3%

11 16 20
-6 -10 -15

3% 2% 2%
-2% -1% -1%

-9 -17 -27

-0.2% -0.2% -0.3%
-0.2% -0.2% -0.2%

11 16 20
-33 -52 -74

-6% -6% -6%
4% 4% 4%
183 259 311

-0.5% -0.1% 0.3%
-0.6% -0.5% -0.7%

11 16 20
-278 -471 -697

7% 11% 14%
-5% -7% -8%
-41 -46 -36

0.2% 0.1% 0.1%
-0.1% -0.2% -0.3%

11 16 20
-118 -205 -308

7% 6% 6%
-5% -5% -4%

51 50 40

-1% -1% -1%
-4% -5% -6%
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G-Cubed Analysis of the Impact of 
Carbon Emissions Reductions From the Kyoto Agreement

A simulation of the Kyoto agreement was carried out using version V31L2 of the G- 
Cubed model, an 8-region, 14-sector general equilibrium model of the global economy 
developed by McKibbin and Wilcoxen. (A brief description of the model is attached.) The 
simulation required two simplifying assumptions:

• Since the model covers only energy-related carbon emissions, the analysis assumed 
that 88% of required reductions are undertaken from carbon in the energy sector.

• The analysis has a significantly different emissions baseline than the CEA baseline, 
mainly because it does not capture the effects of reduced coal use in the UK and 
Germany, or the merger of East and West Germany. To accommodate this limitation, 
the required reductions were assumed to be proportional to those required in the CEA 
baseline.

For instance, since the “Other OECD” region reduces carbon emissions 26% below baseline in 
2010, the region reduces emissions 26% below baseline in the G-Cubed analysis. This increases 
the reductions required of the Other OECD region; however, requiring higher reductions is likely 
to yield a more realistic characterization of the costs of meeting the commitment than requiring 
emissions of only 298 MMTC, since the model’s reductions are taken from a higher stock of 
emissions than is likely to be the case.

(1) (2> (3) (4) (5) (6)
CEA 2010 CEA 2010Total CEA Commitment (3)/(I) GCubod2010 GCubed2010

Carbon Emissions GHG Commitment *0.88 Carbon Emissions Commitment
U.S. 1838 600 528 -29% ‘ ‘ *®**^'*^

Japan 368 113 99 -27%
Australia 86 21 18 -21%
other OECD 1158 339 298 -26%

1822
358
133

1560

-523
-97
-28

-401

G-Cubed is a general equilibrium model, and thus represents each region as a competitive 
market economy in dynamic equilibrium with other regions. As a consequence, the 
representation of the former Soviet Bloc does not capture the shock associated with the 
institutional collapse of the formerly planned economy, the consequent dramatic decrease in 
emissions, or the consequent stock of “paper tons” that is likely to be available in the region in 
2010. However, since the region has relatively little interaction with the rest of the world in the 
model (as a consequence of the calibration that renders it in equilibrium in the base year), the 
^alysis treats the former Soviet Bloc exogenously, and assumes both the “paper tons” and the 
supply curve of additional reductions available from the SGM analysis. Thus the analysis 

assumes 426 MMTC of paper tons available in 2010, declining to about 350 MMTC in 2015 and 
290 MMTC in 2020, and roughly an additional 140 MMTC available at a cost of S25/MTC 
($92). ‘

‘ The SGM numbers, in turn, are based on the results of a joint project between tlie OECD, the World Bank and the 
Office of Policy Development at US EPA (see OECD document OECD/GD(97)154 “Environmental Implications of 
Energy and Transport Subsidies” or Chapter 6 of OECD publication “Rcforming.Energy and Transport Subsidies.”
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The analysis included the following scenarios:

1. U.S. Only. U.S. meets its commitment alone (this scenario illustrates the importance 
of trade and capital flows in the absence of any action by other countries).

2. Annex I No Trading, OOECD = 300 MMTC. The Annex I countries meet their 
commitments with no international permit trading (by implication, however, the 
countries of the “Other OECD,” which includes the EU, Canada and New Zealand, 
are assumed to be trading amongst themselves). The “Other OECD” target is 
assumed to be 300 MMTC.

3. Annex I No Trading, OOECD = 400 MMTC. The Annex I countries meet their 
commitments with no international permit trading, and the “Other OECD” target is 
assumed to be 400 MMTC.

4. Annex I Trading. The Annex I countries meet their commitments with full 
international permit tradmg amongst the Annex I countries. In this and all of the 
following scenarios, the “Other OECD” target is assumed to be 400 MMTC.

5. “Umbrella,” The Annex I countries meet their commitments with international 
permit trading amongst all Annex I countries except those in the “Other OECD” 
region. This is the model’s nearest approximation of an “Umbrella, no EU” scenario.

6. Full “JI”. The Annex I countries meet their commitments with full international 
permit trading and full “joint implementation,” where it is assumed that developing 
countries have agreed to emissions rights equivalent to their modeled baseline, and 
have agreed to make those permits available on international markets.

7. “JI” 20% of Reductions. The Annex I countries meet their commitments with full 
international permit trading and “joint implementation,” where “JI” tons are 
constrained to be only 20% of total emission reductions.

8. 20% of “JI.” The Annex I countries meet their commitments with full international 
permit trading and “joint implementation,” where “JI” tons are constrained to be only 
20% of the total “fl” tons in the Full “JI” scenario (6).

The analysis includes two versions of each of the above scenarios. The first simulates a system 
of freely distributed permits as a carbon tax with the revenues recycled through lump-sum 
reductions in personal income taxes (there are no distributional implications because there is 
only one representative agent per region). The second simulates a system of auctioned permits 
through a carbon tax with revenues used to reduce budget deficits in each region. The two 
versions of each scenario provide a reasonable bound of the impacts of different fiscal 
approaches to carbon controls.
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Appendix: G-Cubed Model Description

This analysis was carried out using the G-Cubed model, a general equilibrium model of 
the global economy with 8 regions (the United States, Japan, Australia, Other OECD, China, 
non-oil exporting developing countries, former Soviet Bloc, and OPEC) and 13 sectors, 
including 5 energy sectors (electric and gas utiUties, petroleum refining, coal mining, and crude 
oil and gas extraction) and 8 non-energy sectors (other mining, agriculture, forestry and wood 
products, durable manufacturing, non-durable manufacturing, transportation, services, and a 
sector producing investment goods). This model combines the international detail of the 
McKibbin-Sachs Global (MSG) global dynamic macroeconomic framework with the detailed, 
econometrically-based framework of the Jorgcnson-Wilcoxen general equilibrium model of the 
U.S. economy. In this framework, carbon emissions are related to a variety of economic 
activities, while intertemporal behavior such as saving, investment and exchange rate arbitrage is 
modeled as forward-looking optimi2ation by infinitely-lived “representative agents” (with 30% 
forward-looking, 70% adaptive expectations) and forward-looking firms “firms” aU subject to 
appropriate intertemporal budget constramts. The model treats international trade and capital 
flows in a consistent general equilibrium framework, so that international trade and payments 
balances and exchange rates are simultaneously determined in the context of long-run growth 
and gradual convergence of developing economies’ production possibilities to those of tlie 
developed countries. Using such a framework, we can show that consideration of all of these 
effects in a consistent manner greatly clarifies the likely effects of emission controls, particularly 
of differential commitments in different regions. We can also show that capital flows are likely 
to play a significant role in determining overall effects of differential commitments.

Consumer demand. Consumer behavior is represented by a two-tier system of nested 
constant elasticity of substitution (CES) utility functions. At the top tier, the household allocates 
spending between household capital services, labor services, energy and materials. In the current 
version of the model, the elasticity of substitution between these inputs is set to unity, rendering 
this tier Cobb-Douglas and probably overstating the ability of households to substitute away 
from energy toward other inputs. At the second tier, spending on energy and spending on 
materials are allocated among individual goods. The elasticity of substitution between energy 
goods is 0.8 and the elasticity of substitution among materials is 1.0. Both of these values were 
determined by econometric estimation.

Producer behavior. Similarly, production possibilities are represented by sector- 
specific nested factor demand equations. A top tier of equations specifies demand for capital, 
labor, energy and materials aggregates; while equations in lower tiers specify demand for 
specific energy inputs and materials inputs. The top tier substitution elasticities used in this 
analysis - most of them estimated from historical data for the U.S., but a few imposed 
exogenously to limit the limit the degree of fuel input substitution in the energy conversion 
sectors - range from 0.2 for most of the energy sectors to nearly 1.3 in Agriculture; while the 
substitution elasticities among energy inputs range from less than 0.2 in Coal Mining to over 1.1 
in Other Mining; and those among materials inputs range from 0.2 for most energy sectors to 3.0 
for Services.
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• ?;: S'
:.;r- Saving and investment. As noted above, 70% of households are assumed to be liquidity 

constrained and consume all of their income in each period. The remaining 30% are assumed to 
be M intertemporal optimizers who choose current consumption to maximize an intertemporal 
utility function. (The key parameters of the utility function are the intertemporal elasticity of 
substitution, imposed to be unity, and the rate of time preference, imposed to be 2.5%) The 
difference between the consumption of the intertemporal optimizers and their income determines 
total private domestic saving. Private domestic saving is augmented by public saving (or 
dissaving, as the case may be) and capital inflows from abroad (discussed below). This total is 
then allocated to investment in sector-specific capital goods according to a set of q-theoretic 
investment models. There is one, capital good for each industry, plus one for capital used in 
producing capital goods themselves, plus one more for household capital, for a total of 14. Once 
installed in a particular sector, physical capital is completely immobile - it cannot move between 
sectors or from one country to another. Capital is not vintaged and depreciates geometrically.

G-Cubed Model V.31 CES Substitution Elasticities

Sector Top Tier Energy
Tier

Materials
Tier

(Estimate
d)

(Imposed 
in this 

analysis)

(Estimated
)

(Estimated)

Electricity 0.763 0.200 0.200 1.000
Natural Gas 0.810 0.200 0.932 0.200
Petroleum Refining 0.543 0.200 0.200 0.200
Coal Mining 1.703 0.493 0.159 0.529
Crude Oil & Gas 0.493 0.493 0.137 0.200
Other Mining 1.001 1.001 1.147 2.765
Agriculture 1.283 1.283 0.628 1.732
Fores tryAVood 
Products

0.935 0.935 0.939 0.176

Durables 0.410 0.410 0.804 0.200
Non-Durables 1.004 1.004 1.000 0.057
Transportation 0.537 0.537 0.200 0.200
Services 0.256 r 0.256 0.321 3.006
Investment Goods 1.000 1.000 1.000

Technological change. Technological change is represented primarily as exogenous 
labor-augmenting productivity growth, but the model also provides for total factor productivity 
(TFP) growth and energy-saving technological change (sometimes referred to as autonomous 
energy efficiency improvement, or AEEI). In the current version of the model, there is no 
endogenous technology response to changes in relative prices (apart from substitution).

Taxes. The model includes taxes on household income, corporate income, sales of goods 
and services and tariffs. It also includes a number of potential taxes that are zero in the base case 
but can be made nonzero for policy analysis: carbon and BTU taxes on primary fossil fuels, an
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investment tax credit, and a second lump-sum tax. It does not include a value added tax. Tax 
rates are generally set exogenously.

Fiscal policy. Government spending is set exogenously. Because spending and taxes are 
both exogenous, the government fiscal surplus or deficit will be endogenous. Government 
deficits accumulate into a stock of debt on which interest payments must be made in each period. 
The government’s long term budget constraint is imposed by requiring that in each period the 
government levy a lump sum tax large enough to pay for tliat year’s interest obligation, (That is, 
the government is not allowed to borrow to finance interest payments.) In essence this means 
that all government borroiving takes the form of consols backed by the revenue from an 
earmarked tax. Because some of the agents are not full intertemporal optimizers, the model does 
not yield Ricardian equivalence; government budget deficits do not lead to equivalent increases 
in savings, and so can influence real output.

Money, nominal wages and monetary policy. Money is supplied exogenously by each 
country’s cen^ bank and is demanded for transactions. The demand for real money balances 
depends positively on the volume of transactions (measured by total value of industry output) 
and negatively on the interest rate. The interest elasticity of money demand is -0.6. In the long 
run the model reaches full employment and the size of the labor force is detemiined by the 
exogenous rate of population growth. In the short run, however, wages are set in nominal terms 
and adjust slowly to changes in employment and to changes in current and expected inflation 
rates. As a result, monetary shocks have real short term effects because they change the real 
wage.

Trade. International trade is modeled as a set of bilateral flows of all twelve 
commodities between all eight regions. Within each country the demand for imports of each 
commodity is determined by imperfect substitution between the domestic good and imports from 
each of the other countries (the Armington approach). In the current version of the model, tlie 
elasticity of substitution between each domestic good and competing imports from all other 
coun^es is set to unity. For most of the goods in the model, this is likely to overstate the 
substitutability of foreign and domestic products. The model’s sectors are highly aggregated and 
each includes a large variety of products that are at best, only very poor substitutes for each 
other. (That is, the product mix in imported durable goods does not look very much like the 
domestic product mix.) As a consequence, unitary Armington elasticities probably yields rather 
elastic responses to changes in exchange rates and relative prices, relative to empirical estimates. 
For petroleum products, on the other hand, the model may understate the substitutability of 
foreign and domestic varieties. (Empirical evidence on ^s point is mixed, however, in part 
because the history of regulation and institutions in the world oil market makes it difficult to 
estimate substitutability.)

