

































































































































































TABLE 10
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Comparison of Uncontrolled Model Projections with Observed
Values, 1974 and Other Projections, 2000

Atmospheric Concentration
In 109 tons carbon
In part per million
Emission

In 109 tons carbon

1974 2000
§Calcu1ated Calculated Estimated by:
Actualifrom Model |from Model Machta|Baes et al.
i |
702, 702. 832. 846,  702.-862,
321, | 321, 381, 387. | 321.-39%,
5.0 4.89 10.7 11.4

Actual from Baes et al. [1976].

Calculated for 1974

for the 1970 and interpolate geometrically.

Machta and Telegados [1974], p. 695, and Baes et al.

use actual values

Figures for Machta from

[1976], p. 39.
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is shown, the emissions agree very well with concentrations and figures.
Projections for the future are also shown, and these are in the general
range of other projections.

The second important point, and perhaps the most surprising one,
is that the optimal path does not differ from the uncontrolled path for
the first periods (that is to say the pericds from 1970 to 1990) and
that abatement measures become necéssary only in the second period (1990
to 2010) for the most stringent controls and the tﬂird period (2010 to
2030) for the other two programs. Put differently, according to
the cost schedules assumed in the model, it does not pay to curtail carbon
dioxide emissions until nearly the time when the limit 1is reached; and
for the three cases examined this time comes in the 1990-2010 period or
the 2010-2030 period. This point 1is important, for it implies that there
is still a comfortable amount of time to continue research and to consider
plans for implementation of carbon dioxide control if it is deemed neces-
sary.

It is important to understand where the abatement measures would
take place in an efficient program. Recall that in the model, there are
five fuels (oil, natural gas, coal, electricity, and hydrogen) and these
are used in four sectors (electricity, industry, residential, and trans-
port). How will the mix of fuels to the different industries change?
Also note that since demand is responsive to price in the model, it is
possible that the level of final demand change in those sectors which
are supplied by cardon-intensive fuels,

Table 11 indicates in a rough way the changes in the input mix
gsector over time. We have shown the fraction of the inputs which are

carbon based (i.e. fossil-fuels): This aggregates over the different



TABLE 11

Fraction of Energy Imputs Which aAre Carbon-Based (Fossil Fuels),
by Sector and Period, United States in Efficient Path
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20 year period SECTOR
centered on: Electricity Industry Residential Transport
1980
Uncontrolled 100% 1007 100% 1007
2007, Increase 100% 100% 1007, 1007
100% Increase 100% 1007 100% 100%
50% Increase 1007 1007, 1007 100%
2000
Uncontrolled 713% 1007 1007 100%
200% Increase 78% 1007% 1007 1007
100% Increase 78% 1007, 100% 1007, .
50% Increase 73% 1004, 100% 1007
2020
Uncontrolled 13% 1007, 877 1007,
200% Increase 6% 1007, 87% 100%
1007, Increase 0 100% 75% 1007,
50% Increase 0 1.00% 0 1007
2040
Uncontrolled 0 100%, 667 1007
200% Increase 4%, 1007 0 887
1007 Increase 0 937, 0 0
50% Increase 0 447, 0 0
2060
Uncontrolled 0 1007 0 1007
2007, Increase 0 407, 0 0
1007 Increase 0 15% 0 0
50% Increase 0 6% 0 0
2080
Uncontrolled 0 7% 0 O
2007 Increase 0 11% 0 0
100% Increase 0 0 0 0
50% Increase 0 0 0 0
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fossil fuels but gilves the best overall measure of the impact of control
programs by industry. Interestingly enough, the chief difference lies
in the industrial sector. Here, coal-based fuels are used essentially
throughout the period under consideration in an uncontrolled program;
as can be seen, however, starting in the fourth period, and especially
in the fifth, heavy curtailment of fossil-fuels is necessary, especially
in the meost stringent control programs. The same general pattern appears
in the residential sector in the third amnd fourth period, and in trans-
port in the fourth period. On the other hand, relatively little change
is introduced in the electricity sector, as the transition to non-fossil
fuels 1s essentially completed before the carbon dioxide constraints be-~
come binding.

