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Abstract

The economics of global warming is reviewed with special emphasis on how the cost depends on the discount rate and on
how costs in poor and rich regions are aggregated into a global cost estimate. Both of these factors depend on the
assumptions made concerning the underlying utility and welfare functions. It is common to aggregate welfare gains and
losses across generations and countries as if the utility of money were constant, but it is not. If we assume that a
CO,-equivalent doubling implies costs equal to 1.5% of the income in both high and low income countries, a pure rate of
time preference equal to zero, and a utility function which is logarithmic in income, then the marginal cost of CO, emissions
is estimated at 260—590 USD /ton C for a time horizon in the range 300—1000 years, an estimate which is large enough to
justify significant reductions of CO, emissions on purely economic grounds. The estimate is approximately 50-100-times
larger than the estimate made by Nordhaus in his DICE model and the difference is almost completely due to the choice of
discount rate and the weight given to the costs in the developing world as well as a more accurate model of the carbon cycle.
Finally, the sensitivity of the marginal cost estimate with respect to several parameters is analyzed.

Keywords: Climate change; Discounting; Pure rate of time preference; Distribution of income

1. Introduction

The existence of the greenhouse effect has been
known for a very long time. Arrhenius (1896) calcu-
lated the effect of a doubling of the CO, concentra-
tion in the atmosphere and found that it would lead
to an increase in the global mean temperature of
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approximately 6°C, an estimate somewhat higher
than 1.5-4.5°C, the range that is now predicted with
the help of advanced computer models. But it was
not until 1988, following the Toronto Conference
(Leggett, 1990), that the increasing emissions of
greenhouse gases (GHG) became acknowledged as a
major environmental problem by the United Nations
and political leaders around the globe.

The UN Framework Convention on Climate
Change was adopted at the UNCED conference in
Rio de Janeiro 1992. Its ultimate objective is to
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achieve a stabilization of greenhouse gas concentra-
tions in the atmosphere at a level that would prevent
dangerous anthropogenic interference with the cli-
mate system. Sweden introduced a carbon tax in the
late eighties. Several countries have committed
themselves not to increase emissions above their
1990 level. But even if this goal would be met
globally, the atmospheric concentrations of CO,
would continue to rise. In order to stabilize atmo-
spheric concentrations at the present level by the
year 2100, the accumulated emissions from 1990 to
the end of the 21st century must not exceed some
300-430 Gton C (IPCC, 1995). This implies an
annual average rate of carbon emissions equal to
2.7-3.9 Gton C/year which is equivalent to a 45—
60% reduction of the present emissions. For the 22nd
century even stronger reductions are needed in order
to avoid a renewed increase of CO, in the atmo-
sphere.

The demands for emission reductions and the
decisions that have been made, have inspired several
authors to study the economic costs and benefits of
such policies. Nordhaus has published several studies
(1982, 1991, 1993a), on the costs and benefits of
GHG-emissions. Nordhaus’s latest work (1993a),
called the DICE-model, purports to determine an
optimal emission path for GHGs.

Nordhaus concludes that only modest reductions
of GHGs are motivated from an economic point of
view. This result is strongly dependent on several
assumptions. Nordhaus uses a pure rate of time
preference equal to 3% /year, making impacts far
into the future negligible, and a cost-damage func-
tion which ignores ethical issues such as the risk that
millions of people will be far worse off than losing a
few percent of their income. Nordhaus is also rather
pessimistic about the possibilities for cost-effective
CO,-reductions through increased energy efficiency
and improved renewable energy technologies. Fi-
nally, he treats climate change as a smooth and
predictable process without risk for sudden catas-
trophic events.

Nordhaus’s work has inspired several other stud-
ies of the economic impacts of global warming, e.g.,
Ayres and Walter (1991), Peck and Teisberg (1992),
Fankhauser (1994, 1995), Haraden (1993), Cline
(1992a,b), Parry (1993), Azar (1994a,1995) and Tol
(1995).