The model also includes full integration of international capital flows. All trade 
imbalances must be financed by offsetting flows of financial capital. Capital inflows accumulate 
into stocks of debt that must be serviced by future trade surpluses. At the same time, financial 
capital is fully mobile and flows to regions offering the highest rates of return after adjusting for 
expected changes in exchange rates. Together, these two mechanisms (trade imbalances and 
forward-looking interest rate arbitrage) determine exchange rates.
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Model solution. The model has a large number of forward-inn long variables: within 
each country there are 14 ? variables corresponding to the 14 capital stocks, wealth, and the 
exchange rate. Adding up across countries brings the total to over 100. In addition, there are 
about 6,000 equations that must hold within each period. At the moment, the only feasible 
methods for solving a model of this size are based on linearization. G-Cubed uses a hybrid form 
of linearization in which price equations are linearized in logs and other equations are linearized 
in differences. All linearization is done about the model’s benchmark year data set, which at the 
moment is for 1987. Once the linearization is complete, the resulting model is algebraically 
compressed into its minimal dyn^c representation and solved numerically to obtain an 
expression relating the model’s dynamic variables to current and future values of the exogenous 
variables (the model’s “stable manifold”). Finally, this expression is then used to compute 
solutions to the model. Linearization has both benefits and costs. The principal cost is that the 
solutions will involve truncation error (and hence will be somewhat inaccurate) when simulating 
large shocks. The benefit, however, is that a large model with considerable detail in agents’ 
expectations and intertemporal optimization decisions can be solved, and generally solved very 
quickly.

Baseline Projections. In order to solve the model, projections must be provided on the 
future course of key exogenous variables. These include: population growth by region, 
productivity growth by sector and region, energy efficiency improvements by sector and region, 
and tax rates, fiscal spending patterns and monetary policy by region. Unfortunately, few of 
these can be projected with any precision. The most important for climate policy are population 
and productivity growth. The base population assumption in G-Cubed is that regional population 
growth rates follow the paths projected by the United Nations. It is straightforward, however, to 
impose other population projections. For productivity, the base assumption in G-Cubed is that 
the pattern of technical change at tlie sector level is similar to the historical record for the United 
States (where data is available). In regions other than the United States, however, the sector- 
level rates of technical change are scaled up or down in order to match the region’s observed rate 
of ag^egate productivity growth. This approach attempts to capture the fact that the rate of 
technical change varies considerably across industries while reconciling it with regional 
differences in overall growth. It is, at best, a rough approximation; it would be better to estimate 
productivity growth for each sector in each region but the necessary data is largely unavailable. 
As with population projections, it is straightforward to impose other assumptions about future 
productivity growth. The default specification is that productivity is labor-augmenting but it can 
also be given as total factor productivity growth, or as a combination of the two. Energy- 
augmenting technical change can also be imposed.
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The Effects of Full Worldwide Permit Trading on Consumption Losses by OECD 
Countries

Model Pathway Trading No Trading Trading/No Trading

CETA WRE 1.86 1.83 1.02

CPBRIVM WRE 0.17 0.64 0.27

FUND WRE 1.47 9.82 0.15

MERGE WRE 0.60 0.85 0.71

MiniCAM WRE 0.54 1.58 0.34

SGM WRE 0.13 1.84 0.07

CETA WG-1 4.03 5.94 0.68

CPBRIVM WG-1 0.99 3.25 0.30

FUND WG-1 4.97 11.71 0.42

MERGE WG-1 3.24 6.12 0.53

MiniCAM WG-1 3.44 6.51 0.53

SGM WG-1 1.48 6.17 0.24

Average: 0.44
Trading and No Trading Values are in trillions of 1990 US$
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MEMORANDUM

TO:

DRAFT

Distribution

SUBJECT: Nordhaus’s arguments against strict action.

Executive Summary and Key Findings

• Nordhaus finds that the optimal policy, given the current state of knowledge and ignoring 
uncertainty, is to do very little in the short term (a $6/ton tax in 2005) and only 
marginally more in the long term. While his mild long-term policy suggestion helps to 
inform the basis of his short term recommendations, Nordhaus only intends to propose a 
short-term strategy and emphasizes that policies should change as we learn more.

• Recognizing wide-ranging uncertainties and the possibility of calamity, Nordhaus 
investigates optimal policy choices over a reasonable distribution of possible states of the 
world. He shows that while the median optimal carbon tax is on the order of $6/ton in 
2005, the mean optimal carbon tax is somewhat larger, at $ 18/ton in 2005.

• His conclusions are viewed with skepticism by some critics, who believe some or all of 
the following: he overstates control costs, he understates control benefits, and his choice 
of a positive pure rate of time preference is indefensible. Others find his results and 
methodology more robust.

Introduction

In a 1994 book', Nordhaus calculates an optimal policy response to the problem of 
climate change. A distinguishing feature of this work is that it aims to uncover a truly optimal 
policy — that is, one that maximizes net benefit as opposed to one that merely minimizes the 
cost of achieving an ad hoc C02 concentration target.

Basic Results

Ignoring uncertainty and with a best guess of costs and benefits (based on a wide purview of 
existing studies) Nordhaus finds that the optimal policy is to do close to nothing. With the 
optimal policy, carbon taxes rise from $6 per ton in 2005 to $20 per ton (1989 dollars) in 2100. 
Global average temperature under this policy increases 3.2°C — only 0.2°C less than in the 
baseline case. On net, the world economy under this scenario enjoys a small net benefit relative 
to the baseline case. See Table 1.

Restricting emissions of greenhouse gases to 1990 levels, on the other hand, inflicts relatively 
large net costs. Carbon taxes rise to $400/ton in 2100, and the increase in global average

'"Managing the Global Commons,” which presents analysis based on Nordhaus’s DICE 
model. It is the culmination of arguments made in earlier papers.



temperature is limited to only 2.4°C — a full degree less than in the baseline.

Given that the optimal policy is much closer to doing nothing than to restricting to 1990 levels, it 
appears that literally doing nothing in the short term is superior to current proposals oriented on 
1990 emissions levels.

Table 1'

Optimal Policy 
(no uncertainty)

Restrict to 1990 
levels

Stabilize at 1.5°C 
increase

Global Net Benefit^

NPV
(Sbillions)

- 7,069

- 40,980

Annualized
(Sbillions)

-283

- 1,639

NPV as % of PV 
of baseline output

0.04

-0.98

-5.94

Carbon Tax ($/ton)

2005

200

2055

230

700

2105

400

800

It is worth emphasizing that Nordhaus’s result is not simply a matter of delaying controls. While 
the typical cost-minimization exercise also shows that carbon emissions should be allowed to 
follow a near-baseline path at first, Nordhaus’s result goes further: he finds that relatively little 
should be done even over the long term. In his optimal scenario, carbon concentrations are 
allowed to grow without apparent bound.

Incorporating uncertainty, Nordhaus’s results change though the basic message of modest short­
term measures does not.

• Nordhaus examines how the optimal policy changes when key parameter values vary 
from his best guess and finds that the mean optimal policy calls for higher carbon taxes 
than he finds for the best-guess case. The mean optimal policy calls for a carbon tax of 
$ 18/ton in 2005 and $53/ton in 2045.

• The “mean” result differs from the “best guess” result because the distribution of 
outcomes is skewed so that favorable climate change scenarios are similar to the best- 
guess case and occur with high probability while extremely unfavorable scenarios occur 
with low probability.

• Nordhaus finds that only 2% of possible scenarios — the least favorable — would call for 
a carbon tax in 1995 of over $ 100/ton.

-Source for Tables 1 and 2: Nordhaus, “Managing the Global Commons”, 1994. These 
data come from the DICE model.

^Net benefits are measured relative to the base case of taking no action.



Basis for Results

Nordhaus’s results derive from three key assumptions:

• that the costs of reducing carbon emissions are relatively high;

• that the benefits of carbon control (in the form of averted damages) are relatively low; 
and

• that the social rate of discount is greater than zero.

Critics have attacked Nordhaus on all three points, and it is worth examining each point in 
greater detail.

1. Costs

The cost of reducing carbon emissions is determined by the responsiveness of the economy to a 
given level of carbon-control effort. For example, if a $10 carbon fee elicits a large response in 
terms of lower carbon emissions, the cost of carbon control will be low. Conversely, if a $10 
carbon fee elicits a small response, program cost will be high.

The impact on the economy of a carbon-control program in Nordhaus’s model is determined by 
two key assumptions — one concerning the “static” response, given current technologies and 
carbon use, the other concerning the “dynamic” response, reflecting induced changes in carbon 
use and advances in technology.

• Nordhaus bases his assumption about static responses on existing empirical studies. His 
assumptions here are not particularly contentious.

• Nordhaus attempts to capture dynamic responses by assuming that technology will 
improve at about the same rate in the future as it has done in the past. Importantly, the 
trend rate of improvement is not allowed to vary depending on the price of carbon 
permits or the level of a carbon tax. Critics find fault with this approach, since his model 
thus assumes that carbon taxes will in no way accelerate the development of non-carbon 
technologies — in stark contrast to the “technologist” view.

Nordhaus notes that his results are sensitive to assumptions about technology, but he does not 
document the extent of that sensitivity in isolation from other uncertainties.

2. Benefits

The benefits of carbon control are determined by the magnitude of damages averted — that is, 
damages that would have occurred in the absence of a control program. Nordhaus calculates that 
these damages would be relatively modest. For example, he estimates that a 3 °C temperature 
increase results in only a 1.3 percent loss of output per year.
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Some critics feel that damages averted will be greater than Nordhaus assumes. They note that 
S02 and particulate emissions will be reduced, biodiversity will be better maintained, and 
negative health effects will be avoided.

In a survey of experts, Nordhaus finds that the median cost prediction for a 3°C rise in 
temperature is 1.9 percent of output annually - 40% higher than his own. The mean prediction 
is much higher, at 3.6 percent.

3. The social rate of discount

Given that costs are borne up front and benefits accrue mainly in the distant future, assumptions 
about the social rate of discount are crucial. Nordhaus assumes that the social rate of discount is 
3 percent per year; this rate is sufficiently large as to significantly reduce the present value of the 
distant and already modest benefits.

Many critics (mainly non-economists) feel that a social rate of discount greater than zero is 
indefensible on ethical grounds. However, mainstream economists strongly endorse the 
approach to discounting which Nordhaus uses and find it difficult to understand very low rates of 
time preference in the context of observed behavior.

Nordhaus re-evaluates the optimal policy when the pure rate of time preference is only 1 percent 
and finds that the optimal carbon tax in this case is considerably greater (see Table 2).

Table 2

Optimal Carbon Tax 
($/ton)

Rate of Time Preference 1995 2045 2095

3% 5.3 13.7 21.0

1% 23.6 52.6 77.5

Conclusion

Nordhaus’s analysis implies that little should be done either in the short term or in the long term. 
His results hinge on assumptions about technology improvements, appropriate discount rates, 
and the size of potential damages. Critics feel that Nordhaus may be:

• overestimating mitigation costs because he ignores the possible influence of higher 
energy prices in spurring the development of new technology; and

• underestimating damages from climate change.

While both would tend to cause Nordhaus to be too lax in his policy recommendations, it is not



::
clear that such criticisms can be sustained far enough to overturn Nordhaus’s basic point that 
strict action is inappropriate in the short term. The discount rate issue, while crucial, is difficult 
to settle.
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The Carbon FmiMions Impacts of a Federal Gasoline Tax Reducdon_

This memorandum summarizes the results from our simuMon analysis of the carbon 
emissions impacts of eliminating the 4.3 cent federal gasoline tax enacted in 1993. The first 
section describes the basic structure of the Transportation Submodel ofDRI’s U.S. Energy 
Model which was used to forecast vehide demand for oil. The second section reports the 
estimated impacts of the proposed gasoline tax r^uction on transportation fuel demand and 

carbon emissions.

DRl’s Transportation Fud Demand Modd
DRI’s Transportation Fuel Demand Modd is a vintage capital modd. It is premised on the^
notion that the demand for motor fuels is derived from the demand for travel and consumer’s 
preference toward particular vehide. Consumers determine the levd of travd e well e the 
vehicle stock composition through their purchase dedsions. The stock romposition, 
associated efficiency characteristics, and vehide vintage patterns determiiie the level of fuel 
consumption. Both vehicle purchase patterns and travel dedsions are derived within the 

' model as functions of economic activity and fud prices. The model is capable of examini^ 
dynarrac a^ustments to fiscd polides such as road pricing and fuel taxes, as well as policies
directly affecting technological characteristics of the vehicle stock.
The process of determining fud consumption bepns witii consumers’ vehicle purchase 
decisions, particuliuly the timing of the purchase and the type of vehicle bought. Total sales 
of imported.cars, domestic cars, li^ trucks, medium trucks, and heavy trucks are obtained 
from Dia’s Automotive Service. The next rtep is to determine the vehicle stock in any given 
year, which is a function of past sales patterns and the technological characteristics of those 
sales, as embodied in the survival probabilities assodated with specific vehicle age groups. 
The vehicle stock in a particular class in any given year depends upon the numba of vehicles 
sold in each of the previous “N” years and the probabilities that these vehicles will ^ be on 

the road in that year.
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The total number of miles traveled by the stock of vehicles of a particular class and fuel-using 
type is the product of the number of vehicles in that class’ stock and the number of miles 
traveled per vehicle in that stock. The vehicle miles traveled is estimated econometrically. It 
varies across the class of vehicle and the age of the vehicles within that class (Generally, the 
older the vehicle, the fewer miles it is driven each year). It ^so changes with changes m the 
real cost per mile and real disposable income. The real cost per mile is defined by dividing 

fuel prices by the vehicle fuel efficiency.
Fuel consumption for a particular class and model year of vehicle is derived by multiplying 
each segment’s vehicle stock by the miles traveled per vehicle and then dividing by the 
average fuel efficiency of the vehicle stock. The average fuel efficiency of the vehicle stock i s 
calculated as a stock-weighted average of the vehicle fuel efficiencies by vintage. Overtime, 
new vehicles are purchased and old vehicles are retired. Since new fuel vehicle efficiencies are 
affected by fuel costs, real fuel prices increasingly influence the stock efficiency and hence 
gasoline consumption over time. Total fiiel consumptipn is the sum of fuel consumption for 

each of the vehicle classes and model years.

