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This paper attempts to condense a mass of information relating to economic growth assump-
tions, carbon emissions forecasts, abatement cost estimates, and global warming damage
functions and incorporate it into a cost-benefit analysis of slowing climate change. By these
means it is possible to provide evidence on the extent to which society ought to incur control
costs now in order to prevent future climate change using the rules commonly associated with
project appraisal. In a business as usual scenario, the model predicts a temperature rise of
3.6°C above preindustrial levels by the end of the next century inflicting damage with a present
value of US$8.9 trillion. An optimal policy, however, seems to involve an immediate 12.7% cut
in emissions and the establishment of 37.1 million hectares of forests. The optimal tax on carbon
emissions for the year 2000 is estimated to be US$16.84 per tonne and the optimal policy
reduces temperature rise by 0.3°C relative to business as usual. By following the optimal policy,
costs are reduced by US$700 billion. It is also suggested that policies to halt deforestation and
remove the subsidies paid to fossil fuel producers might reduce overall costs by a further
US$1.1 tritlion.
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There are many conflicting views regarding the true
dimensions of the climate change problem. Often these
viewpoints are based on different estimates of key para-
meters. With little indication as to why these parameter
estimates vary so much and which ones might be the
more reliable, prospects for a coordinated strategy to
tackle climate change appear dim. Little consensus has
emerged, for example, regarding the costs of abating
carbon emissions. Some take the view that considerable
improvements in energy efficiency are available at nega-
tive cost by setting minimum efficiency standards for
vehicles and domestic appliances (Mills er al, 1991).
Others regard the macroeconomic costs of even small
reductions in carbon emissions as quite considerable
(Manne and Richels, 1993). In the judgement of yet
more researchers a significant proportion of carbon
emissions arise purely as a result of institutional fail-
ings; either at a regional level in the subsidies paid to
fossil fuel energy producers in the erroneous belief that
this promotes economic growth (Shah and Larsen,

1994), in failure to deal with air pollution (Glomsrod et
al, 1992) and vehicle congestion in urban areas
(Hughes, 1991), or at a global level in failing to make
appropriate transfers to those countries whose forests
contain rich biodiversity which we would wish to pre-
serve (Pearce, 1991).

But differences in opinion over the costs of abatement
are minor in comparison to the disagreements relating to
the potential damage if significant cuts in emissions are
not made. A recent survey of expert scientific opinion
(Nordhaus, 1994), indicates enormous uncertainty
regarding the impact of climate change. Some see a few
degrees’ temperature increase spread over a century as
something which would hardly be noticed, perhaps even
benefiting colder countries in the north (Schelling,
1992). Others emphasize the allegedly beneficial impact
of elevated CO, concentrations on plant growth (Bolin
et al, 1986). Many ecologists, however, point to the
painfully slow migration rates for some ecosystems and
argue that mass species extinction would be inevitable if
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rapid global warming were to occur (Fankhauser, 1993).
The frequency of tropical storms could increase in line
with sea surface temperatures resulting in devastation to
areas prone to those kind of events (Emanuel, 1987).
Some studies point to flooding of low lying island states
in the Pacific Ocean and uncomfortably high tempera-
tures in the mid latitudes (IPCC, 1990a).

Even the impact of escalating emissions of green-
house gases on the climate is a matter of some debate.
The influence of the elevated concentration of CO, in
the atmosphere can only be resolved by reference to the
temperature record. But in the opinion of some, the tem-
perature record is itself in doubt due to thermal pollution
from cities despite attempts to correct for this. In any
case, the observed temperature record is consistent both
with the hypothesis of no climate change as well as with
a 2.5°C rise (IPCC, 1990b). None the less, researchers
using different methods claim to have detected a statisti-
cally significant role for CO, concentrations (Tol and de
Vos, 1993). Recently, Charlson and Wigley (1994) have
argued that sulphate aerosols have the ability to mask
the onset of climate change and that a warming rate
higher than that currently predicted is likely. Some have
rejected the IPCC’s views altogether. For example; a
poll of US meteorologists (Lindzen, 1992) showed that
none believed that any global warming had occurred so
far. It has also been difficult to decide the extent to
which changes in sea levels reflect the thermal expan-
sion of sea water rather than vertical movements in the
surface of the land following the last ice age (see Bolin
et al (1986) for a survey).