Cline (1992a) analyses the costs and benefits of a
program aiming to reduce the emissions of CO, to 4
Gton C/year, which is slightly more than half the
present emissions. He finds a cost-benefit ratio that
is larger than unity for certain sets of parameter
values, and lower than unity for some others. Over-
all, he concludes that his analysis implies that the
benefits of reducing GHG emissions exceed the costs
““if policy makers are risk averse (...) or if one
concentrates attention on high-damage cases (espe-
cially even a slim chance of an economic catastro-
phe)”’.

The consequences of the ever increasing use of
fossil fuels are expected to have disastrous impacts
for millions of people. In a cost-benefit analysis,
their suffering, translated into a monetary cost, is
compared to the monetary benefits of fossil fuel
combustion. If the benefits exceed the costs it is
concluded that no reductions in emissions are war-
ranted. Such conclusions are highly controversial
from an ethical point of view. Economists (e.g.,
Booth, 1994) and philosophers (e.g., Rawls, 1972)
have argued that we should not be allowed to cause
harm to others in order to increase our own con-
sumption. It is not enough as in the simple cost-be-
nefit analysis, to show that the winners could com-
pensate the losers, rather, satisfactory compensation
must actually be paid which, for various reasons may
be complicated, expensive and sometimes impossible
(see Spash (1994) for a thorough discussion).

In this paper, we analyze and identify three issues
that are crucial for cost estimates of global warming:
the retention of CO, in the atmosphere, the present
value of future damages and the unequal distribution
of income. In Section 2, a functional relationship
between the economic costs of climate change, global
mean temperature change and atmospheric CO, con-
centrations is discussed. We also discuss how the
CO, concentration in the atmosphere is expected to
change as a function of time. The method of dis-
counting is given special consideration in Section 3,
in which an expression for the marginal cost of
CO,-emissions is derived. In Section 4, we develop a
method for taking into account the unequal distribu-
tion of income in the world when evaluating the
costs of global warming. Numerical evaluations of
our expressions are presented in Section 5, followed
by a conclusion in Section 6.
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2. The economic costs of the greenhouse effect

The marginal cost, MC,, of a unit emission of

CO, can be expressed as

T aC(m
MCl=j;G(t)-——a(mTh)V(t)dt, (1)
where index 1 indicates that only one group of
income is considered, G(#) is the fraction of a unit
emission of CO, at present that remains in the
atmosphere at time ¢, C(m, ) is the damage function
relating anthropogenic carbon levels in the atmo-
sphere to global costs, m, is the anthropogenic level
of CO, in the atmosphere, V() is the present value
function, and 7 is the time horizon of study, i.e., the
period over which the damage is assumed to remain.

The damage function, C(m, ), relating the cost of
climate change to the anthropogenic levels of CO, in
the atmosphere is developed in Section 2.1. The
expression for G(1), is developed in Section 2.2. In
Section 3, we develop a present value function, V(1),
appropriate for discounting costs occurring far into
the future.

In this paper, we will not discuss the scientific
basis for the greenhouse effect. The interested reader
is referred to a number of consensus reports by the
intergovernmental panel on climate change (IPCC,
1990, 1992, 1995). Instead, we move directly into
the economic analysis.

2.1. A functional relationship between damages and
the atmospheric CO,-content

We assume that the damage function is given by :

my(1)

My

Ck, my(2), Y(1)) =k Y(1) (2)
where C is the damage function, Y(¢) is the world
income (WI) at time f, k is the fraction of WI that
will be lost for a CO,-equivalent doubling, m, is the
anthropogenic level of CO, in the atmosphere, and

% The greenhouse effect is caused by a number of different
gases. Here we will only consider CO,. It is, however, possible to
further develop the analysis to include all greenhouse gases (see
Fankhauser, 1994).

m,, is the pre-industrial level of CO, in the atmo-
sphere. Total atmospheric contents of CO,, m,(?),
is given by m,,(£) = m, + m,(¢). Presently, m,(1) =
160 Gton C, m, = 600 Gton C and, hence, m,(t) =
760 Gton C.

Eq. (2) is probably the simplest functional form
relating the damage of climate change to increases in
the atmospheric contents of CO,. It does not, for
example, take into account the time delay between
increases in atmospheric concentrations of green-
house gases and thermal equilibrium, nor that the
damage is likely to be dependent upon the rate of
climatic change.