The program calculates, but we have not shown, the effect of the
constraints on demand. Recall that demand is semsitive to price,
so that it is possible that demand will be curtailed in order to meet
the carbon constraints. At first blush, it is plausible to argue that
since carbon emissions must be reduced by 80 percent from the uncontrolled
path, demand must also be reduced by 80 percent. In fact, this naive
view would be almost completely wrong: almost no changes in the demand
pattern occur, and almost all the reaction comes about as a result of
supply side ad justments. Put differently, the efficient way to restrict
emissions isg to change the composition of production away from carbon-
based fuels rather than to reduce consumption. The reason for this will
become apparent when we examine the effects of prices. Figure 10 shows
for the United States the effect of the carbon dioxide controls on gross

energy inputs (usually called "energy consumption'l). The striking result
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is that very little change in end use or energy inputs is required to

meet the carbon dioxide constraints.

3. Effects of Control Programg on Temperature and Sea Level

The reason for the control program is that we are concerned about
the effects of concentrations on temperature, with one of the more sig-
nificant effects of the temperature increase being the level of the oceans.
Figure 11 shows the estimated effect of different control programs on
global mean temperature. The relationship assumed in this figure is that

temperature is a function of the logarithm of CO, concentration, and that

2

a doubling of CO, leads to an increase of 2° ¢,

2
To estimate the level of the oceans is a most hazardous exercise,
given that there is at present no generally agreed-upon statistical re-
lation between global temperature and sea level., A very rough estimate
in the Appendix indicates that an order of magnitude estimate was that
an increase of global temperature of one degree C would lead to a rise
of the level of the oceans by approximately 2.4 + (1.0)
millimeters per year., Figure 12 uses this estimate along with the esti-
mates of global temperature increase In Figure 11 to indicate an order
of -magnitude estimate of the effect of different CO2 on the level of the
oceans, It is clear that in none of the cases does the effect appear
catastrophic, but the long-run implications of the uncontrolled path
(losing 0.8 meters to the oceans by the end of the 2lst century) are

uncomfortable, whereas the controlled paths lead to much less rapid rises

of coastline.
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4. Prices and Costs

In an optimization framework, as in an economy, constraints have
their costs in terms of the objectives of the optimization. Recall that
the control program takes the form of imposing upper bounds on the level
of atmospheric concentrations; these are formally imposed as ten inequa-
lity constraints on the problem (one inequality for each time period).
Associated with each of the constraints is a dual variable--sometimes
called a shadow price--which in the optimal solution calculates the incre-
mental amount that the constraint costs in terms of the objective fune-
tion. Put differently, the shadow price indicates how much the objective
function would increase if the constraint were relaxed one unit.

The most important shadow prices in the carbon dioxide optimization
are the shadow prices on the carbon dioxide emissions constraints. The
constraints are in terms of 109 metric tons of carbon in the troposphere,
while the objective function is real income of congumers in 109 dollars
of 1975 prices. This implies that the shadow price has the dimensions
of dollars per ton of carbon dioxide emitted into the troposphere.

Table 9 gives the shadow prices for carbon emissions for the four
programs during the 10 periods. First note that the uncontrolled program
tas shadow prices equal to zero, indicating that the constraint is not
binding. Second, note that the prices per ton start very low (between
$0.01 and $0.15 per ton carbon) and rise to a very high level of between
$130 a ton (1970 prices), by the end of the next century. These should

be compared with the prices of carbon-based fuels, which are around $25



TABLE 12

Shadow Prices on Carbon Dioxide Emissions
(1975 dollars per ton carbon)

PROGRAM
I II ITX v
Uncontrolled 2007 Increase 100% Increase 50% Increase

r »