Confronted with such uncertainty regarding the costs
and benefits of slowing anthropogenic climate change
and even uncertainty regarding the processes underlying
any observed changes it is hardly surprising that differ-
ent authorities have drawn opposing policy conclusions.
Some see the costs of emissions abatement as being
insignificant or even negative and advocate a rapid tran-
sition to a low-carbon economy (Greenpeace, 1993).
Others regard immediate reductions in carbon emissions
as headlong and strongly oppose drawing resources
away from more pressing concerns just to prevent a
‘slight’ change in climate to which mankind could prob-
ably adapt (Beckerman, 1994).

Most economists have cast the problem of global
environmental change in terms of an exercise in
cost—benefit analysis. A number of such analyses have
appeared in the literature, for example, the CETA model
of Peck and Teisberg (1992). In a separate cost-benefit
analysis of arresting climate change, Cline (1992) con-
siders the desirability of a 4 Gt C emissions ceiling
compared with business as usual. Both emissions reduc-
tions and sink enhancement are considered as a means of
achieving this goal. Nordhaus has developed an elegant
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optimal control model of GHG abatement entitled DICE
(1992). This model is based around a Ramsey-type
model of economic growth in which all climate damage
has a market impact cutting income and reducing emis-
sions. For many environmentalists, however, the
considerable uncertainties regarding the response of the
planet are reason enough to reject any attempt to balance
the costs and benefits of slowing climate change. Instead
they propose a ‘carbon budgets’ approach in which an
historical analogue is sought for threatened rapid
changes in climate (for example Krause et al, 1989).
Annual carbon budgets are set to ensure that a maximum
rate of change is not exceeded. In the view of the author,
however, linking decisions to a particular historical ana-
logue seems rather arbitrary.

This paper attempts to condense a diverse body of
information relating to economic growth assumptions,
carbon emissions forecasts, abatement cost estimates,
and global warming damage functions, and incorporate
them into a model which weighs up the costs and bene-
fits of halting climate change. The paper does not seek to
resolve the large uncertainties associated with virtually
every aspect of the climate change problem. Rather, it
asks what conventional assumptions about the size of
the problem imply. In a later paper, the model might be
used to illustrate how changes in those assumptions
affect the optimal policy. Questions regarding how one
should proceed under uncertainty and what is the value
of information can also be addressed within this rela-
tively simple framework, but these too are deferred to a
later paper.

The model takes baseline economic output and GHG
emissions as given. According to the statistically esti-
mated model of the carbon cycle used, only two-thirds of
these emissions are ever removed so atmospheric concen-
trations of carbon dioxide emissions are, in the absence of
policy interventions, set to increase. Average global tem-
peratures respond to elevated CO, concentrations via a
process of lagged adjustment. This rise in temperature is
taken as an index of global environmental change which
is assumed to cause economic damage. Such losses are
quantified in terms of a damage function. The warming
process can be delayed by reducing emissions from the
baseline (which incurs a cost) or, alternatively, emissions
can be offset by terrestrial sink enhancement, ie planting
forests to absorb carbon from the atmosphere. But
afforestation has a lagged impact on the atmospheric con-
centration of CO, which ceases once the forests have
grown to maturity. Reforestation programmes are also
constrained by the costs of permanently removing land
from other productive uses. The interesting question is the
extent to which society ought to be willing to incur con-
trol costs now in order to prevent future climate change
using rules commonly applied to project appraisal.



Clearly, the model is in many ways highly stylized
neglecting potentially important feedbacks and interde-
pendencies. This is inevitable: the construction of a fully
integrated model is a huge undertaking and, in the view of
the author, this kind of ‘synthetic’ modelling exercise will
continue to enjoy an important role in policy analysis.

The remainder of the paper is organized as follows.
The next section describes the model in more depth giv-
ing details of the data sources for the estimated
equations and the properties of the equations whose role
it is to describe the response of the climate to anthro-
pogenic carbon emissions. The following section
describes the results of the model when it is run using
conventional assumptions regarding future economic
growth rates and carbon emissions. The results contrast
the present value costs of permitting unchecked carbon
emissions with those associated with the optimal policy.
The paper calculates the tax rates necessary to secure the
optimal level of abatement activity and compares them
with the estimates made by other researchers. A variety
of other GHG protocols are evaluated including mea-
sures aimed at institutional reform to halt deforestation
and end the payment of subsidies to fossil fuel produc-
ers. Finally the paper concludes with a discussion of the
role of uncertainty and a consideration of the scope for
further simulations of the model.