The Impacts of the Gasojine Tax Reduction
In this study, we applied the Transportation Model to simulation the carbon emissions impacts 
of eliminating the 4.3 cent federal gasoline tax enacted in 1993. The DRI’s Fail 1997 Energy. _ 
Forecast was used as the baseline. As shown in the attached Excel workbook, the 4.3 cent 
reduction in federal gasoline tax reduces real gasoline prices by 3.40% in 1998, 2.31% in 
2010, and 1.37% in 2020. Consequently, the total number of vehicle niUes traveled (VMT) 
rises and new vehicle fuel efficiency fells. The VMT of passenger cars iri 2020 increases by 
0.68% from 1627 billion vehicle-miles irithe baseline to 1638 billion vehicle-miles while that 
of light trucks increases by 0.67% from 1947 to 1955 billion vehicle-miles. The new vehicle 
fuel efficiency declines by about 0.1-0.2 mfles per gallon (MPG) from the baseline, which in
turn causes a reduction in vehicle stock fuel efficiency.
The higher VMT and lower MPG result in an increase in transportafion oil demand and 
carbon emissions. Compared with the baseline, the annual highway gasoline consumption 

. increases by 0.6%-1.7% and total transportation oil demand increases by no more than 1% for 
most years during the forecast period. The projected increase in total carbon emissions from 
the transportation sector is about 1.8 million tonnes (0.37% of the baseline) m 1998,4.6 
million tonnes (0.85% of the baseline) in 2010, and 3.5 million tonnes (0.60% of the baseline) 
in 2020:

■
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Transportation Sector Outlook
(Percent Change from the' Baseline to GasTaxCH Case)

1996 1997 1998 1999 2000 2005 2010 2015 • : 2020

CARBON EMISSIONS

Total Emiaaiona {Mllfcn Tonnea) 0.00 0.00 0.37 0.50 0.68 1.03 0.85 0.66 0.60

FUEL CONSUMPTION

Total Oil Demand (Trillion BTU) 
Highway GaaoUne (B^ Gallona)

0.00
0.00

0.00
0.00

0.37
0.56

0.51
0.88

0.65
0,99

1.01
1.57

0.82
1.30

0.64
1.08

0.58
0.93

<^/d
1996Dollara
Nominal Dollars
Federal Tax III 0.00

0.00
0.00 -23.50

■3.36
<J.30

-23.50

-3.21
-3.23

-23.50

-2.72
-2.75

-23.50
-2.28

-23.50

• -1.82 
-1.82 

-19;28

-1.37
-1.42

-14.19

PASSENGER CARS

VMT (BMIon)
Miles/Car

0.00 
6.00 .

0.00
0.00

0.58 
0;57 ■

0.72
0.77 0.95

1.34
1.35

1.09
1.09

0;91
0.88

0.68
0.67

MIlea/GaUon (On-Road) 
NewCarAvg
StockAvg

0.00
0.00

0.00
0.00

0.00 
0.00 .

0.00
0.00

1

-0.45
0.00

-0.43
0.00

•0.40
-0.43

■0.38
0.00

■0.74
-0.39

LIGHT TRUCKS

VMT(Binion)
Mileanruck

0.00
0.00

0.00
0.00

0.54
0.57

0.81
0.77

0.96
0.95

1.38
1.36

1.09
1.09

0.85
0,89

0.67
0.66

MHea/G^km (On-Road) 
NewTiwkAvg
Stock Avg

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

-0.60
0.00

0.00
-0.60

0.00
0.00

-0.48
*0.53

■0.4S 
■ -0.50

^ y" _ \

■ {'■

,. ^ 
\

I
¥

/•

Paget

■

/
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Transportation Sector Outlook 
(DRI Fall 1997 Baseline Forecast)

1996 1997 1998 1999 2000 2006 2010 2015 2020

CARBON EMISSIONS

Total Emissions (MlUion Tonnes) 445.3 453.4 464.8 478.8 487.4 523.6 553.1 573.2 587.3

FUEL CONSUMPTION

Total Oil Demand (TrflBon BTU) 
Highway Gasoline (Billion Galons)

23496.2
119;5

23896.2
121.7

24488.8
124.8

25119.1
128.1

25675
131

27606.8
140.3

29208.2
146.2

30296:4
148.8

31059.9
150,2

GASOUNE RETAIL PRICES (Csnts/Gallon) ■

1996Dollara
Ndminai DoHais
Federal Tax

128:8
128.8

18.3

125.8
128i

18.3

123.4
128.8

18.3

121.9
130.2

18.3

121^5
133.1

18.3

125
156.4

18.3

129.8
189
18.3

137.2 
- 236.7 

22.3

146
301.9

30.3

PASSENGER CARS
■ ■■■ ■

VMT (Billon)
Mles/Car

1375
11049

1375
1109O

1386
11214

^ 1398
11353

1405
11463

. 1423
11921 ■

1470
12378

1541
12772

1627
13151

Milea/Gallon (On-Road) 
NewCarAvg
Stock Avg

2i;3
20.8

21.5
20.0

21.7.
20.9

21.8
21

22
21.1

23.2
21.8

25
23.2

26.2
24.6

27.1
25.8

LIGHT TRUCKS

VMT (Billon)
Miles/rnjck

813 
' 11473

861
11525

921
11664

983
11819

1044
11945

1307
12472

1558
12993

1771
13434

1942
13847

Mlles/Galon (Oiv-Road)
New Tnick Avg
Stock Avg

16
15.5

16.1
15.6

16.3
15.7

18.4
15.8

16.6
15.9

17.8 
. 16.7

19.5
17.7

20.9
19

22
20.2

Page 2
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Transportation Sector Outlook 
(Gasoline Tax Reduction Scenario)

1996 1997 1998 1999 2000 2005 2010 2015 2020

CARBOM EMISSIONS 

Total Emissions (MOIon Tonnes) 

FUEL CONSUMPTION

445.3 453.4 468.5 479.2 490.7 529 557.8 , 577 590.8

T^ Oil Demand (TrimonBTU) 23488.2 23895.2 24678.2 25248.8 25843 27W.8 29446.3 30491.4 31240.4
Highway GeeoHne (Billion Gallons) 119.5 121.7 125.5 129.2 132.3 142.5 148.1 150.4 151.6

GASOLINE RETAIL PRICES (CenlaKSallon)

1996 Dollars 
Nominal Dollais 
Fed^Tax

128.8
128.8

16.3

125.8, 119.2
128.2 124.5

18.3 14

117.8
125.9 

14

117.8
128.8 
.14

121.8
1521

14

126.8-
184.7

14

134.7 144
232.4 297.8

18 26

PASSENGER CARS

VMT(Baiion)
Mlles/Car

Miles/GaSon (On-Road) 
NewCarAvg 
Stock Avg

UGHT TRUCKS

VMT (Billion) 
Milesn'ruck

k(Nles/Gaton (On-Road) 
New Truck Avg 
StockAvg

1375 1375 1394 1408 1418 1442 1488 1555
11049 11090 11278 11440 11572 •'12082 12513 12885

21.3 21.5 21.7 21.8 21.9 23.1 24.9 28.1
20.8 20.8 20.9 21 21.1 21.8 23.1 24.6

813 861 926 991 1054 1325 1575 1786
11473 11525 11730 11910 12059 12641 13135 13553

18 18.1 16.3 18.4 16.5 17.8 19.5 20.8
15.5 15.6 15.7 15.8 15.9 16:8 17.7 18.9

1638
13239

26.9
25.7

1955
13939

21.9
20.1

Page 3
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01/08/98 THU 16:28 FAX 202 622 1294... POLICY ANALYSIS US TREAS @002
NO. 765 001

From The Desk Of

ANDY S.KYDES

To;

Re:

Ray Squitieri

Outputs requested for the $ 100/ton case

Date; January 8, 1998

Attached is a summary table relating the NO, emissions for the AE098 reference case veisus a
case that represents what might occur with a $ 100/ton caihon permit fee (teelOO). You should
be aware of certain caveats and assumptions that go with these tuns when you consider the
analysis.

• The reference case in AE098 does not incorporate the new NO, standards and 
consequently the path of NO, emissions in the reference case, if they were incorporated, 
would probably be a little but not substantially lower than indicated.

• The .sensitivity case that we ran with the $ 100/ton carbon fee makes the following 
assumptions: (a) the SlOO/ton fee is ramped up over three years reaching and retaining a 
plateau of $ 100/ton in 2010, (b) that a carbon fee of .$100/ton will trigger the 
development and availability of advanced menu of end-use technologies as defined in the 
AE098 advanced cost reduction technology cases, (c) supply side technologies remain 
defined as in the AE098 reference case, (d) an advanced ethanol technology as an 
oxygenate and for gasohol is made available by 2010. (e) economic overbuilding in 
excess of required reserve margins on a year-to-year basis is allowed to reach 7 percent of 
the existing generation base in the utility sector,

A cursory observation of the runs reveals the following:

• The availability and penetration of advanced end-use technologies is projected to reduce 
primary energy consumption by about 4 Quads (3.7%) in 2010.

• Natural ga.s use for generation increases .substanrially at the expense of coal generation.
In 2010, steam coal generation is about 5.5 Quads lower and natural gas generation is 
over 3 Quads higher, resulting in a NO^- reduction of about 1.1 million tons from 
generation,

• Non-hydropower renewable generation is projected to be over 25% higher in the $ 100/ion 
fee case than in the reference case in 2010.

• The $ lOO/ion carbon fee increases electricity prices by about 33 percent in 2010 relative 
to the reference case in 2010. Relative to the 1996 price of electricity, the $ 100/ton fee 
case rai.ses electricity prices in 2010 by about 14 percent.

• Primary energy intensity in the reference case declines by 0.9 percent annually between 
1996-2020. Energy intensity in the SlOO/ion case declines by 1.2 percent aimually.

I hopes this helps.
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Post-it* Fax Note 7671

CoVOepi. \)S Treja-^Lirv
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>=«* 22--12-^4

U. S. Department of Energy 

FELEFAX TRANSMISSION
FROM

ENERGY information ADMINISTRATION 
Office of Integrated Analysis and Forecasting (EI-80) 

1000 Independence Avenue, S.W.
Washington, D.C. 20585 ___

DATE: l/j^hS
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3^/
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NUMBER OF PAGES TRANSMITTED INCLUDING COVER SHEET:

PLEASE CALL IF YOU HAVE TROUBLE RECEIViNG TRANSMISSION.

FROM5M:'
1000 INDEPENDENCE AVE FAX NUMBER: (202) 586-^5

MESSAGE:



01/15/98 THU 12:24 FAX 202 622 1294 POLICY ANALYSIS US TREAS-- - • — ------------ cim-vjii-ir -
®002 

NO. 805 D02

From The Desk Of

ANDY S. KYDES

To:

Re;

Ray Squideri. Treasury Dale: January 14,1998

Summary Tables of Carbon Permit Impact.s

Attached please find a copy of NEMS summary tables in response to your request for infonnation 
on the impact of aUemarive carbon fees on NOx and SOx emissions. A complete set of printouts axe 
available as in the AE098 reference case in the event you want them. In these tables, the results are 
derived as follows:

Column 1: 
Column 2:

Column 3 
Column 4 
Column 5

AE098 results
New base: Advanced AE098 demand technologies case with some further- 
adjustments. The sensitivity cases that we ran with the various carbon fees make 
the following assumptions: (a) the fees are ramped up over three years reach and 
retain a plateau in 2010, (b) that a carbon fee greater than or equal to $ 100/ton will 
trigger the development and availability of an advanced menu of end-use 
leclmologies as defined in the AE098 advanced cost reduction technology cases, (c) 
supply side technologies remain defined as in the AE098 reference case, (d) an 
advanced ethanol technology as an oxygenate and for ga.sohol is made available by 
2010, (e) economic overbuilding in excess of required reserve margins on a year-to- 
year basis is allowed to reach 7 percent of the existing generation base in the utility 
sector.

New Base with a $ 100/ton Carbon fee 
New Base with a $200/ton carbon fee 
New Base with a $300/ton Carbon fee

Table 62 is the table with the national and regional level Sox, Nox, and Carbon emissions. 

Plea.se let me know if you need anything else or want any explanation or further analysis.