1980 0,00 | 0.00 | 0.14 . 1.65
2000 | 0.00 E 0.07 1.02 i 12.90
2020 0.00 ; 0.52 i 8.04 ; 109.00
200 0,00 .07 1 67.90  123.60
2000 . 0,00 | 3.47 | 94.40 é 200,00
2000 0,00 | 42,00 g 9%.40 | 200.00
200 0.00 | 4204 8720 | 198.20
2120 0,00 j 41,91 | 87.10 " 198.50
2140 - 0.00 ; 42.92 | 86 .90 ﬁ 188,40
2160 0.00 450,93 95.10 | 95.10
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a ton (carbon weight) of coal, $100 a ton (carbon weight) for petroleum,
and $200 a ton {carbon weight) for natural gas. Roughly spea#ing, the
shadow price only becomes significant in the second period for the most
stringent path (path IV) and in the third and fourth period for the medium
permissive paths, III and II respectively. Comparing Tables 9 and 12,

we note, then, that the shadow prices are relatively low for periods when
the concentration constraint is not binding and high in those cases where
it is binding.

The carbon dioxide constraints play a leading role in the drama.
Not only do they show the cost of a given constraint for the world economy
as a whole; they also act as a medium for decentralizing the control stra-
tegy. It is essential for implementing a control strategy that the shadow
prices on carbon emissions actually get built into prices that firms and
consumers face. Without such an internalization of the climatic exter-
nality, it can hardly be expected that emissionms will be reduced: by
contrast, when coal prices double as a result of an emissions tax, we can
expect substitution away from coal and its derivatives.

We may also ask what the effect of the carbon dioxide control pro-
gram is on energy prices in general. These effects fall into two general
categories: effects on factor prices--in particular royalties on scarce
energy resources; and effects on product prices. Table 13 shows the re-
sults. Note that the major impact is on factor prices rather than product
prices. For example, comparing the shadow prices of the most stringent
with the uncontrolled case, note that petroleum and gas shadow prices
fall considerably for the abundant non-U.S. resources, while coal and oil

shale royalties fall to zero. By contrast, uranium royalties rise by

an insignificant amount (about 0.1 percent) from the uncontrolled to the
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TABLE 13

Effects of Carbon Dioxide Controls on Factor and Product Prices
(all prices in 1975 dollars)

PROGRAM
I II ITL Iv
Uncontrolled 2007 Increase | 1007, Increase 507 Increase
FACTOR PRICES* (dollars per 109 btu)
Petroleum ?
Us 875.2 875.2 875.3 ; 874 .6
Row 1.5 1.5 1.5 0.0
Natural Gas
Us 1465 .6 1465.6 1465 .4 1459.9
Row 2.0 1.9 1.8 1.8
Coal
us 1.3 1.0 0,0 0.0
Row 1.3 1.0 0.6 0.0
Shale
Us 12.9 12.8 12,6 0.0
Row 1.5 0.1 0.0 0.0
Uranium 235 0.29 0,29 0.29 .
US PRODUCT PRICES (dollars per 106 btu delivered)
Electricity
1980 8.06 8.06 8,07 8.17
2020 7.60 7.60 7.60 7.60
2080 8.00 8.00 8.00 8.00
Industrial
1980 1.96 1.96 1,96 2.02
2020 2.04 2.05 2,28 5.64
2080 5.90 5.57 5.72 6 .06
Residential
1980 6.38 6.38 6.38 6 .40
2020 6.72 6.72 6.72 8.78
2080 9.17 9,17 9,17 9.17
Transport
1980 29,06 29.06 29,08 29.28
2020 30,11 30,16 31.22 42 .41
2080 37.90 46 .06 46 .06 46 .06
Price Index
(Equal
weights,
1970=100)
1980 1.00 1.00 1.00 1.01
2020 1.02 1.02 1,07 1.66
2080 1.68 1,71 J 1.73 1.78

*The factor price or 'reyalty' refers to the price of the resource in the
ground, before exploration, drilling, or mining has occurred. Each category
refers to the most economic grade of resource, except for petroleum and
natural gas where they refer to the value of undrilled resource.
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most stringent program.