The model

The model takes the form of a dynamic non-linear
programme whose objective is to minimize the present
value costs associated with climate change policy. In
essence, the model evaluates the trade-off between
abatement activity and the costs of climate change
related damage taking emissions reductions and sink
enhancement as the control (choice) variables. This
model is driven by exogenous input assumptions for
economic growth and carbon emissions. The economic
growth assumptions in Table 1 follow the Stanford
Energy Modeling Forum specifications which suggest a
slowly declining rate of economic growth over the next
century (Gaskins and Weyant, 1993). The emissions
assumptions in Table 2 are taken from the IPCC ‘best
guess’ scenario [S92a (IPCC, 1992). Only the emissions
of carbon are considered. Carbon dioxide, being the
main GHG, is taken as a proxy for all GHGs. These
trends in economic growth and emissions are projected
forward to the year 2250 which is the terminal date used
in this analysis.

The implications for atmospheric concentrations of
CO, of these carbon emissions depend upon the dynam-
ics of carbon in the atmosphere and the carbon cycle.
The econometrically estimated model of the carbon
cycle used here posits the existence of a long-run equi-
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Table 1 Baseline GNP assumptions (US$ trillion)

Year Gross world national product
1990 2292
2000 30.97
2010 39.77
2020 51.06
2030 66.55
2040 81.94
2050 100.89
2060 122.73
2070 149.31
2080 180.64
2090 217.35
2100 261.52

Source: Stanford Energy Modeling Forum, private communication.

Table 2 Business as usual annual global carbon emissions (Gt C)

Year Energy and other Deforestation
1990 6.2 1.3
2000 7.2 1.3
2010 8.8 1.2
2020 10.3 1.1
2030 1.6 1.0
2040 12.7 0.9
2050 13.7 0.8
2060 15.0 0.6
2070 16.4 0.4
2080 17.7 0.3
2090 19.1 0.1
2100 204 -0.1

Source: Scenario 1892a, IPCC International Panel on Climate Change)
(1992).

librium relationship between the end-of-period change
in the atmospheric concentrations of CO, and the flow of
carbon emissions into the atmosphere. A polynomial
distributed lag (Almon, 1965) was used to represent the
manner in which emissions are removed from the atmos-
phere. The equation was deliberately overfitted and
tested down (Hendry, 1993).

The data used for this exercise are drawn from a vari-
ety of sources. Atmospheric CO, concentrations are
constructed from the Siple ice core record (Friedli et al,
1986) for the period 1744-1958 and the direct measure-
ments taken at Mauna Loa for the period 1959 to present
day. The record of carbon emissions is taken from
Keeling (1991) for the period 1860-1949 and from
Boden er al (1991) for the period 1950-90. These records
are incomplete in that they exclude carbon emissions
from land-use changes which are largely unknown. In
order to deal with this problem, the equation was esti-
mated with an intercept to represent a constant rate of
increase in atmospheric concentrations arising from land-
use changes. The intercept was estimated to have the
value 1.147 and indicates that each decade the atmos-
pheric concentration of CO, increased by a little over 1
ppm independently of fossil fuel emissions. Given that
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the equation also suggests that ultimately 36% of emis-
sions are retained in the atmosphere, it is possible to
calculate that average annual carbon emissions from
deforestation and other non-energy emissions of carbon
were approximately 0.7 Gt C per annum. Although a
crude calculation, this figure agrees surprisingly well
with the deconvolution of ice core data by Siegenthaler
and Qeschger (1987), who estimate biospheric emisstons
at 0-0.9 Gt C per annum. In the equation presented
below, the intercept is dropped because emissions from
land-use changes are explicitly included:

CONC,= CONC,_,+ 0.00446EM,_ )~ 0.00158EM,
—0.00118EM, (1)

where CONC, is the concentration of CO, measured in
ppm and EM, is the annual flow of carbon emissions
measured in Gt C. The equation suggests that by the end
of 10 years approximately 94% of emissions are still air
borne. At the end of 20 years, this has fallen to 61% and
after 30 years to 36% after which time the process
becomes so slow that it may for all practical purposes be
taken as complete. This equation has a number of prop-
erties in common with more complex representations of
the carbon cycle, eg the model of Maier-Reimer and
Hasselmann (1987). The concentration of a pulse excess
of carbon into the atmosphere does not go to zero even
in the long-term and there is a period of extremely rapid
elimination of carbon to begin with in both models. In
the model of Maier-Reimer and Hasselmann, however,
only 15% of the carbon emissions are ultimately
retained but this process requires a period of several
hundred years to complete.