Although simple, this damage function has sev-
eral advantages: First of all, it makes the analysis
more transparent. Secondly, the introduction of more
complexity does not increase the accuracy of the
model, since uncertainties about the damage coeffi-
cient &k are so great, and since there are almost no
studies where the damage for other CO, concentra-
tions in the atmosphere than a doubling is consid-
ered. Thirdly, the economic cost of climate change is
likely to be a convex function of global average
surface temperature change. This property is cap-
tured by the damage function defined by Eq. (2),
since the temperature increase is a logarithmic func-
tion of atmospheric concentrations of CO,. Hence
the assumption of a linear relationship between dam-
age and anthropogenic CO, concentrations is equiva-
lent to assuming that damage is exponentially depen-
dent upon the change in global average temperature.

A linear relationship between damage and anthro-
pogenic CO, contents in the atmosphere has been
used by Nordhaus (1991), Haraden (1993), Parry
(1993) and Azar (1994a). In later work, Nordhaus
(1993a) assumes that the damage is proportional to
the square of the global average surface temperature
change. Cline (1992a) assumes that damage is pro-
portional to the temperature change raised to the
power of 1.3 in his central case. For global average
surface temperature increases below 6°C, the damage
function assumed here fits well with the functional
forms assumed by Cline and Nordhaus (Azar, 1995).

Nordhaus (1993a) uses &k = 1.33% in his DICE-
model. Cline (1992a) finds the cost for a temperature
increase of 2.5°C, in the range 1-2% of the WI, and
uses k= 1.5% as a central value. But both Cline’s
and Nordhaus’s estimates are based on the U.S.
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economy and then assumed to be valid for the global
economy. Ayres and Walter (1991) estimate the
global costs related to the expected sea level rise to
lie in the range 2.1-2.4% of global income over the
next fifty years. Only Fankhauser (1995) and Tol
(1995) collect data from several regions of the world
and estimate the cost of a CO,-equivalent doubling
at 1.4 and 1.9% of WI, respectively. *

It should be observed that these estimates for the
costs of climate change could be criticized from
several different points of view. They do for instance
ignore difficult ethical dilemmas such as the minia-
turization of losses of human lives and biological
diversity. Both Fankhauser and Tol have received
critique for using lower values for the loss of a
statistical life in poor regions of the world (see, e.g.,
Ekins (1995), Meyer et al. (1995), a letter in Nature
co-signed by 38 scientists, and Pearce (1995)). By
weighting costs with (some) function of income, this
problem can be resolved (see Section 4).

Furthermore, the estimates seem to imply a very
low significance of the climate for human societies.
Agriculture is only a few per cent of the economy in
the industrial economies. Even a large reduction in
harvests in one such (rich) country can be replaced
by imports at a limited economic cost. This does not,
however, for obvious reasons, generalize to the whole
world.

We conclude that there are great uncertainties and
ethical controversies involved in the cost estimates.
We nevertheless follow others in assuming & to be
equal to 1.5% of world income. Instead, the analysis
focuses on how this cost estimate is affected when
costs in poorer regions are weighted with income.
The weight factors are developed in a framework
where the marginal cost of CO, emissions is evalu-
ated. It is shown that the discount rate and the weight
factors are orders of magnitudes more important for
the final estimate of the marginal cost of CO, emis-
sions than the actual value of k.

2.1.1. Time perspective
In this paper we have assumed that the damage
from climate change is proportional to the increase

* All these estimates of the cost of a CO,-equivalent doubling
were originally calculated as fractions of gross world product.

in the atmospheric concentration of greenhouse gases.
In reality, damage from global warming will depend
on the rate of climate change, the absolute magnitude
of climate change, and how well and quickly human
societies will adapt to the changing climate. One
question of particular interest is how long damage
from climate change will remain, given that the
atmospheric concentrations of greenhouse gases are
stabilized.