Mary J. HutzJer 
Scott Sitzer 
Att Andersen
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From The Desk Of

ANDY S. KYDES

To:

Rc:

Ray Squitieri, Treasury Dale: January 14,1998

Summary Tables of Carbon Permit Impacts

Attached please find a copy of NEMS summary tables in response to your request for information 
on the impact of alternative carijon fees on NOx and SOx emissions. A complete set of printouts are 
available as in the AE098 reference case in the event you want them. In these tables, the results ate 
derived as follows:

Column 1: 
Column 2:

AH098 results
New base; Advanced AE098 demand technologies case with some further 
adjustments. The sensitivity cases that we ran with the various carbon fees make 
the following assumptions: (a) the fees are ran^d up over three years reach and 
retain a plateau in 2010, (b) that a carbon fee greater than or equal to $100/ton will 
trigger the development and availability of an advanced menu of end-use 
technologies as defined in the AE098 advanced cost reduction technology cases, (c) 
supply side technologies remain defined as in the AE098 reference case, (d) an 
advanced ethanol technology as an oxygenate and for ga,sohol is made available by 
2010, (e) economic overbuilding in excess of required reserve margins on a year-to- 
yeai- basis is alhwed to reach 7 percent of the existing generation base in the utility 
sector.

Column 3: New Base with a $ 100/ton (jarbon fee
Column 4: New Base with a $200/ton (jarbon fee
Column 5: New Base with a !P300/ton < arhon fee

Table 62 is the table with the national and regional level Sox. Nox, and Carbon emissions. 

Plea.se let me know if you need anything eljse or want any explanation or funher analysis.

Mary J. Hutzler 
Scott Sitzer 
Art Andersen
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January 15, 1998

TO: Randy Lutter, President's Council of Economic Advisors

FROM: John Berg, FHWA

SUBJECT: Potential Impacts of hypothetical fuel price Increases

Randy,Since we haven't been able to connect by phone, I thought 
I'd send you over a few thoughts via fax. Since the effects you 
are interested in (investment req'ts. and traffic congestion) 
stem from the effect on overall travel. I'll start by speculating 
on possible effects of tax-induced price increases on fuel 
consumption. Most models relating fuel consumption to price use 
short-run elasticities in the range of -0.1 to -0.15 or -0.2.
I've seen longer-run elasticities of -0.4, and sometimes higher. 
However, even with these higher long-run fuel price elasticities, 
the effect on travel has been much reduced because, once 
consumers perceive that the fuel price increase is long lasting, 
they tend to upgrade the fuel efficiency of their vehicles, so 
travel elasticities are much lower.

I don't have recent DOE estimates of these relationships, but a 
1991 report, 'Studies of Energy Taxes,” provides some relevant 
information. The estimates DOE calculated for a 50-cent tax 
increase in 1991 indicate a 2.5 percent reduction (from the no­
tax baseline) in fuel consumption in 1991, and a 7.5 percent 
reduction in 2000. Although I can't tell from the report, I 
would assume that they kept the price of fuel 50 cents higher 
than the baseline in real terms over the 1991 to 2000 period 
(that is, with further increases in fuel price in nominal terms 
over the intervening years).

The estimates of the effects of this tax increase on travel are 
quite revealing. Here, you see a 2.B percent reduction in 
vehicle miles traveled in 1991, but by 2000, travel is only 1,1 
percent below the baseline. From these figures I calculate a 
compound rate of growth of vmt of .008 percent per year in the 
base case (very low estimate compared to historical trends), and 
.007 percent per year in the case of the 50 cent tax. A 50 cent 
tax in 2010 would of course have a much reduced real effect than 
the tax examined in the 1991 study. While I'm sure DOE has 
updated these estimates, I think they make the point that, for 
your pu^oses, a 50-cent tax would not be likely to have a 
perceptible affect on overall travel, much less urban travel or 
congestion, and would not be likely to have a noticeable effect 
on investment requirements.

I guess we could speculate further on how these travel reductions 
would be reflected in urban travel and congestion. My guess is 
that urban congestion would be less effected by the fuel price 
increase than would longer non-urban trips, but that is only 
speculation. I personally think that the only way a price
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increase Is going to significantly effect congestion, is if the 
price increase is in the form of a congestion fee (place and time 
specific), \mles8 you're talking about a very substantial price 
increase (one that would substantially shut down economic 
activity). In a paper included in the National Academy of 
Sciences study of urban transportation pricing (Curbing Gridlock, 
1994), the late Greig Harvey shows estimates of the effects of a 
gasoline t^ Increase of $2.00 per gallon resulting in reductions 
in vmt of 8.1 percent, and 7.6 percent in trips (the years aren't 
clear here).

In sum, I guess my advice is that a gas tax in the range of 
50 cents per gallon would not be expected to have much effect on 
either congestion or investment requirements. Another thing to 
keep in mind is that a major part of the Administration's current 
Global Climate Change Initiative is on Improvements to the energy 
efficiency of vehicles and fuels. This would imply even a lesser 
affect of a fuel tax increase on travel.

I suggest you touch base with the Department of Energy, Energy 
Information Administration for their latest estimates of fuel tax 
policies on consumption and travel. The name and number Included 
in the 1991 report is Gerald Peabody, Distributional and Energy 
Demand Analysis, 202-586-6160. Another excellent contact is Dave 
Greene, with the Oak Ridge National Labs. David has been doing a 
considerable amount of work in the area of energy and 
transportation demand in the context of the current global 
climate change discussions. The number I have for him is 615- 
574-5963. I hope this information is helpful to you and I would 
be glad to discuss this with you further.
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Table 1. Total Energy Enpply and Olspoaitlon Summary 

fOimdrilllon Btu pel Year, Unleaa Otherviae Noted)

Supply, Cispoaition, and Pric«e|2000 
U1__

2000
<2)

2000
(31

I
2000 |200S 
(4) I (1)

1
200S
<2)

200S
(3)

ji3.a£
1 2.39 
|20.8S 
|24.33 
I 7.36
I 6.82 
I .56 
.|75.36

,|l9.18 

!
.1 0.21 
•I ■« 
.|28.«0

exports I
Petroleuir .................................................... I 1-73
Natural Gas....................................................I -26
Coal....................................................................... I 2.41

Total......................................................... 1 4.41
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Coal...................................................
Nuclear Po'.-er-................................
Renewable Energy ............................
Other ................. .. .......................................

Total...................................................
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crude Oil ................................................
-Petroleum Products ..................
Natural Gas ..................................
Other Imports .....................................

Total...................................................

Discrepancy
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Petroleum Products
Natural Gas................
Coal...............................
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Renewable Stnergy ..
Other ..................................

Total...............................

i...|38.37 
... 124.76 
... |22.13 
...1 7.36 

6.82 
.41 

99.8

LI.06 13.07
2.36 2.37 

20.76 20.75 
24.42 24.42
7.36 7.36
6.82 6.84

.56 .56
75.35 75.37

19.39 19.15 
4.26 4.27
4.23 4.22

.62 .62 
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1.73 3.74
.28 .28

2.41 2.41
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I
I
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.56| .55
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I
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4.4oj 5.55 
4.211 4.44 
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13.731 

.28|
2.411

4.411 4.65
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2005 12010 
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I
2010 12015 
(4) (1)

I
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25.52
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.58
12.73
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2.561 2.93 2.94
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6.871 6.36 6.36
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I
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38.51 37.89 3S.9l|40.82 40.67 39.90 37.35

I
1.78 1.70 1.-70

1
1.701 1.8£ 1.82 1.82

1
i.aol l.£4 1.53 1.S9 l.€€
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166.8 164.4 152.4 
60.1 55.3 44.6

237.3 221.4 187.8
584.3 558.5 494.4

646 1 627.0 591.3 
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Table 62. Bmlssioni by NBRC Region (million short 

-«o«nt carbon and Carton nloxide (million metric
tons)

tODS) ____________ ___ 1

1I20CO
1 f 1 \

2000
1

2000 2000 12005
>-|) 14) I 11)

1
2005 2005 2005 12010 2010 
(2) (3) (4) |(1> (2)

2010
OI

1
2010 12015 2015
(4) 1(1) (2)

2015
(3>

12015 12020 2020 2020 2020 
(4) 1(1) (2) (3) (4)

11 lx;
------  —^^

i* 1 1 1 11 1
1............................................... I

laicei States I

Total Carbon..........................................
Caroon Dioxide...................................... I 2105
Sulfur Dioxide...................................... 110.19
liitrogen Oxide...................................... I

last Central Area Reliability |
Total Carbon....................................... Il2».0
Carboro Dioxide..................................... 14 72.9
Sulfur Dioxide............... ..................... I 3.39
nitrogen Oxide.................................. I l-SO
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Total Carbon-'.....................................14S.92
Carbon Dioxide................................... |168.4
Sulfur Dioxide...................................... I -35
nitrogen Oxide...................................... I
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Total Carbon........................................... |34.<e
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Nitrogen Oxide............................... ••1 -3*
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Total Carbon....................................... . J40.87
Carbon Dioxide...................................... |149.8
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1.52 1.471 1.61 1.61 1.41 l.Otl 1.64 1.63 1.42

.35

.47
.35
.47

.351

.471
I

.34

.43
.34
.43

.35

.43
.34
.3S

.34

.37 .33

IS| .33 .33 .30 -isj .32

.251 3«
.351 
.421

I

.53

.29
.63
.29

.721

.291
.54
.28

.63

.24
.63
.26

.71|
27|

I

.50

.30
.60
.30

.57

.28
.64! 
.261 

I

.50

.3L
.56
.31

.49

.28
-S7|
.251

1

.52

.33

1.00
.53

1.01
.53

.981

.52|
I

.7D

.52
.72
.50

.74

.48
.751 
.451 

1

.65

.54
.64 .7li .61 .62 .78 .821 -S’
.45 .361 .56 .54 .46 .361 -59

I I
36.79 32.04|41.10 40.98 38.39 34.25142.13

733.5 664.3 550.8
2690 2436 2020
9.00 9.00 9.00
6.86 5.99 4.83

155.5 139.6 105.9 
570.0 511.9 388.3

I.IO 3.02 3.11
1.68 1.45 .95

54.40 50.01 38.41
199.5 183.3 143.8

.32 .29 .22

.39 .35 .27

44.36 42.49 37.84 
162.7 155.8 138.7 

.56 .49 .57

.33 .30 -27

50.53 44.22 37.36 
185.3 162.1 137.0 

.59 .86 .99

.57 .48 .37

.42

.39
.43
.39

.411
-391

I

.44

.43
.45
.44

.46

.44
.*1|
.411

.43

.45
,37j .42 .42 .39 ..37l .40
.34| .45 .45 .41 -3Sl '.46

I I
13.07 11.86115.26 15.33 14.18 12.84116.16

.41

.41

mcix3Mc«« « » .............................—----------- --------- ----- ;------doi7i9aa « 0 TaXe Reference Demand Technology

42.06 39.06 34.28 
154.2 143.2 125.7 

.40 .38 .35

.46 .41 .35

16.33 15.94 11.99 
59.87 58.44 43.96 

.16 .15 .12

.10 .09 .06

15.45 14.25 12.34 
56.64 52.25 45.26 

.19 .15 .10
n .09 .08
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L I U G SYSTEMMATIOHAl. BNBRGY MODS______
(iiiillioa short tons) (Continued)Table 62. 

______exc(
Vuussions by H8RC Region

:arlx>n and Carbon Pi oxide (wlllion oetiic tona)

outhcastecn ETlectric/Plarida
Total Carbon....................................
Carbon Dioxide...............................
Sollur Dioxide................. -..........
lUtrogen Oxide..............................

toutbeastem Blectric/Excl Fla
Total Carbon....................................
Carbon Dioxide...............................
Sulfur Dioxide............... ..............
Mitrogen Oxide...............................

k3utbwesc Pover Pool
Total Carbon....................................
carbon Dioxide...............................
Sulfur Dioxide...............................
Mitrogen Oxide...............................

(estem Systems Ccuncil/WtP
Total Carbon...................................
Carbon Dioxide.............................
sulfur Dioxide.............................
Mitrogen Oxide.............................

K&stcm Syscens Oouncil/K-h
Total Carbon....................................
Carton Dioxide................................

• Sulfur Dioxide................................
Nitrogen Oxide.............................

western SysCeins Counci 1/CNV
Total carbon.................................
Carbon Dioxide............................
Sulfur Dioxide.............................
Nitrogen Oxide.............................