Actual warming is calculated by fitting a polynomial
lag with zero end point restrictions to the global temper-
ature record constructed by Jones et al (1991) covering
the period 1854-1990. This temperature record is not
corrected for the ENSO phenomenon and all factors
having a transitory impact on the climate, such as solar
cycles and volcanic eruptions, are ignored. Once again,
the order of the polynomial and the length of the lag are
exaggerated before testing down. The final equation sug-
gests that the response of the climate to heightened
radiative forcing is complete within 40 years and can be
represented by a polynomial of order 2; Tol and de Vos
(1993) reach an identical conclusion. The full impact of
a doubling of CO, concentration leads to an estimated
temperature rise of 3.5°C. However, because CO, is
being used as a proxy for all greenhouse gases, this fig-
ure should be reduced by around 39% before comparing
it to the IPCC estimate for equivalent CO, doubling.!
Once this has been done, the forecast equilibrium

'According to the IPCC (1990b) CO, has been responsible for 61% of
the increase in radiative forcing to the year 1990.
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response of 2.1°C is quite close to the IPCC’s prediction
of 2.5°C. The fact that the temperatures in the data series
are measured as deviations from the 1950-79 average
means that in order to calculate the temperature rise
from preindustrial levels, it is necessary to adjust the
intercept slightly such that equilibrium warming for
preindustrial carbon concentrations is zero. The sug-
gested temperature rise WARM, for the year 1990 is a
shade under 0.8°C:

WARM, = —28.00+1.49InCONC,_, +

1.99InCONC, _,, + 1.49InCONC, Q)

The damage function, DAMAGE,, takes this temperature
rise as an index of global environmental change, calcu-
lates the amount of economic damage and scales it to
GNP. Only a handful of research papers have attempted
to place economic values on the impact of climate
change. None of these papers indicates the extent to
which damage depends upon the rate of warming but
instead focus upon an equilibrium climate change as it
would effect the present-day economy. It must be admit-
ted that our knowledge in this area is dreadfully weak.
The results of a survey of expert opinion conducted
by Nordhaus (1994) suggest a loss of 3.6% of GNP for a
3°C temperature rise while a taxonomy of climate
change impacts prepared by Cline (1992) for the USA
points to much smaller losses of 1.1% for a 2.5°C rise
and damage increasing by a power of 1.3 with tempera-
ture rise. Fankhauser (1993) arrives at an estimate of
1.5% for a 2.5°C rise relative to preindustrial levels.
Titus (1992) uses an estimate of a 2.5% loss of US GNP
for a 4°C rise in temperature. Ideally one would also
wish to make damage depend upon the rate of change of
temperature but no estimates are available yet. The
model follows Fankhauser in assuming a loss of 1.5%
for a 2.5°C temperature rise, it takes a damage function
exponent of 2, and the following equation is calibrated:

DAMAGE, = 0.0024WARM 2 3)

In order to avoid global temperature rises it is necessary
either to abate emissions of carbon or to reabsorb the
carbon once it has been emitted. While the cost of green-
house gas abatement has been the subject of a
considerable research effort there does not yet appear to
be a consensus on what the costs actually are
(Maddison, 1994).

Gaskins and Weyant (1993) report that the carbon tax
required to reduce US emissions to 80% of their 1990
levels by the year 2020 ranges from between US$50 to
US$300. The costs of achieving the same reduction in
emissions ranges from between from 0.9% to 1.7% of
GDP. This implies a reduction in the average annual
growth rate of 0.05%. These losses can be significantly
reduced by using the revenues to reduce existing distor-



tionary taxes. Dean and Hoeller (1992) conduct a similar
exercise for the OECD using six different models run
under common input assumptions. They consider the
marginal costs of abatement curves for the years 2000,
2020, 2050 and 2100. As expected, the marginal cost of
abatement curves are highly non-linear. Important dif-
ferences emerge when later years are considered. The
explanation offered is that the existence of a backstop
technology in some models implies that once the back-
stop technology becomes economically viable, further
reductions in CO, are available at constant marginal
cost.

Interesting though these comparisons may be, they
give no indication as to which model provides the most
credible results. Even if standardized input assumptions
could eliminate all the disparities between the different
models (and the results suggest that they cannot) this
does not validate any of the models. All could be wrong
together. Given that it will be a long time before we pos-
sess models which can be tested against the data (rather
than against each other) and that the need to make policy
is immediate, how should we make the best of the
results that we have? One approach is to combine the
results from several different models using regression
analysis and to regard the resultant ‘meta-model’ as
being preferable to those from any one source.
Unfortunately, there is no reason to believe that the
‘errors’ made by the different models are normally dis-
tributed with zero mean. Nevertheless, while there is no
justification for attaching any special significance to the
results of this exercise, the approach continues to find
favour. It is effective in placing less weight on ‘extreme’
findings and ‘conveniently summarizes’ the information
contained within these models in just a single reduced
form expression.