Final product prices are shown in the bottom half of Table 13,
giving the market prices (including distribution, taxes, and retail mark-
ups where appropriate) for each of the four major sectors, In addition,
the last set of figures gives an index of retail prices of energy goods,
using equal weight for each of the four goods (mote that this index does
not use Btu weights). The uncontrolled path shows essentially no price
increase from the 1980 levels for about 40 years, then a upturn in prices
with the exhaustion of fossil fuels and the gradual penetration of non-
fosgil fuels late in the next century. The two less stringent control
programs look very similar, with only very minor increases in prices (less
than five percent higher than the uncontrolled path), The most stringent
control path, however, shows a much more rapid increase in prices over
the next fifty years; it is almost equivalent to having less fossil fuel
resources in that the stringent control program drives up prices suffi-
ciently to ensure more rapid penetration of non-fossil fuels.

A final question regarding shadow prices may appear bizarre:

What are the shadow prices by environmental stratum? These refer to the
shadow prices in the different regions of the earth (atmosphere, mixed
ocean, deep ocean, etc.)., Table 14 shows the shadow prices for each of
the seven strata for the middle control strategy III, again in terms of
prices per ton of carbon. These indicate the cost that would be incurred
by an increase of one ton of the mass in a givean stratum. Thus the price
for carbon in the atmosphere in 2020 would be $9, while in the long-term
biosphere it would be $3.

The important point about Table 14 is that there are only three

economically interesting strata: the deep ocean, the long-term biosphere,



Shadow Prices on Carbon Dioxide Concentrations by Stratum,

(dollars per ton carbon,

Troposphere

Stratosphere

Mixed Layer Ocean

Deep Layer Ocean

short -Term Land Blosphere
Long-Term Land Biosphere

Marine Biosphere

TABLE 14

Control Program III

1980
0.14
0.14
0.14
0.01
0.14
0.11

0.14

1975 prices)

Period Centered on:

2000
1.09
1.09
1.06
0.10
1.14
0.66

1.08

2020
8.75
8.75
8.53
0.29
9.10
3.15

8.69

2100
76 .90
76 .90
73.50

2.30
78.70
26.10

75,00

66
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and the rest of the strata. And the most interesting conclusion is that
the cost of putting carbon into the deep ocean is only about one-thirtieth
of the cost of putting it Into the atmosphere. The reason for this anomaly
is that by the time carbon is put into the deep ocean it is locked up

there for about 1000 yvears. The price in the long-term biosphere is also
significantly below, eventually about one-third, of the price in the other
strata.

The implication of this finding about the shadow prices in differ-
ent strata is of great importance for control programs. It says that on
the margin, and taking 2020 as an example, it would be efficient to take
emissions from the atmosphere and pump them into the deep oceans if this
could be done for less than $8 per ton. Similarly, if we could simply
remove the carbon and put it into trees, which would decay, gradually
adding the carbon back into the atmosphere, this would be worth a subsidy
of up to $6.50 per ton. These results can be used to evaluate processes,
such as those proposed by Marchetti discussed above, to shortcircuit the
distribution of carbon dioxide by placing it in the deep ocean or in trees.
Given some preliminary estimates of the costs of these processes, it appears
that they merit considerable attention. These results also suggest that
such events as the Green Revolution, which dramatically increases yields
in the short-term biosphere, would have essentially no effect in reducing
the carbon dioxide problem: this result is simply due to the fact that
the decay time of annual crops is so short that the total reduction of
the atmospheric concentration of carbon dioxide is negligible.