2000 2000 2000
(3)

2000 |2005 
(1) 1(1)

r. !2005 2005 2005 |2fll0 2010 2010 2010 12015
(21 (3) (e> Kit (1> (3) U) lU)

2015
(2i

2015
(3)

2015 |2020 
(41 1(1)

2020 2020 
(2) 13)

2020
(4)

26.48
97.09

.40

.29

104.0
381.3
2.64
1.06

59.92
219.7 

.68 

.69

24.84
91.07 

.16 

.24

27.99
102.6

.21

.30

22.87
83.85 

.08 

.19

26.33
96.55

.39

.29

105.6
387.0 
2.24 
3.07

59.75
219.1 

.68 

.69

24.73
90.69

.16

.24

28.16
103.2 

.21 

.30

22.90
83.97

.08

.19

26.2S 
96.24 

.36 

.29

105.1
385.3
2.24 
1.07

59.73
219.0

.68

.68

24.76
90.79

.16

.24

27.98
102.6

.24

.30

22.97
84.24 

.08 

.19

I
26.12|30.55 
9S.76|112.0 

.3S| .35

.2B\ .32
1

104.1I112.5 
381.8|412.4 
2.211 2>S1 
1.07| 1.12

I
S9.3S|65.03 
217.61238.4 

.68| .64

.68| .70
I

24.7.11 28.20 
90.61|103.4 

.16| .15

.241 .24
1

27.91|30.32 
102.3|ail.2 

.21| .20 
.30| .31

I
22.47(22.53 
82.40(82.62 

.08( .00 
.19( .18

I

29.97
109.9

.37

.31

114.8
421.0 

2.19 
1.13

64.95
238.1 

.64 

.70

28.10
103.0

.16

.24

30.22
110.8 

.20 

.31

22.52
82.56

.08

.18

28.09 27.22(32.60 32.13 29.05 2S.19(37.7'2 36.06 31.43 
103 0 99.8(120.2 117.8 106.5 92.37(138.3 132.2 115.2

.34 .34[ .33 .37 .31 .27( .36 .38 .32
29 .28[ .33 .32 .28 .24[ .37 .35 ^29

I I
115.9 111.3(120.6 122.1 114.4 103.5(130.9 130.6 120.4 
42r.O 408.1(442.3 447.8 619.6 379.3(480.0 478.7 441.4

2.21 2.2S( 2.39 2.12 2.38 2.52( 2.66 2.30 2.34
1.14 l.llj 1.17 1.17 1.11 1.04( 1.24 1.21 1.10

I I
62 68 61.37(68.41 67.94 62.74 54.31(70.22 69.59 62.25 
229.8 225.0(250.8 249.1 230.0 199.2(257.5 255.2 228.2 

.65 .65( .62 .61 .58- .46( .59 .59 .51
67 .66( .71 .70 .62 .S4j .69 .68 .57

( I
27.87 28.92(29.74 29.85 28.91 25.77(31.31 31.11 30.42 
102.2 106.0(109.1 109.5 106.0 94.50(114.8 114.1 111.5 

.15 .isj .14 .14 .14 .llj .13 .13 .12

.24 .2S( .25 .25 l24 .2l( .26 .26 .25
I I

29.45 28.60(31.98 31.83 30.00 25.89(33.10 32.57 30.42 26
108.0 104.9(117.3 116.6 130.0 94.91(123.4 119.4 111.5 95

.20 ,20( .18 .18 .18 .17( .16 .16 .16

.30 .29[ .31 .31 .29 .2S( .32 .33 .29
( I

22.59 18.72(27.12 27.63 23.88 21.07(35.82 35.09 27.65 23
82.82 68.64( 99.4 101.3 87.54 77.24(131.4 128.7 101.4 84

08 .08( .08 .08 .08 .07( .08 .08 .08
.18 .151 .23 .24 .20 .18( .32 .31 .23

1 I

I
27.04(43.57 
99.1(159.7 

.26( .43

.2S( .43
I

108.1(135.8 
396.3(497.8 
2.74( 2.74 
1.04( 1.22

I
56.89(72.96 
208.6(267.5 

.50( .56

.54( .70
I

26.77(32.57
98.17(119.4

.loj .12 
,22( .26

41.44 33.27
151.9 122.0 

.42 .34

.40 .30

138.0 126.0
506.0 461.9
2.36 2.45
1.24 1.11

71.73 66.-18
263.0 242.6

.56 .54

.68 .61

32.40 31.05
118.8 113.8 

.12 .12 

.25 .25

28.85
105.8

.27

.26

112.2
411.2
2.47
l.OS

SS.29
206.4

.48

.52

26.23
96.18

.09

.21

.08134.21 33.77 30.35 24.95 

.63(125.4 123.8 lll.l 91.49 

.1S( .16 .16 .15 .14
,Z4( .32 .32 .28 .22

(
.03(38.87 37.58 31.95 24.23 
.44(142.5 117.8 117.1 88.83 
.07[ .08 .08 .08 .07
,20( .35 .34 .28 .21

I _______ •
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.__________________________MATIOMAL EHERGY MODBLINO SYSTBH -----------------------------------------
------------------------------- Table 117 Wational Impacts of the Clean Air Act Ajiiendaeata of 1990 <C»A&90)_____________________
--------- ----------------------- j-------------------------- i i i •

12000 2000 2000 2000 |2005 2005 2005 2005 |2010 2010 2010 2010 |201S 2015 2015 2015 |2020
(1) (21 (3) U1 1(1) (2) (31 (4) lU) (2) O) <♦) 1(11___(21___ 13j----- JU------UU-----

—----------------------------------^  ̂ I 1 I
scrubber Retroilcs (glgavattsl-.J .00 .00 .00 .00| .00 .00 .00 .00| .00 .00 .00 .OOj .00 .00 .00 .00| .00

I I I I J
.00 .00 .00 .od .00 .00 .00 .ool .00 .00 .00 '.ool .00 .00 .00 .00, .00

I I I ' .
902 J01<y«nce Price ............................ |l33-7 02.24 7S.59 79.9l|l81.« 163.7 139.0 12».Sl224.4 184.3 114.S 31.S3|1B1.9 149.2 106.5 ie.S2jl66.9

e02 Eai«io„3 (million tone).... 110.19 10.19 10J19 10.19I ^69 9.69 9.69 9.69| 9.00 9.00 9.00 9.00| 9.00 9.00 9.00 9.00|9.00

I I I
Coal Production by Sulfur Caceg. ^ ^ j { j

.61 lbs a/ramBtu>..|474.6 459.1 458.3 455.81538.1 512.5 501.1 482.8|608.4 572.3 476.8 352.2|667.5 625.4 500.0 174.9|697.6

Med fiulfUJt 6I-a 67 Ihs.S/mnecu)US3.2 494.5 494.4 490.0|482.7 4«9.2 486.0 471.3|467.1 472.1 450.5 37&.S|4S9e8 456.4 422.4 33X.2[454.4
(> I s-, I^JZbcu; 1178.4 194.0 194.2 192.8|18S.9 197.1 185.1 184.7|188.1 201.3 174.3 163.2jl96.6 207.8 183.6 L80.6|2U.5

°^dl^ta^i*^^soline............................ I .00 .00 .OO .0o| .00 .00 .00 .00| .00 .00 .00 .001 .00 .00 .w .OOj .00

oxygenated Gasoline.............................. I .00 .00 .00 .00| ,00 .00 .00 .00| .00 .00 .00 .00 .00 .00 .M
R^rmulated Gasoline......................... 1 .00 .00 .00 ,00| .00 .00 .00 .001 -00 “O .00 .OOj .00 .00 .00 .00 .00
nl^Z^en «“o^latedCs...| .00 .00 .00 .00| .00 .00 .00 .001 .00 .00 .00 .001 .00 .00 .00 .00 .CO

Averse..............................................................I -00 “O .00 .OOl .00 .00 .00 -00| .00 .00 .00 .OOj .00 .00 .OO OOj .00

‘^^Uoi^^soline............................| .00 .00 .00 .Oo| .00 .00 .00 .D0| .00 .00 .00 -OOj .00 .00 .00 .OOj .00

Oxygenated Gasoline.............................. 1 .00 .00 .00 .001 -OO .00 .00 .001 -00 .00 .00 .00| .00 .00 .00 .00 .00
^^]^lated Gasoline......................... I .00 .00 .00 .OOl .00 .00 .00 .OOl .00 .00 .00 .00 .00 .00 .00 .00 .00
b-rgh-Oxycen Reformulated Cas...l .00 .00 .00 -OOl .00 .00 .00 .00| .00 .00 .00 .00 .00 .00 .00 .00 .00

1 I I 1 j
'’Dis^l«e‘^<-~*0S1 sulfur............. 1 .00 .00 .00 .Oo| .00 .00 .00 .OOj .00 .00 .00 .OOf .00 .00 .00 .OOj .00

DistUlate > 0.OS* Sulfur............... | .00 .00 .00 .001 .00 .00 .00 -00| .00 .00 .00 .00 .00 .00 .00 .00 .00
' ■ .1 .00 .00 .00 .001 .00 .00 .00 .00| .00 .00 .00 .ool -0® ®® -®® -®®l ®®

................................ I I I 1 I
‘"Dlaiinlte^o^rsulfur.........| .00 .00 .00 .Ooj :.00 .00^ .00 .Ooj .00 .00 .00 .OOj .00 .00 .00 .OOj .00
Distillate > 0.05* sulfur............| .00 .00 .00 -00| .00 .00 .00 .ool -0® -®® 0® -®® ®® ®® ®® ®®

.   1 .00 .00 .00 aOOi .00 .00 .00 .ool .00 .00 .00 .ooj .00 .00 .00 ,00| .00
..................... ...................I^!_______________ _________ 1I--------------------------------------------------J------

d012XSSa - d~TaXa Ref^^e Dewand Techpoloqtv (IK feeOOS. d012298a (2)TTeeOSO .d0l2298a {3), feelOO.dOX2298a J4 ^---------------------
-------- ------------------------------------- B n E R G X 1HP02HAT ION ADMINISTRATION

202C 2020 2020
(2) (3) (4)

.00 .00 .00

.00 .00 .00 

113.4 101.4 35.86 

9.00 9.00 9.00

668.9 552.7 385.5 
4S1.2 411.9 336.0 
223.7 186.5 184.2
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.00

.00

.00

.00

.,00
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lIRTIOUhL BNBRCy HODBLINB----- S Y S T KJi
Table 1. Total Bnergy Supply and Diaposition Su

(Quadrillion Bru cer Tear

Supply, Disooaition, and pricesj2000
I (1)__

2000
(2)

2000
(1)

I
2000 |200S 2005

(2)
200S
(2)

lary
Unless Otherwise Noted) ------ -
1 i

2005 |2010 2010 2010 2010 12015
(4) 1(1) (2) (II K) I

2015
12)

2015
(1)

201S |2020
<4) I 11)

2020 
(2) -

2020 2020 
(3> <*)

1
production j

Crude Oil a Lease Coa'.densate. 113.06
Natural Caa Plant liquids------| 2.IS
Dry Natural Oas......................... ..|20.8S^1.....................................................

Nuclear Power.................................. I
Rerewable Energy......................... 1

■■ ■ j'™ **

........... j.—PeCrolaum Produoce ...................... I 4.39
Natural Gas ....................................... I '*•21

Other Imports ................................
Total...........................................

Brporcs I
Petroleum ........................................ ^
tJaturai Gas..........................................I

..................................
Total................................ ^

Discrepancy ...............................................j

Consumption j
Petroleum Products .....................130.37
))atural Gas..........................................124.76
Coal.................................................. ...22.13
Nuclear Power.....................................I '^•26
Renewable Bnetgy .............................. I < • ®2
Other ...............-....................................I

Total................................................... j »»-8

Net Imports - Petroleum......................121.84

Prices 11*96 dollars per unit)
World Oil Price <5 per hbl) .
Css Wellhead PricelS / Nc£).. 1 2.13 
Coal lUneoouth Price ($ / ton). 117.36 
Aver. Blcetricity (cents / K-ah) 1 6.5

I I '

2o;S7 20.65 20.64j22.83 22.21 22.15 21.95j2S.30 27.18 26.94 2«-80 26-«

24.11 23J»8 24.02125.52 24.15 24.00 23.93 26.50 15.13 12.83
7 36 7 36 7.161 6.87 6.87 6.87 6.871 6.36 6.16 6.16 6.36 -.12
6 86 6.94 6.971 7.11 7.56 7.60 8.291 ''.Ol 9.38 10.40 11.27 7.86

cc 66 S6l .55 .S4 .54 .S4| .46 .54 .43 .6OI .64
7<’8P 7492 74!9a|77.84 76.14 76.16 76.35|80.79 73.25 71.56 70.69182.32

1 1 i
I, 10 15.08 19.08121.98 21.94 21.76 21.60l23.18 22.38 21.84 21.20l24.M

4.41 5.55 5.16 5.27 5.4317.56 5.37 5.33 5.15 8.81
4.241 4.44 4.41 4.42 4.421 4.70 5.10 5.18 5-27 5.06

63 63 .63 .58 .60 .60 .601 -57 .85 1.08 1.28 .54
28!3S 2s!33 28.3S|32.55 32.12 32.05 32.06136.01 33.70 33.43 32.90|3a.77

4.40 4.40
4.22 4.23

.63 .63

10.49
3.25

27.75
13.78

5.12
11-17
1.20

72.77

23.68
5.10
5.61

.67
35.25

10.37
3.30 

28.15
9.30 
5.12

13.50
1.15

70.88

22.80 
S.IS 
5.72 

• 1.06 
34.72

.28 
.1 2.43 

..........]