Using this technique, Cline (1992) estimates a linear
relationship between a percentage reduction in emis-
sions away from the baseline and a cost in terms of a
percentage of GNP using a survey of published abate-
ment cost estimates. Notwithstanding a number of
problems,” his results seem to indicate that reducing car-
bon emissions by a further 10% decreases GNP by 0.9%
and that delaying the cutback by 10 years reduces GNP
costs by 0.25%. Cline at a later stage reduces these esti-
mates even further to account for the recycling of the tax
revenue and associated benefits from reduced air pollu-
tion. Clearly, the manner in which Cline condenses the
available cost estimates to incorporate in his cost—benefit
analysis raises a large number of questions, among other

2The estimated regression has a negative intercept term which suggests
that the initial cutbacks in emissions are available at negative cost —
emphatically not a property of the models contained in his survey. This
occurs because the equation is constrained to being linear.
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Table 3 Global CO, abatement cost modelling studies

Model % cutin CO, % GNP cost Year
Anderson and Bird (1990) 68 2.8 2050
Barns er al (1992) 26 0.74 2005
45 1.62 2020
59 2.43 2035
78 4.07 2050
83 4.67 2080
87 5.05 2095
Bumiaux et al (1992) 18 0.2 2000
26 0.4 2005
33 (0.6 2010
46 1.0 2020
55 1.2 2030
69 1.9 2050
Goldemberg et af (1987) 50 0.0 2020
Manne (1992) 89 7.49 2100
Manne and Richels (1993) 75 4.0 2100
Mintzer (1987) 88 3.0 2075
Nordhaus (1990) 50 1.0 2100
Perroni and Rutherford (1991) 23 1.0 2010
Whalley and Wigle (1991) 50 44 2100

things the extent of zero cost emissions reductions, the
assumed linearity of the abatement cost curve, and inclu-
sion of cost savings from revenue recycling. On the
other hand it is easy to sympathize with Cline because
the abatement cost literature is in so many respects defi-
cient. In these situations, expert judgement is required.

The abatement cost estimates used to generate the
regression equation used in this exercise are summarized
in Table 3. All abatement cost estimates are drawn from
simulations in which it is assumed that emissions trading
occurs so that costs are kept to a minimum. After some
experimentation with a more general polynomial abate-
ment cost curve, a cubic equation was found to provide
the best overall fit. The equation was estimated without
a constant term such that the abatement cost curve
passes through the origin. In other words, the equation
denies the existence of any ‘free lunch’ reductions in
carbon emissions. The scope for cost-free reductions
from institutional reform are considered separately. The
estimated equation is;

ABCOST,=0.081CUT} 4)

What this equation actually entails in terms of the GNP
costs of carbon emissions reductions is shown in Table 4
and a measure of the fit of the equation to the data points
can be gleaned from Figure 1. It is most important to
understand that the estimated equation has no particular
statistical significance in the usual sense. Adding the
results from many different models does not obviously
result in a ‘better’ cost curve. Furthermore; the abate-
ment cost estimates generated by the equation reflect the
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Table 4 The GNP costs of carbon emissions reductions.

Table 5 Carbon annually sequestered by reforestation

Percentage reduction Percentage GNP costs

0 0
10 0.01
20 0.07
30 0.22
40 0.52
50 1.01
60 1.75
70 2.78
80 4.15
90 5.90
100 8.10

Source: See text.
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Figure 1 The GNP costs of carbon emissions restrictions

costs of reducing by a given fraction emissions of CO,
from the consumption of fossil fuel and not total emis-
sions which include emissions from deforestation.

Turming now to the reabsorption method, there has
been considerable discussion regarding the potential for
reforestation to sequester carbon dioxide from the
atmosphere as an alternative to reducing emissions
(Cooper, 1983; Marland, 1988; Sedjo and Solomon,
1989). The key aspect of this afforestation is that only a
growing forest absorbs carbon. Once forests reach matu-
rity, there is no further contribution to carbon fixation.
Carbon fixation is typically modelled as being a cumula-
tive process which is completed within 40 years.