We can also ask what the carbon dioxide constraints are costing
in toto. Whereas the shadow prices give the cost on the margin, the

overall cost can be evaluated by examining the attained value of the
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objective function. As can be seen in Table 15, the control of carbon
dioxide is not free--the medium control program 2 has discounted costs
of $87 billion in 1975 prices. On the other hand, the cost as a frac-
tion of world GNP is likely to be insignificant, legss than 0.5 percent
in the most stringent case., This relatively small cost is consistent

with the wmodest rise in energy prices shown in Table 13 above.

VII. Summary

We have Iinvestigated an efficient program for meeting certain carbon
dioxide standards as in a long-term energy model. These indicate that
for a range of standards (limited to between a 50 percent amd a 200 per-
cent increase in the atmospheric concentration) the program appears fea-
sible. Moreover, it is a program which requires little change in the
energy allocation for the first two 20 year periods, and only in the third
period, centering on 2020, do modifications in the allocation take place.
These modifications take the form of reducing the fossil fuel use in the
non-electric sector, and replacing it with non-fossil fuels.

Moreover, it appears that the efficient programs have rather high
implicit shadow prices on carbon dioxide emissions but that the total
effect on energy prices and the total cost of providing the bundie of
energy goods is relatively small, Whereas the estimated uﬁrket price (in-
cluding carbon tax) rises around 100 percent, the final price level for
energy goods rises no more than five percent in the two less stringent
programs investigated here.

Subject to the limitations of the model used here, then, we can
be relatively optimistic about the technical feasibility of control of

atmospheric carbon dioxide., 1If the control program is instituted in an



TABLE 15

Cost of Carbon Dioxide Control Programs
(billions of 1975 dollars)
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1 2
Uncontrollied| 2007 Increase

PATH

3
100% Increase

4
507, Increase

Discounted
Total Cost,
billions of 30 34
1975 dollars

$87

$540

Discounted
Total Cost
as Percent

0%
of Dis- T
counted
World GNP

0,004%

0.087,

0.48%

Note: Assumed rate of growth per annum of

United States

1975-1990 3.7 %
1990-2010 2.7
2010-2035 2.1
2035 on 1.6

GNP are as follows:

Rest of World

6.5 %
5.1
3.7

2-0

This gives a discounted value of world GNP of $111.8 trillion.
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orderly and timely way, the world energy system can adopt to controls

of the magnitude examined here without serious dislocations. The central
question for economists, climatologists, and other scientists remains:
How costly are the projected changes in (or the uncertainties about)

the climate likely to be, and therefore to what level of control should
we aspire? And for students of politics, the question i{s: How can we
reasonably hope to negotiate an intermational contreol strategy among the

several nations with widely divergent interests?
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APPENDIX. SEA LEVEL RESPONSE TO MEAN TEMPERATURE

At several places in the paper, reference is made to the response
of the level of the oceans to global mean temperature. This effect of
the carbon dioxide buildup (or other man-made emissions which also warm
the globe) is universally recognized to be a most sericus consequence.

The present author was unable to uncover any estimates of the ef-
fect of mean temperature on sea level in the published literature. For
this reason, a very crude set of estimates was prepared using data on
mean level of the oceans and mean temperatures. It should be emphasized
that these estimates are banished to an appendix because the scientific
quality of the approach is so dubious.

The underlying assumption is that the earth-climate represents a
system in which there is a unique equilibrium relation between an external
forcing function and the earth's climate--as in the Milankovitch theory.
Moreover, to a first approximation, the level of the oceans 1is determined
by the global mean temperature. The range of observations over the last
100,000 years is for a global mean temperature deviating from +2 to ~10
degrees C from the current, and for ocean levels deviating from -100 to
+10 meters from today's level., A very crude estimate, assuming global
mean temperature is a suitable proxy for all climatic influences, would
be approximately +10 meters per degree C.