I 
I

1.73 1.72 1.731 1.73 1.72 1.72
.28 .28 .281 .28 .28 .28

2.41 2.41 2.411 2.64 2.64 2.64
4 41 4.40 4.4oj 4.65 4.64 4.64

1
49 .48 .46 .461 -05 '.H ' •

I 
I

38.25 38.25 38.2Sl41.38 40.67 40.62 
24.49 24.58 24.58126.93 26.29 26.24 
21.93 21.78 21.80123.11 21.75 21.63 

7.36 7.36 7.36f 6.87 6.87 6.87
6.97| 7.12 7.56 7.81

.411 .37 .37 .37

I 
1

1.721
.281

2^641
4.641

1.78
.29

2.84
4.91

.14

1.68
.29

2.84
4.81

- .27

1.37| 1.86 
.29| .30

2.841 3.03 
4.50] 5.19

I
-.36 -.28| -.09

1.46
.29

2.84
4.59

1.68
.30

3.03
5.00

-.04

I

6.86
.41

99.3

6.94
.41

99.3

0.61144.37 41.10 40.48 40.05146.21 
6.04|29.57 31.83 31.65 31.55131.32 
1.55123.91 12.54 10.26 8.49|24.87
6.87| 6.36 6.36 6.35 6.36| 5.12
8.29| 7.43 9.40 10.42 11.281 7;88

371 .40 .65 .88 1.0B| .41
99.41105.8 103.5 103.5 103.71112.0 101.9 100.0 98.8llll5.8

42.07
32.88
11.03
5.12

11.20
.69

103.0

l.SS 
.30 

3.03 
4 .87

.01

41.34
33.38

6.51
5-12

13.52
.87

100,7

21 78 21.76 21.77*25.80 25-38 25.31 2S.3li28,97 26.07 25.71

I 119 08 19.08 19.06|20.2S 19.75 19.75 1».76|20.80 18.73 18.49
2 11 2.12 2.12r2-15 2.05 2.05 2.0312.26 2.59 2.65

17.39 17.34 17.38|16.00 16.18 16.14 16.17|14.87 16.79 17.86
6.5 6.5 6.5l 6.2 6.2 6.2 6.2| 6.0 8.7 9.4

I I

1

I
..fl9.12

24.98131.30 27.10 26.40
I 
I

18.18121.17 18.30 
2.68| 2.32 2.91

18.41113.88 15.65 
10.ij 5.6 8.5

I

17.95
2.98

17.75
9.1

10.29j10.33 
3.351 3.30 

28.53|28.12 
7.62|28,37 
5.121

14.47| 8.19
I. 131 .8970.soj83.29

I
I

21.95125.40 
5.24| 9.50 
5.64| 5.36 
1.26) .66 

34.09|40.82

I 
I

1.491 
.301 

3.031 
4.821 5.20

I
.0S|

I
I

40.72147.69
II. 66|33.00 
4.76|25.40 
5.121 4.09

14.49] 8.22
1.07] .43
99.8|i18.8

I ,
25.70133 .26 

1 
I

17.81121.82 
2.94] 2.4S 

18.54113.26 
9.sj S.S

9.60
3.17

28.73
13.26
4.09

12.79
1.32

73.16

24.79
5.41
5.85

.88
36.93

9.45 9.39
3.47 3.46

29.62 29.44 
8.64 6.36
4.09 4.09

14.76 16.46 
1.22 1.14

71.24 70.33

24.07 22.90 
5.26 5.73
5.98 6.11
1.07 1,27

36.39 36.01

1.64
.32

3.23

1.54
.32

3.23
5.09

1.42 1.31
.32 .32

3.23 3.23
4.97 4.86

-.07 -.15 -.13 -.12

42.87 
34 .06 
10.30 

4 .09 
12.82 

.71 
104.9

41.99 41.37 
35.08 35.01
5.70
4.09

14.79
.89

3.12
4.09 

16.49
1.09

102.5 101.4

28.66 27.92 27.32

19.56 
2.84 

15.52 
8.3

19.24 19.17 
2.96 3.00

17.03 18.33 
9.0 9.4
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¥Stk.*?TOHAU BNBRGY modeling SYSTEM
Table 17. Carbon Emissions by Sector and Source 

iMill-ion Metric Tons cex year. Unless Otberelse Noted)------------ 1

(S
!-»\

Sector and Source
1
12000
1 M S

2000
(2>

1
2000 2000 |200S
(3) <4) 1 (1)

1 1
2005 2005 2005 |2010 2010 2010 2010 |2015
121 (3i 141 l(i) <2)----- <11----- 1±1----- Uli_

2015
<2L_

2015
_ili_

2015
(41

1
|2020

_Uli_
1

2020
(il-

2020 2020
_tll_

rvj
Ui

______ _ 1 lAi___1 1 1 1
1

I
2S.71
76.81

1.41

25.0
78.7

1.4

24.8
78.4

1.4

!!”l30S.S 302.6 301.7 301.8|320.7 30S.9 304 .5

12.8
49.7
2.3

1 I
12.S| 
49.6| 
2.2|

12.9 
52.1 
2.3

12.8
51.2
2.3

Residential
Petroleum...............................................I 25.8 25.7 25.7
natural Gas..........................................I 77.0 .76.8 76.8

Lctxiclty.................... ........!201.3 198.7 197.8 197.9|215.6 201.4

Total. ^

Ccmoercial I
Petroleum.............................................. I 72.9 12.8
natural Gas......................................... I 49.9 49.7
Coal ........................................................ I 2.2 2.2
Blectricity............................................ U82.1 180.5

Total...................................................... 1247.1 245.1

Industrial .. I
Petroleum....................... ................... 1203 .
Natural Gas .................................... |155.
Coal..........................................................! «»•
alectricity........................................ 1187.

Total.................................................. |S“«-

Tr aiLS p o rt a L i on

I
8 24.sj 24.8 22.4 21.8 21.2| 24.6 22.2 21.5

78.2 78.S| 81.3 71.9 69.8 67.9| 84.0 72.6 70.5
I 4 1.4l 1.4 1.3 1.3 1.3l 1.1 1-3 1.2

200.1 198.5|229.8 145.1 127.3 114.5|247.9 140.8 105.9 ,
303.21337.3 240.7 220.2 2C4.9|357.9 236.9 199.3 184.4|377.S 240.3 202.4 181.7

I

20.91 24.3 21.7 21.1
68.7| 86.1 74.5 72.0
l.2l 1.3 1.2 1.2

93.6|265.8 142.9 108.1

20.4 
69.9 
1.2 

90 .1

I
1 I

12.8
51.2
2.3

12.11 
48.3| 

2.41

12.7
55.5
2.5

12.3 
50.L 
2.5

12.01 32.0 12.4 12.3
51.3| 54.1 49.8 49.1

--- - 7-3| 2.4 2.4 2.4
179.6 179.B|l92..8 184.0 182.8 181.3|204.1 131.8 115.3 I03.3j2l6.9 125.2 
244 3 244.41260.1 250.3 249.1 247.71273.5 196.4 179.1 166.21207.7 190.1

I 1

12.2 12.01 12.5 12.0 11.9 11.8
49.3 40.6 55.6 49.8 4B.9 48.1
2.5 2.S 2.5 2.S 2.5 2.B

93.8 82.6 223.9 121.7 91.8 76.3
157.7 145.7|294.4 186.0 155.1 138.7

I 
I

.......................................502.7 S02.2 502.2 502.21552.7 549.6 549
^t^il^s!.................................... 11^-3 32.0 12.0 12.0134.5 14.4 14

I .1 .1 .1 ll
Natur.
Other ..................................................... I -2
Blectricity......................................... I 2.3

Total................................................... 1538.2

Total Carbon Emissions . 1
Petrcdeuin 
Natural 
Coal-------
Otlier ..................................................I

.3 549.21600.6 561.1 552.9 54l.0l628.1 562.3 550.6 S40.91649.0 577.9 
^4 14.21 37.2 17.4 17.2 17.0] 18.3 18.6 18.5 13.6j 19.7 19.7

.1
3.2

517.5

.1
1.2517.5 517;6|57^'6 S7o'.3 57o!o seS.'iWl'.g 58s'.8 576.7 563.9j659.4 589.7 576.1 56S.Bj683.6 507.3

.5
5.9

.5
5.8

.5
5.7

•5l
S.71

1.4
B.7

1.3
6.0

1.3
5.2

1.21
4.7|

2.2
10.7

2.0
6.7

1.9
5.0

1.81
4.4l

2.7
12.2

565.6 554.8

593.6 581.8

1578

Electric Generators .. I
Petroleum............................................... I 31.2
natural Gas.......................................... I 60.0

I 1J.6 703.V691.6 678.7|784.0 704.9 691.5 682.3|805.1 719.7 704.7 694.5
.6|32S.O 289.3 284.3 278.4|329.3 292.8 289.1 279.4
,5l 65.5 SO.I 49.2 48.6| 64.5 47.7 46.9 46.4
.21 2.2 2.0 1.9 1.8l 2.7 2.5 2.4 2.3

I I 1
8.7l 8.2

ar^n enussrooa , 643.3|700.1 694.9 694.1 694.01753.6 703.V691.6 678.
................................. 294.5 292.8 292.9 292.81303.9 297.4 297.6 297.6|318.6 290.S 284.4 278.
................................. 64 2 63.0 63.0 63.0| 66.0 61.6 61.6 61.Si 66.5 62.2 51.3 SO.

.................................... ................. 1 1 .1 ;i| .5 .5 .5 .51 1.4 1.3 1.3 1.

1S64

10.6
59.057.8

“E Si Si SilSi Si Si SilSi Si Si SiiS.; Si Si Sip; si s..«...
697.5Total Carton EJniasioaa

Patxoleua.

Coal
141L1800 14 641636

Carbon Einissions I
(tons per per&oni............................. \
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MAT I'O HAL BMERGY
Table 62. Bmiaaions by NBRC Regioo

Carbon Carbort Diorlde (giilUon

MODELING SYSTEM 
(■IlUon short cons)

except metric tons)

12000 
I (1)

2000
<2)

2000
U)

2000
<«)

200S 
I (1)

200S
(2>

200S
O)

2005 |2010 
<51 I U)

2010
(2)

2010
<31

2010 1201S 2015
(4) 111) (2)

2015
(31

2015
14)

|2020
lit)

2020
(2)

2020
(3)

2020 
14 1

i I
missions.,........................................ I
inlted States I

Total Carbon........................................... |574.1 567.3 S64.5 565.21617.3
Carbon Dioxide.....................................I 2105 2080 2070 2072| 2263
Sulfur Dioxide.....................................[20.19 20.19 10.42 10.33| 9.69
tutrogen Oxide...................................... |S.lS 6.08 6.04 6.04|6.29

ast Central Area Reliability j I
Total Carton........................................... |J29.0 126.2 125.7 126.l|l35.7
Carbon Dioxide...................................... |472.9 462.7 461.0 462.4|497.6
Sulfur Dioxide....................................  1 3.39 3.68 3.57 3.5ll3.33
nitrogen Oxide.................................... I 1-50 1.47 1.46 1.471 1.55

llectric Reliability Council Tx 1 I
Total Carbon........................................... 145.92 45.73 45.72 45.74147.40
Carton Dioxide................................... Il68.4 167.7 167.6 167.7ll73.8
Sulfur Dioxide................................. I -35 .35 .35 .3Sj .34
Nitrogen Oxide.................................. I -47 .47 .47 .47| .43

!id-Atlantic Area Council I I
Total Carbon................. >.................... |34.48 33.80 33.62 33.84135.70
Carbon Dioxide.................................... |126.4 123.9 123.3 124.l|130.9
Sulfur Dioxide..................................... 1 -65 .61 t.lO l.lll .34
nitrogen oxide.................................. I -29 .29 .29 29| .28

lid-.imerica Interconnected Metw 1 1
Total Carbon.................................... ..140.87 40.78 40.53 40.27144.56
carbon Dioxide.................................... 149-6 148.5 147.7ll63.4
sulfur Dioxide.................................... 1 -»« ' -»» -V -S''l
Nitrogen oxide.....................................I -62 .52 .S2 .S2| .52

Ud-Continent Area Power Pcol 1 I
Total carbon......................................... |32.SB 31.54 31.76 31.78137.10
Carbon Dioxide.................................... |319.8 1)5.6 116.4 116.Sll36.0
Sulfur Dioxide.................................. 1 -42 .40 .40 .40 .44
Nitrogen Oxide....................................  1 -39 -38 -38 .38 .43

(ortheasc Eower Council/New Torkl I
Total carbon........................................... |13.50 13.50 13.41 l3.45ll3.U
Carbon Dioxide............ ....................149.51 49.50 49.17 49.32148.06
Sulfur Dioxide..................................... I -24 .24 .26 .261 -2®
Nitrogen Oxide..................................... I -H -11 -H -^l[

'lotrtheast Power C2:uncil/llew Ebigl | I
Total Carbon..........................................|ll-S9 11.52 11.58 11.60114.59
Gac)x.n Dioxide...................................... 142.50 42.25 42.44 42.S3jS3.48
Sulfur Dioxide..................................1 -18 -1* -1® -1*1 -2®
Nitrogen Oxide..................................I 1® -1® -1® 1°J---ril

583.1
2138
9.69
5.94

128.8
472.4
3.43
1.46

46.25
169.6 

•36 
.43

34.34
125.9 

• 63 
.27

37.66
138.1 

.75 

.45

34.89
127.9 

-41 
.41

12.56
46.06 

.2<> 

.08

14.15
51.90 

.19 

.11

579.3 
2124 
9.69 
S.90

128.4 
470.9
3.33
1.46

46.17
169.3

.34

.43

33. S8 
123.1 
1.04

,26

37.83
138.7 

.73 

.44

34.04
124.8 

.38 

.40

12.32
4S.1B

.20

.04

14.26
S2.2B

.17

.11

I
1S74.2|6S9.7 

210S| 2419 
9.«9l 9.00 
S.45| 6.48

I
128.11143.6 
459.7|527.3 
3.131 2.98 
L.46| 1.61

I
46.07|50.00 
16S.9|183.3 

.351 .34

.42) .38
I

33.47139.69 
122.7i145.5 
l.Osj .50 

.26] .30
I

37.94 |47.70 
139.1|174.9 

.731 -SS 

.44 I .54
I

33.53|38.B5 
122.5|142.S 

.381 .43

.39] .45
I

12.27 114.04 46.0ojsi.48 
.20j .19
.Osj .09

I
14.24 114.97 52.23|54.90 

.nj .17 

.111 .11

437.3 382.5
1603 1402
9.00 9.00
3.84 3.25

99.5 93.60 
364.7 343.2 
4.07 4.43
1.00 .96

29.33 26.67 
107.6 97.80

.09 .06

.23 .22

30.39 27.04
111.4 99.2

.51 .84

.19 .16

30.30 24.88 
111.1 91.20 

.68 .37

.29 .17

24.95 17.58 
91.47 64.47 

.32 .23

.24 .16

10.85 10.13 
39.79 37.13 

.15 .14

.05 .04

10.46 9.30
38.34 24.10

.08 .05

.05 .04

I
I

342.8|704.0 
1257I 2581 
9.0oj 9.00 
2.78| 6.75

I
86.31|149.2 
316.4|547.0 
4.76j 2.84 

.89j 1.64

I
25.58(52.61 
93.77I192.9 

.osj .33 

.2lj .38
I

24.06(41.62 
B8.20jlS2.6 

.7?j .50

.13j .31

(
22.86(50.20 
83.83 j 184.1 

.3lj .61 

.I4j .56 
(

15.30(41.10 
56.09jl50.7 

.2lj .42 

.13( .45
I

10.57(15.26 
38.7sjsS.97 

.12j .17

.04j .09
I

8.94(14.95
32.77js4.82

.osj .16 

.04! .11

(
(

419.0 114.5 277.7(739.2 
3536 1153 10181 2711
9.00 9.00 9.0oj 9.00
3.29 2.04 l.soj 6.94