The fundamental parameter in forestry models is the
quantity of carbon contained within a hectare of mature
forest minus, of course, the carbon content of the vegeta-
tion currently occupying the land which is to be
reforested. Marland (1988) estimates that 500 million
hectares (Mha) of rapidly growing forests would
sequester 5 Gt C annually. Woodwell (Cited in Sedjo
and Solomon, 1989) calculates that 300 Mha remove
1.5Gt C annually. Sedjo and Solomon claim that
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Study Carbon sequestered
(t C/halyear)

Marland (1988) 10.0

Woodwell (cited by Sedjo and Solomon) 5.0

Sedjo and Solomon (1989) 6.2

Nordhaus Tropical (1991) 1.6

Nordhaus Temperate (1991) 0.8

Moulton and Richards (1990) 4.5-7.1

This study 4.65

465 Mha sequesters 2.9 Gt C annually. Nordhaus (1991)
assumes that the average annual rate of removal of car-
bon from the atmosphere is 1.6 t C/ha in the tropics and
0.82 t C in temperate areas. For the USA Moulton and
Richards (1990) point to annual sequestration rates of
4.5-7.1t C/ha. This study assumes that net storage of
186 t C/ha can be achieved in both tropical and temper-
ate regions and that the impact of afforestation is
exhausted after 40 years have elapsed (since by then the
trees are fully grown). The annual sequestration rate
over that period is 4.65 t C/ha — close to the average fig-
ure found in the literature (see Table 5). A figure of
186 t C/ha points to somewhat higher storage of carbon
than could be achieved by converting fallow land into
natural forests even in temperate regions (Brown, 1992),
but this reflects the assumption that the forests would be
managed specifically with a view to sequestering car-
bon. Obviously there are questions to be answered
regarding the productivity of the land and how inten-
sively the land is managed before much more can be
said about the potential for reforestation. The average
annual quantity of carbon sequestered by forests
SEQUEST, is estimated to be 0.00465 Gt C/Mha during
the 40 years following planting (PLANT, is the area
measured in million hectares planted at time ) and zero
thereafter. Hence:

SEQUEST, = 0.00465PLANT  +
0.00465PLANT, ,, +
0.00465PLANT,_,+

0.00465PLANT 5, (5)

Several studies into the potential for afforestation have
sought to determine the cost per tonne of carbon
sequestered by dividing total establishment costs for a
hectare of forests by the net carbon carrying capacity.
This is usually done with the intention of comparing the
relative merits of carbon sequestration versus emissions
reductions. Sedjo and Solomon (1989), for example, cite
estimates that the plantation costs of forests are
US$400/ha everywhere but the opportunity cost of the
land required is determined by its location. Cline (1992)
conservatively estimates the costs of absorbing a tonne
of carbon as US$5 for tropical regions and US$20 for



Table 6 The present value costs of afforestation

Slowing climate change: D Maddison

Area (Mha) Land cost Management cost Plantation cost Present value cost
($/ha/yr) ($/halyr) ($/ha) ($/ha)
100 20 10 400 1000
100 20 20 450 1250
100 50 10 400 1600
100 100 10 400 2600
100 100 20 450 2850
100 200 20 450 4850

Source: Nordhaus (1991),

temperate regions. Even in the USA a considerable
quantity of carbon could be absorbed at a cost of less
than US$20 per tonne (Moulton and Richards, 1990).

Unfortunately, making a direct cost comparison
between absorption through reforestation and emissions
abatement is not so easy. Reforestation absorbs carbon
slowly over a period of time and the present value of a
tonne carbon absorbed in 40 years’ time is likely to dif-
fer considerably from the value of a tonne of carbon
absorbed today. Studies which seek to equate the mar-
ginal costs of emissions abatement with the cost per
tonne of carbon sequestered through afforestation are in
effect not comparing like with like. But by explicitly
modelling sequestration as a lagged function of planta-
tion, the analysis presented here avoids miscalculation.

Table 6 calculates the present value costs of reforesta-
tion as a function of total land reforested. Estimates of
land availability, the cost of land, management cost and
plantation cost are taken from Nordhaus (1991). Given
net carbon storage of 186t C/ha these estimates suggest
that the present value costs of removing a tonne of carbon
range from US$S5 to US$26. These costs are annuitized
and expressed as a fraction of GNP. The different geo-
graphical options are ranked in terms of increasing cost
and then integrated in order to obtain the total annual cost
of reforestation in terms of GNP as a function of the area
planted. Regression analysis is once more used to fit a
smooth curve to the abatement cost function (see Figure
2) which yields the following equation:

REFCOST, = 9.935X 10" 7AREA, + 9.132 X
10AREA? (6)

REFCOST, is the annual opportunity cost of reforesta-
tion expressed in terms of GNP as a function of the area
covered, AREA, measured in million heactares. It is
assumed that the plantations are permanent.