There are two refinements which could be made. First, the relation
is clearly nonlinear, since there are boundary conditions on both the
high and low side. In what follows, however, it seemed fruitless to pur-

gue nonlinearities since the lags are long and the data quite uncertain.
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A second and critical consideration for our problem is that the response

of oceans to temperature procedes through melting or freezing of ice,

and this process is extremely slow on the human scale. We have therefore

attempted to estimate a linear lagged response of sea level to temperature.
The specification used is that there is at a point of time an equi-

librium relationship between the global mean temperature, T, » and the

level of the oceans, S: 5 1n addition, this is assumed to be a linear

relationship within the range of observations of the last 15,000 years.

Thus

*
(1) §" = by + bT

where the §*

indicates the equilibrium level of the oceans. It is as-
sumed that the rate of change in the level of the oceans responds with a

first -order lag to the disequilibrium:

- = *
2) S¢ = Se.p =20 7 Sey)
ot
(3) St = ab0 + abth+(1-a\St_1 + U

where u, is a Markovian error term.

Using data from two different sources, we have cstimated equation
(3). The data are obtained by visual inspection and refer to mean tem-
perature and sea level for 1000 year periods for Source 1 and 2500 year
periods for Source 2--starting at the present and going back approximately

15,000 years. Source 1 1s drawn from Understanding Climate Change {1975],

Appendix A; and Source 2 is from Lamb [1975], pp. 186, 187 and 192. The
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dimensions are S in [meters}, T 1in [degrees C]. Therefore b0 has

dimension [meters], b1 has dimension [meters/degree C]; and a has
dimension [1/(1000 or 2500 years)}. The temperature data are generally
not global means but refer to selected stations. For this reason, the

coefficients may differ when applied to the global mean, but it is un=~

likely that the error is greater than 25 percent.

TABLE A-1. Estimates of the Response of Sea-Level
to Mean Temperature

Short -Run
Time Temperature
Period Effect
8¢

Regression Results | ASYymptotic  for (mm per

Time Step in

Observation ab Eﬂ Sea Level Rise, 1 100

Rise in 50% of per year for)

Source (years) 0 abl 1-a (meters/°C) Years Year Years Years
(1) 2y &) (4) Gy (6) @y ® (9
1 1000 {0.6 1.89 .,626 0,96 5.0 1500 2.4 2.4

(.59) (.093)

2 2500 5.2 4,32 .536 0.97 9.3 2800 2.3 2.3
(1.11) (.104)

Note: Figures under coefficients are estimated coefficients, while figures
in parentheges are standard errors of coefficients. R is corrected

for degrees of freedom.

The results of the regression are shown in Table A-1. These were esti-

mated using least squares with a correction for first-order autocorrela-
tion of residuals. The estimate of the mean lag in the two equations is
somewhat inconsistent, with one set of data indicating that one-half the
response occurs in about 1500 years, while the other indicates that one-

half occurs in about 2800 years. The estimates of the asymptotic response
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of such a linear model are also different for the two sources, with one
source showing a response of 5.0 and the other 9.3 meters per degree C.
These estimates are consistent with the order of magnitude estimate sug-
gested on p. /1 above.

For the purposes of the present paper, however, the short-run
response is the most important, and this is indicated in columns (8)
through (10). The sources give almost exactly the same estimate for the
“short run" response of sea level to temperature changes, with the effect
being 230 to 240 millimeters per degree C sustained for 100 years, and
from 1900 millimeters to 2000 millimeters per degree C sustained for
1000 years.¥*

Given the long delay in the respomse, it is appropriate to use
the short run effects--coefficient W --as the appropriate estimate
for calculating the effect of (0, changes on the levels of the oceans,
These indicate that the effect is about 2.4 millimeters per year per de-
gree C. Given the general quality of the data and estimates, I would
place a judgmental standard error on this of approximately 1.0 milli-
meters per year per degree C. This is the estimate that appears in

the text.

*The response is obtained by first noting that (1 - kp) =1-a, where
A = the one-year response and @ = Time Step. The short run coefficient,
L, is then calculated so that uf(1 - A) = aby/(1 - kg) .
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