(
80.15 71.04 64.17(155.3 
293.9 260.5 235.3(569.6
3.10

.63

27.66
101.4

.14

.15

28.36 
1C4.0 

.39 

.16

32.12
117.8 

.90 

.29

21.08 
77.28

.28

.18

10.60
38.88

.14

.05

4.73
.59

5.89
.53

2.80
1.68

22.18 20 
81.32 75 

.13 

.10

21.40
78.48

.53

.10

24.39 22 
89.41 80 

.50 

.13

10.00
36.67

.02

.04

9.65
35.40

.15

.04

.70(54.64 

.89j2Q0.3 

.19j .32

.10( .39
(

.70(45.23 

.23jl&S.S 

.4lj .52 

.08[ .33
(

.00(52.30 

.65j391.8 

.38( .57

.101 .59
I

.41(42.13 

.53j154.5 

.Olj .40 

.04 j .46

I
.72(16.16 
.64 js9.26
.2oj .16
.04j .09

ind Technole (1). feelS0.d012298a (2).
BIIBRGY INFORMATION ADMIN

fee200.dO12298a (3). fee2S0 
1ST RATIO II

10.00 8.52 8.2S(1S.S0
36.68 31.23 30.24(56.85 

.09 .07 .llj .14
■ OS .04 . 04 1 .11

■ d012298a (4)______________

414.1 313.3
ISIS 1149 
9.00 9.00
3.15 1.86

74.49 58.55
273.1 214.7
2.31 1.99

.48 .29

27.34 21.85
100.2 80.11

.14 .19

.15 .10

27.06 21.07 
99.2 77.24 

.35 .64

.15 .09

31.30 24.46 
114.8 89.67 

1.14 1.00
.29 .15

14.62 9.21
53.62 33.78

.17 .01

.11 .04

10.70 9.58
39.23 35.13 

.16 .21 

.05 .04

9.59 8.58
35.15 31.47

.07 .08

.05 .04

260.9
956.4
9.00
1.16

52.28
191.7
3.18 

.23

19.40
71.14

.53

.07
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66.86
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.07
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Table S2 B«ii»alons hy NBRC Region (niUlon short tons) tCo^inuedT
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MATIOWAL BHKitG-' 
17. National Impacta of

MODBLIWG SYSTEM

I
jiooo 
I UL

2000
(2)

Jcrubber Rewofits (gi^axattsj. ■

tnterreglonal S02 AUorancea 
Traded (thc*iss-Td tons)............

2000 2000 |200S 2005
<31 (41 I 111 <Z1

I

2005
(3)

Clean Air Act tn
I

2005 12010 
<41 I<1)

I

,dTnenta of 1S90 <CJ1AA90)

2010
(21

2010
(3)

, I
2010 12015 2015 2015 2015 12020 2020 2020 2020
14) Kll (2> 111 «)____ Lil>___ ------------ ili-----til—

I

I 
I

. 1 .00 
1

302 Allowance Price...........................|133.7

302 smiaslons (miILion tons)....jlO.IS

Coal Production by Sulfur Categ.j 
(million tons) 1
Lov Sulfur (< -£l lbs s/imBtu)..|474.6 
t-ted.sulfur( 61-1.67 lbs.S/mflCu) 1*53.2 
Righ Sulfur (> 1.67 Ibs.S/it^tu) |178.4

Gasoline Prices I
Traditional <3aaollne.......................... I
Oxygenated Gasoline.............................I
Reformulated Gasoline......................1
nigh-Oxygen Refomwlated <Jas... 1 

Average........................................................... I

Gasoline Cuantities I
Traditional (Sasoline.....................1
Oxygenated Gasoline.......................1
Reformulated Gasoline...................I
High-Oxygen Reformulated Gas...1 

Total--- ,............................... j
Distillate Prices I
Distillate <• 0.05% Sulfur.......... 1
Distillate > 0.05% Sulfur..........1

Average................................. I

Distillate Quantities I
Distillate <• 0.05% Sulfur............1
Distillate > 0.05% Sulfur.............. |

Total................................................................ 1

00 .00 .ooj .00 .00
I 
I

00 .00 .00] .00 .00
I

62.63 77 26 88.»3ll«i.4 118-0 
1

10.19 10.42 10.331 9.69 9.69
I
I
I

454.0 451.1 453.6(535.1 478.8 
484.2 482.1 486.3(482.7 471.3
197.1 195.6 190.4(185.9 185.5
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1

.00 .00 .00
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.00 .00( .00
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1
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I
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1
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131.6
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nATIOllAl* EHERGY MODBLIMG SYSTEM 
Table 1. Total Energy ^pply and Dlaposlclon Svmtnary 

_________ICXiadrilllon Btu per Year. Onleae Othervise Noted!_______

S\ipply, Disposition, and PriccsjlOOO
1 (l>

2000
(2>

12005
I (11

2005 |2010
(2) I (1)

2010 |201S 
(2) 1(1)

2015
(2)

|2020 
I U)

2020
(2)

------------------------------- 1 I I ' 1’roductlon 1 I 1 I I
CtMde Oil 6 Lease Condensate.Il3.06 13.06|l2.33 32.2S|ll.60 H.37|ll.07 10.21|10.33
natural Gas Plant Liquids____j 2.39 2.36| 2.63 2.521 2.93 3.19| 3.28 3.27| 3.30
Dry Natural Oas................................ |20.8S 20.66|22.83 21.94(25.30 27.2S|26.72 27.94(28.12
Coal ............................... (24.33 23.98(25.52 23.88(26.50 9.35(27.64 €.98(28.37
Nuclear Poser............................. 1 7.36 7.36( 6.87 6.87( 6.36 6.36( S.12 5.12( 4.09
Rene-»able Energy......................I 6.82 7.02( 7.11 8.4ll 7.41 H.84( 7.86 14.e8( 8.19

.55( .55 .54( .48 .60( .64 1.10( .89Other .( .56
Total .................................. (75.36 74.99(77.84 76.40(80.79 69.95(82 32 69.49(83.29

I I I I
I I I I

19,06(21.98 21.58(23.18 20.53(24.35 21.86(25.40 
4.4l( 5.55 5.43( 7.S6 5.Slj 8.81 S.nj S.SO
4.22{ 4.44 4.4lj 4.70 S.34( 5.06 5.68j S.36

.63( .58 .6oj .57 1.4oj .54 1.39( .56

I
;cportE I

Crude 0x3 ............................................ (19.18
Petroleufii Pinducts ...................... I 4.39
Natural Saa ....................................... 1 4.21
Other Imports.......... ........................I -82

Total.............................................. (28.40 28.32132.55,32.02(36.01 32.77(38.77 34.09(40.82

9.29
3.34

23.54
5.81
4.20

17.02
1.12

69.33

22.78
5.42
6.06
1.41

35.69

Ixports
1
I

Natural Gas.............................................. I
Coal............................................................ I

Total................................................I
I

discrepancy

Consumption

1.73 1.7oj 1.73 1.71( 1.78 1.31! 2.8« l.SSl 1.64 1.33

.28 .28( .28
.28( .29 -19| .30 .30| .32 .32

2.41 2.41( 2.64
2.64( 2.84 2.841 3.03 3.03 1 3.23 3.23

4.41 4.39( 4.65
1

4.64(

1
-14|

4.91 4.44]
1 5. L9

4.88(
1

5.20 4.07

.49
1

.47| .05 .14
1

-.431 -.09 -.221 -.07 -.36

I
Petroleum Products .......................... (38.37 38.24(41.38 40.58(44.37 39.56(46.21 39.94(47.69
Natural Gas............................................(24.76 24.57(26.93 26.00(29.67 32.13(31.32 33.12(33.-O0
Goal  (22.13 21.79(23.11 21.40(23,91 6.77(24.87 4.20(25.40

7.361 6-8? 5.12 5.12( 4.09
.7.021 7.12 

.411 .37

Nuclear Power........................................1 7.36
Renewable Energy . ........................... 1 6.82
Other........................................................ I -*1

Total...................................................... 1 99-«
I

40.41 
34.10 
2.82 
4.20 

17.05 
1.22

99.4jl05.e 103.6jll2.0 97.85(115.0 98.48(218.8 99.8

8.421 7.43 ll.Ssj 7.88 14.90j 8.22 
.371 .40 1.19( .41 1.20( .43

I I I I
•Jet Imports - Petroleum ..-.......... (21.84 21.77(25.80 25.29(28.97 24.73(31.30 25.47(33.26 26.89

I
Piices (1996 dollars per unit) (

I
World Oil Price (S per bbl) ...(19.12 19.04(20.25 19.76(20.80 17.82(21.17 17.51(21.82

Mcf>...( 2.13 2.13( 2.15 2.02( 2.26 2.84( 2.32 2.97( 2.49
/ ton).(17.36 17.33(16.00 16.14(14.87 19.08(13.88 18.77(13.26 

6.5 6.2 6.2( 6.0 10.6( 5.6 10.2( 5.5
__________________^_________ _J___________I ll__________ I

newt>ase.d012198a - Q Taa. "Reference Dtsiand Technoloqry (1), tee300.d012298a (2)
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Gas Hellhead Price($ /
Coal Minconuth Price ($
Aver. Electricity (cents / Iwh) (

18.92
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18.68
10.1
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NATtOMAL eWBRGY MODBl-lNa SYSTSM------------------------------------------------------ -
• T»bl« 17. Cacbon amissions by Sector and Source

IMllllan Ketri.c Tons ner year. br>leaj Otherwise Noted)--------------------------- -----
—— ------------------------------- j j \ . i I
Sector and Source |2000 2000 1200S 2005 |2010 .2010 |20aS 2015 [2020 2020

I m 12) Hll '.2) HU (2) I<1) (2)_Lii)___12^---
------------------ 1 j ^ ^ I""'pe^oleuili ........................... 1 25.8 25.7( 25.0 24.8] 24.8 20.61 24.6 20.3| 24.3 19.9

Natural Gas................................. I 77.0 76.81 78.7 78.41 81.3 65.81 84.0 66.8| 86.1 68.6
............ ................................. 1 1.4 1.4l 1.4 1.4| 1.4 1.21 1.3 1.2| 1.3 1.2

Blectjicity......................................... 1201.3 197.51215.6 196.9|229.8 104.9]247.9 88..7126S.8 82.5
............ 130S.S 301.4|320.7 301.5|337.3 192.6|357.9 177.0|377.5 172.2

I I 1 j j
....................... I 12.9 12.81 12.9 12.8| 12.8 12.01 12.7 11.Si 12.5 11.7

Katural Gas................................. I 49-9 49.6152.1 51.21 54.1 <7.4|S5.5 47.8| 55.6 47.6
-04, ..........................................I 2.2 2.2| 2.3 2.3l 2.4 2.4 1 2.5 2.5l 2.5 2.5
Blec^icitv ..........................   182.1 179.4|192.8 179.8|204.1 94.3|216.9 78.01223.9 6 9.6

Total  1247.1 244.11260.1 246.21273.5 156.21287.7 140.31294.4 131.4

' i I I I.....................I103.3 102.71109.6 107.21115.4 IO2.OI1I8.6 103.7lll9.3 101.4

^t”al cas !:::'............................... 1155.5 154.3US8.6 J53.S|166.0 144.0ll67.2 139.8|167.9 141.2
............. 1 60.6 59.41 62-1 57.8] 62.7 46.3| 61.6 44.3 j 60.6 42.1

Electricity;;;!............................1187.5 184.ll203.0 187.ll217.0 110.0(228.5 91.9|237.4 81.7
Total  1506.8 500.51533.5 S05.S|S61.2 402.41575.9 379.7 1585.3 366.4

1 I I I j
^PeCTOleu”°" ....................|s02.7 502.ljsS2.7 549.21600.6 533.11628.1 531.61649.0 544.2

Nat^ Gas'; ;;;.............................. 12.1 12.01 i4.s ^.ii 17.2 n.2118.3 is.ii 19.7 19.5

........................ I .3 -1| S -5| 1.4 1.21 2-2 1.81 2.7 2.2
Electricity .................................. 1 3.3- 3.2l S.9 5.6l 8.7 4.3|il0.7 4.1112.2 4.1

Toca’ ....................1518.2 S17.7|573.6 569.6|627.9 555.71659.4 555.71683.6 569.9
I I I I I