Despite all this effort, it must be admitted that little
is known regarding the current opportunity cost of
land in less developed countries and how this might
change in response to large-scale reforestation.® There

*In private communication, Pearce has suggested that the rents gained
from deforestation are zero for 80% of land conversion. In other
words. the opportunity cost of reforestation is very low.
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Figure 2 The GNP costs of reforestation

are important but unanswered questions regarding the
environmental costs of large-scale reforestation pro-
grammes as well as the prospects for cost recovery at
some later stage.* It has even been suggested that
large-scale reforestation might change the albedo of
the planet and that this would offset some of the bene-
fits from sequestering the carbon (Cline, 1992). All
this makes it difficult to assess the cost-effectiveness
of reforestation programmes in the manner we would
wish.

This concludes the specification of the model which is
subsequently solved in step intervals using the GAMS
software (Brooke et al, 1992). Further details regarding
the specification of the model are available from the
author upon request.

Results

This section outlines the results which emerge from the
model when it is run using the input values described
above and a 5% discount rate. Results are reported only
up to the year 2100 to avoid any problems associated
with the existence of a terminal date.

“Read links afforestation and carbon abatement measures.
His idea is that as well as providing a sink for carbon, biomass can also
replace fossil fuel as a source of energy. See Read (1994).
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Table 7 The impact of controls on the climate

No controls warming Optimally controlled warming

Year C) 0
1970 0.5 -
1980 0.6 -
1990 0.8 -
2000 1.0 1.0
2010 1.2 1.2
2020 1.4 14
2030 1.6 1.6
2040 19 1.8
2050 2.2 2.0
2060 2.5 23
2070 2.7 2.5
2080 3.1 2.8
2090 33 3.0
2100 3.6 33

Source: See text. Temperature rise is relative to preindustrial levels.

Table 8 The present value costs of different protocols (US$

trillion)
Policy Present-value cost
Business as usual 8.9
Optimal control 8.2
Optimal control, end subsidies and deforestation 7.1
Wait twenty years 72
Stabilize emissions 11.9
Stabilize concentrations at 450 ppm 105

Source: See text. Present-value costs are in 1990 US dollars discounted
back to 1995.

In the business as usual scenario, temperature (mea-
sured against preindustrial levels) rises from 0.8°C to
3.6°C (see Table 7). The present-value cost of the green-
house problem (see Table 8) itself is estimated to be
US$8.9 trillion. This cost includes both abatement costs
plus residual damage and is the amount that we should
be prepared to pay for information leading to a cost free
solution to the global warming problem.

In the optimal control scenario, the optimal cutback in
carbon emissions appears to be 12.7% by 2000 rising to
22.9% by the end of the next century (see Table 9).
These controls on carbon emissions seem rather modest.

Table 9 Optimal reduction in fossil fuel emissions and forest planting

Similarly, the option of sink enhancement is a cost-
effective one but constrained by the availability of
low-cost land. It appears that those forests which are
established have a present value cost of much less than
US$1000/ha. Although the plantation of forests appears
to be erratic, the lagged impact they have on net carbon
emissions leads to an amount equal to 170 Mt of carbon
per annum sequestered over the coming decades. It
should be remembered that there are no constraints upon
the rate of afforestation. However, in scenarios where a
much greater cutback in emissions is called for (because
damages are deemed to be high or the climate more sen-
sitive to radiative forcing) then afforestation might have
a more significant role to play.

With so little abatement being desirable, the tempera-
ture change associated with the optimal climate policy
looks very similar to the BAU temperature change (see
Table 7). In fact, the optimal control and BAU paths for
temperature rise look identical to begin with and only
start to diverge significantly by the year 2040 (see
Figure 3). At the end of the next century the difference
in temperature is still only 0.3°C less than in the BAU
scenarto. The optimal tax rate (Table 10) necessary to
push the economy along this path rises quickly through
time. In the year 2000 the optimal tax on carbon is
US$17/t C rising to US$22 by 2010. But if one wished
to evaluate a project like afforestation which would
remove carbon at points of time in the future, it would
be necessary to discount these values and it is the need
to do this which substantially reduces the attractiveness
of long-term carbon removal schemes. Even when
applying the optimal control, very little can be done to
retrieve the losses. The present-value costs associated
with following the optimal policy are US$8.2 trillion
(see Table 8). Following the best policy available to us,
we can save a sum equal to US$700 billion. The remedy
is, as they say, almost as bad as the disease.