Total Carbon Braiasions . . 1 I I ,
Petroleum  1644.7 643.5|700.1 693.91753.6 667.81784.0 6e7.6|805.1 677.1
Natural Gas................................... |294.5 292.71303.9 297.41318.6 274.41325.0 272.51329.3 276.9
Coal ..................... I 64-2 63.ll 66.0 61.Sj 66.5 S0.pl 65.5 48.01 64.5 45.9
Other........;;;.......................i -i -n s -si x.4 1.21 2.2 uoi 2.7 2.2
Blectrlcitv .......... ......1574.1 564.21617.3 569.41659.7 313.51704.0 262.81739.2 238.0

Total ........I 3578 15641 1688 16231 1800 13071 1881 12531 1941 1240
1 I I I I

Electric Generatci-s .. I I |
Oetrolcuin.............................................. I H-2 10.ll 9.2 8.2] 8.2 7.l| 7.6 4.0l 7.8 2.8
jtatnral Gas .................................. 1 60.0 59.01 81.8 75.2 1104.9 186.3 1123.7 202.6 1343.6 212.2
C--. ............ 1502.9 495.11526.3 486.1|S46.7 120.11572.7 56.21587.9 22.9

Ttotai "   1574.1 S64.2|617.3 569.41659.7 313.51704.0 262.81739.2 238.0

1 I j j i
Total Carbon Emissions ..1 1 I I „

Petroleum  1655.9 603.7|709.3 702.0|761.8 674.91791.7 671.6|812.9 679.9
Uatural Gas  |3S4.5 351.71385.7 372.61423.5 460.81448-7 175.11472.8 489.1
coal  1567.1 558.21592.3 S47.6|613.2 170.ll638.2 104.2lC52.4 68.7............... I .1 -n -s .si i.i 1.21 2.2 i.ai 2.7 2.2

Total • 3578 13641 3688 1623 j 1800 13071 1881 12531 1941 1240
I I I I I

Carbon amissions I I ' . ! ! o
(tons per person)..............................1 5.7 5.7j 5.9 5.7j 6.0 4.4j 6.0 4.0| 6.0 3.8

~ nev--base.<10121988 - O Tar. Beferenoe Deeand Technolcxry (1), {ee300 .d01229Ba (2)-------------------- -
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MATtOnAL EMERCV MODELING----S't STi±L
----- Table 52~ 3mi»slons by NBRC Region (cnUIion short: tons)

except r-ar^nn and Carbon Dioxide (million nffitrlc topsj-------

laisslons------

Inited States 
Total Carbon

I I I I ‘
laooo 2000 12005 200S |2010 2010 |2015 2015 |2020 2020

1(1) (21 1(1) t2l 1(1) U)-----LtU-------- ti!—
I t • !
I > !
Ill'

J.11) 
I

•I 
IT t 1 Ca-bon IS74.1 S64.2|6n.J S69.4|65S-7 313.5|704.O 262.81739.2 238.0

................. 2105 2O69 2253 2083I24I9 H49l assi 963.S 2711 B72^S
Car^ .......... . , 00 9.00 9.00 9.00”:«l «•» .... .... . ‘.j—

|l„.0 iis.sll3S.7 127.01143.8 76.76U«.2 59.23 |lSS.3 49.<4

Tctal C^-bo ........................... 460.0 497.6 46S.8|S27.3 281.4|547.0 217.2(569.6 181.3
carbon Dioxide............................. , „ 1 58 3.33 3.28 2.98 4.S7| 2.84 S.9S| 2.60 3.50

.•*« “ -"l"" l« « 45.76 47.40 45.52 50.00 24.48|52.61 20.0l|54.64 17.05
efr^ Dirxide::::::::::::;:;:|i«-4 166.91183.3 .^.^ojxsa., «.3sj2oo.3 62.50

Hltrogen (bcide.................................... 1 “V •«!
.34
.38

.101

.201
.33
.38

.24|

.101
.32
.39

.75
,06

33.40 35.70 33.1«|39.69 23.12141.62 19.32(45.23 16.89

...... I .55
.29

1.091
.291

.54

.28
1.05 I 

.261
.50
.30

.8S|

.121
.50
.31

.41|

.081
.52
.33 .06

1 1
Sulfur Dioxide...........•
211 trogec Oxide........................... I -

.» .1 .0.7. ...7S 47.7« 71..!i5..7. !l.O4|!7.J0 1..41
.....1.7... 7,.»!..... 77..m.,7., 4..7,

sulfur Dioxide...........................-I -68 .96j .70 .73
nitrogen Oxide.............................i -52 -5Jj -52 -4 .,

Mid-Continent .Area Poxer Pool ( „
Total carbon.................................132.68 31.80(37.10 32.95 38.85
carbon Dioxide.................................... |ll3-» '""43
sulfur Dioxide.................................. I •« .39 .44 .36 .43
nitrogen Oxide.....................................I -39 .J*! -93 ‘ '

Northeaat Poxer Council A»««( Torltl .. L .
Total Carbon......................................... |13.S0 13.43 |13.11 12.32 14.04
Carbon Dioxide............ .'.............. , . (49.51 49.25 48.06 4 5.17 51.48
Sulfur Dioxide.................................... 1 -24 -26 .20 .19 .19
nitrogen Oxide.............................1 -31 .U| .09 . .

“’'^" 31.59 11.54 |l4.59 14.11114.97 8.S9|14.95 7.56(15.50 6.74
^:^n Dioxide::;;:;;;::::::.. |62.so 42.31,53.4.5173,54 90 31 4,,54.82 27.73,56.85 24.73 
sulfur Dr^de............................ I 38 .19| .20 (

o Tax: Reference De«.nd TechnologY (31 , fee300.d012298a (2l 
- ^ B n B R G f I H ? O R M A T 1 O K A D M I B 1 S T R A T I O H

.32, .61 .37, .57 .69

.121 56
1

11.85141.10

.09, .59
1

.07

8.78|42.13 6.73
43.47)150.7 32.211154.5 24 .66

.19| .42 .12, .40 .02

.10, .45
1

9.25115.26

.04) .46
1

.03
1

8.98116.16 8.24
33.93)55.97 32.93,59.26 30.20

• 091 .17 .19) .16 .28

.03, .09 .03) .09 .03
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national energy modelimo
—j Table 62. BoUssiotu by NHRC Region (million short

except Carbon and Qirbon Pioxicte (rollliopjij
--------------------- I r 1^

12000 2000 12005 200S |2010
___________________ 1(11 121 111) (2) I tl) -

loutbeaECecn Blectric/Plorida | I I
i^al carton..........................................|26-*» 2S.1S|30.55 26.33 32..0

Carton Dio:tid«..................................... |97.09 S2.36|U2.0 96.54 120.2
Sulfur Dioxide..................................... I -'•O -35 ^
Nitrogen oxide..................................... I -29 -27 :32 -27 .33

lOutheastcm Blectric/Bxcl Fla | I Il^al CarbQO......................................... 1104-0 102.9lll2.S 108.S 120.6

carbon Dioxide............................. |381.3 377.lj412.4 197 «
Sulfur Dioxide..................................... 1 2.64 2.14| 2.51 2.11 2.>9
Nitrogen oxide.....................................ll-06 1.04|1.12 1.08 1.17

Southwest Power Pool I I
TVital carbon..........................................159-92 59.11 65.03 59.89 68 «1
carbon Dioxide.....................................1219.7 216.7 238.4 219.6 250 8
sulfur Dioxide............................. I -68 -68 .64 .« .62
Nitrogen Oxide.................................... I -69 .67 .70 .64 .71

Kestem eysteras Council/«57(P I
Total carbon..........................................|24.84 24.6S|28.20 29.60 29.74
carbon Dioxide.....................................|91.07 90.39|103.4 106.5 109.1
Sulfur Dioxide.................................... 1 -1« -I® -1® “
lUtrogen oxide.................................... I -24 .23 .24 .25 .25

V(estcm Systetns Council/RA I I |
tLi carbon................................. 127.99 26.0l|30.32 26.88 31.98
carbon Dioxide.....................................|102.6 102.7|111.2 98.55 117 3
sulfur Dioxide..................................... I -21 21 .20 .20 .18
nitrogen oxide..................................... 1 -30 .29| .31 .28 .31

yesten Gyateois Co«nciJ/CNV | 1S Srbon......................................... 122.87 22.23i22.53 15.39 27.12

carbon Dioxide.....................................|83-85 81.52182.62 56.42 99.4
sulfur Dioxide.....................................I -08 .08| .05 .08 -M
Nitrogen oxide.................................... I -t® .19j .18 .llj .23

oewba3e.d012198» - 0 Tax. Reference Demand Technology <1> t
B II B R G 7 I HPORMAT ION ADMIN

SYSTEM
tons) (Contimted) 
;trric tons)________

I
2010 12015 2015 |2020
(2> lU) (21 lU)

I

2020 
<2) .

1 I
18.52137.72 1€.57|43.S7 16.60 
67.911138.3 60.741159.7 60.86 

.23) .36 .20| .43 .22

.141 .37 .091 -43 .07
I I

62.651130.9 49.711135.8 49.44 
229.7|4e0.0 182.2|497.8 181.3 

2.311 2.66 l.ooj 2.74 1.44
.521 1-24 .241 1.22 .19

I I
28.08170.22 22.71172.96 18.20 
102.9|257.5 83.271267.5 66.73 

.16| .59 -21| .56 .43

.231 .69 .llj -70 .07
I I

9.73|31.31 9.04133.57 8.84
35.661114.8 33.161119.4 32.42 

.poj -13 -Oil .12 .02

.031 .26 .031 .26 .03
I I

12.17133.10 12.50134.21 14.67 
44.63|i21.4 t5.82jl25.4 53.78

.101 -t« -221 -16 .61

.07] .32 .Osj .32 .10

I I
6.65|3S.B2 7.33138.87 6.52

24.39|131.4 26.871142.5 23.92 
.011 .08 .021 .08 .04
.031 .22 .021 .25 -02

I ______ 1________
fee300.d01229aa (2)____________
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________ MXTIOMAI. BWKRGV WODB1.1MG SYSTEM
Table 117. Rational Ingiacta of the Clean Air Act AraendnenC^ oC 1990 (CAftMO)

1
|2000
1 (1)

1 1
2000 |200S 2005 |2010
(2) 1(1) (2) 1(1)

1
2010 |2035 
(2) 1 (1)

1
2015 |2020 
(2) l(l>-

2020
(2)

Scxubber Retrofits 'gigavatts) .
!

. 1 .00
1

1 1
.oo| .00 .oo| .00

1 1
1 1

.00| .00 .00| .00
1 1

1
.00| .00

1

1
.00| .00

1
.00

Interregional S02 Allowances 
Traded (thousaxui tons).................

1
1

. 1 .00
1

1
.oo| .00

1

1
.oo| .00

1
.00

S02 Allowance Price ........................
1

.|133.7
1

1 1
71.72|181.4 1SS.1|224.4

.1 1
10.4S| 9.69 9.69| 9.00

1
.00|181.9

1
9.00| 9.00

.Oojl66.9

1
.00

S02 Smissions (million tons).. .
1

.110.15 9.ooj 9.00 9.00

S
1-“
N
W
u

Coal Production 
(million ton*)

by Sulfur Cateq. |

tx«f Sulfur (< -fit lbs s/imnBtu).. I-J74.6 4S2.3|Sia.l 478.21603.4 93.181667.S 63.871697.6 
Med Sulfur (.61-1.67 lbs .3/tnaBtu) 1493 .2 482.3|482.7 464.7J467.1 228.21*59.8 138.4|4S4.4 
High Sulfur (> 1.67 lb*.S/mtfltu) 1173.4 194.6|18S.9 178.6ll86.1 78.95|l96.6 4S.39|214.S

55.20
169.0
22.34

Gasoline Prices I
Traditional Gasoline.....................1
Oxygenated Gasoline...................... I
Refonnulated Gasoline..............    1
High-Oxygen Reformulated Ca* ... 1 

h'rerage............................................................ |

Gasoline Cuantitles I
Traditional Gasoline.......................... |
Oxygenated Gasoline............................ I
P.eformulated Gasoline........................1
High-Oxygen He formulated Gas...1 

Total................................................................. I

I
Distillate Prices 1
Distillate <= 0.05% Sulfur........ I
Distillate > 0.05% Sulfur............ 1

Average................................................... .. - - I

Distillate Quantities I
Distillate <• 0.05% Sulfur.......1
nistillata > 0.05% Sulfur.............|

Total................................................................. I
I

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

I 
I

.00( 

.00| 

.001 

.ooj 

.ooj 
I 
I

.00|

.ooj

.ooj

.00 j

.ooj
I
I

.00|

.ooj

.ooj
I
I

.00|

.ooj

.ooj
1

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

I 
I

.oo|.ooj

.ooj

.ooj

.ooj
I
1.00|

.ooj

.ooj

.ooj

.ooj
I
I

.00|

.ooj

.ooj
I
I

.00| 

.ooj 

.ooj 
___ L

-.00
.00
.00
.00
.00

.00

.00

.00

.00

.00

.00

.00

.06

.00

.00

.00

I 
I

.oo|
■ 00| .ooj 
.ooj 
.ooj

I
I

.00|

.00|

.ooj

.ooj

.ooj
I
I

.00|

.ooj

.ooj
I
I

.00] 

.00] 

.ooj 
___ L

.00 

.00 

.00 

.00 
. 00

.00

.00

.00

.00

.00

.00

.00
9.00

.00

.00

.00

I 
I

• 00| .ooj 
.ooj 
.ooj 
. ooj

I
I

.00)

.ooj

.ooj

.ooj

.ooj
I
1

.00|

.ooj

.ooj
I
I

.00| 

.00 I .ooj 
I

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
aOO

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00
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