If in the model energy based emissions of carbon are
reduced by 9.5% in each period to represent the removal
of subsidies to fossil fuel energy producers (Shah and

Table 10 Carbon tax rate ($/t C)

Year % emissions reduction Forest planting (Mha) Year Optimal tax rate (US$/t C)
2000 12.7 37.1 2000 16.84
2010 14.2 0 2010 22.13
2020 15.4 0 2020 28.52
2030 16.1 0 2030 36.27
2040 17.8 9.2 2040 45.71
2050 18.8 0 2050 56.93
2060 19.7 0 2060 70.25
2070 20.5 0 2070 86.02
2080 21.4 0 2080 104.67
2090 22.1 0 2090 126.71
2100 229 0 2100 152.76

Source: See text.
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Source: See text, Tax rates are in 1990 US dollars.
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Figure 3 The impact of controls on the climate

Larsen, 1994) and deforestation is halted by institutional
reform then the present value costs fall to US$7.1 tril-
lion (see Table 8). In other words, regulatory policy
failure might be responsible for additional present value
costs of US$I.1 trillion. By introducing further con-
straints into the model, it is possible to examine the
present-value future income associated with various
other protocols which have been proposed from time to
time. First of all, it is perhaps surprising to see that
delaying the optimal policy by twenty years increases
costs by only US$100 billion relative to starting with the
optimal policy today. On the other hand, seeking to sta-
bilize global emissions at their 1990 levels, partly by
eliminating subsidies and halting deforestation, incurs
costs of US$11.9 trillion while seeking to stabilize con-
centrations at their current levels is almost as bad,
costing US$10.4 trillion. Both of these protocols are
much worse than the ‘do nothing’ option. Very high car-
bon tax rates amounting to several hundreds of dollars
are necessary to achieve these outcomes and large addi-
tional areas of land are required for afforestation.

It is interesting to compare the findings which emerge
from this model with those from the DICE model
(Nordhaus, 1992). The DICE model suggests that the net
benefit from pursuing the optimal policy rather than con-
tinuing with business as usual is only US$199 billion. The
optimal cutback in carbon emissions in 1990 is 10% and a
carbon tax rate of US$5/t C is required to achieve this.
Stabilizing emissions at 1990 levels incurs a net cost of
US$5.2 trillion whereas stabilizing the climate involves a
net cost of US$30 trillion. In many respects then the
results from the DICE model and the model offered here
are quantitatively similar although this should not be
interpreted as a reason to feel confident about the policy
prescriptions which emerge from the two models. An
important limitation of both analyses is that they proceed
by replacing the uncertain parameters with their modal
values. The models therefore address the question of what
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would be the optimal policy to follow if all the parameters
were known with perfect certainty. Since it is absolutely
not the case that all parameters are known with perfect
certainty the results of these exercises are not strictly pol-
icy relevant and may yield poor advice.

Conclusions

This paper has presented a ‘synthetic’ model of the opti-
mal control of global warming. The model can
demonstrate how differing assumptions regarding the
costs of abatement and the damage potential from global
warming translate into particular policy implications. It
is important to emphasize the tentative nature of these
findings and the fact that they rest upon a specific set of
viewpoints which do not enjoy universal support. None
the less, it is suggested that exercises of this kind might
play a useful role in focusing the minds of those who
have to take policy decisions on our behalf.

Notwithstanding certain shortcomings, the model is
used to estimate the optimal cutback in emissions and
the controlled rise in temperature. This paper incorpo-
rates both emissions reductions and sink enhancement as
choice variables and demonstrates that an optimal policy
requires the use of both. Following the optimal strategy
reduces the overall costs associated with climate change
by about US$700 billion. However, this result depends
on, among other things, the shape of the abatement cost
function and the damage function. If the reduction in
carbon emissions yields significant secondary benefits or
if the costs of a carbon tax can be offsét by reducing
other distortionary taxes then a much greater degree of
abatement may be desirable.

It would not be wrong to regard global climate change
as in part a result of institutional failure. In the scenario
in which deforestation and subsidies to fossil fuel pro-
ducers are halted, the enhanced greenhouse effect to
some considerable extent resolves itself reducing costs
by a further US$1.1 trillion. Perhaps surprisingly, delay-
ing the use of costly measures by 20 years increases
overall costs by US$100 billion. Other policy objectives
fare less well. Stabilizing emissions at 1990 levels and
stabilizing atmospheric concentrations at 450 ppm, even
if they are partly achieved by zero cost institutional
reform, are both much worse than continuing with busi-
ness as usual. The message of this admittedly simple
model seems to be that it matters little whether carbon
emissions are cut or not only that protocols to stabilize
emissions or concentrations are avoided.
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