It takes approximately a millennium to remove
85% of the excess CO, from the atmosphere
(Maier-Reimer and Hasselman, 1987). Thus, a unit
emission of carbon emitted today will continue to
cause climatic changes a thousand years into the
future . However, it could be argued that costs
associated with changing weather conditions (such as
increased frequency of floods, droughts and hurri-
canes) are likely to decline once people have moved
to places where weather conditions are not that
adversely affected. But, since there are costs associ-
ated with migration, some people will remain in
places with worsened weather conditions and the
costs these people will bear must also be included.

Furthermore, large-scale migrations of people are
likely to give rise to political and social conflicts
which might be troublesome even far into the future.
The historical roots important for understanding the
conflicts in Palestine and former Yugoslavia date
hundreds and sometimes even thousands of years
back in time. Many conflicts in Africa and the
Americas date back to the slave trade and the colo-
nization which began several hundred years ago.

Irreversible damage includes losses of biological
diversity, which will remain even if the atmospheric
concentration of CO, would return to its pre-in-
dustrial value. In this paper we arbitrarily assume
that Eq. (2) is valid 300-1000 years into the future
and that no damage from climate change will occur
after this period of time. This choice of time horizon
may underestimate the cost of global warming since
it neglects some irreversible aspects of climate
change, e.g., the loss of biodiversity.

2.2. The carbon cycle

Several authors (e.g., Nordhaus, 1991, 1993a;
Parry, 1993; Haraden, 1993; Azar, 1994a) have used
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the following model for the atmospheric retention of
a unit emission of CO, at present:

G(1) = Be 0. (3)

Here B is interpreted as the immediate retention
ratio of a unit emission, and & as the removal rate
from the atmosphere. The values of 8 and & are of
importance to the cost analysis, but these parameter
values cannot be determined uniquely since the re-
moval rate of excess carbon from the atmosphere is
much more complex than Eq. (3), see (IPCC, 1990).

Instead, we use a model for the carbon cycle
developed by Maier-Reimer and Hasselman (1987),
which we will refer to as the MRH-model. Since
CO, is chemically stable in the atmosphere, its main
sink is dissolution in the oceans. In the long run, an
equilibrium between the atmosphere and the ocean
will be established in which approximately 15% of
the emitted carbon remains in the atmosphere. Note,
however, that this fraction is not constant but in-
creases with accumulated CO, emissions. Atmo-
spheric CO, can also be absorbed by biomass (via
photosynthesis) but this process will only constitute
a net sink of carbon if the stock of biomass in-
creases. There is evidence pointing to an increased
growth rate and carbon storage as a result of in-
creased atmospheric CO, concentration (the so-called
CO, fertilization effect) but it is uncertain to which
extent this will be true in the real world (see IPCC,
1995, for details). The MRH model does only take
into account the atmosphere-ocean interaction, and
the response function for a unit emission can be
approximated by a sum of four exponentials and a
constant term, i.e.,

G(t)=A,+ L Ae /7, Aj+ YA =1 (4
J J
The parameters A; and ¢; depend on the emission
scenario of CO,. The higher the accumulated emis-
sions, the higher the fraction that remains in the
atmosphere; the fraction of a unit emission that
remains in the atmosphere when the atmosphere-oc-
ean equilibrium is established, is as high as 30% for
an emission scenario which stabilizes atmospheric
concentrations at twice the pre-industrial level
(Caldeira and Kasting, 1993). We use parameter
values for the MRH-model that correspond to rather
low accumulated emissions (a step function increase

of the pre-industrial atmospheric CO, concentration
by a factor 1.25). We have, A, =0.131, A, = 0.201,
A, =0321, A;=0249, A,=0.098 7 =363
years, 7, = 73.6, 7, =17.3 years and 7, = 1.9 years
(Maier-Reimer and Hasselman, 1987).

The more simple representation of the carbon
cycle given by Eq. (3) could also be useful, but then
the parameters 3 and & should be determined by a
least square fit to the MRH-model. Depending on the
time perspective chosen, we get different values for
the parameters 8 and 6. This aspect was investi-
gated in Azar (1995) and we get 8=0.4 and =
0.001 for a time horizon of a thousand years and
B =~0.56 and &= 0.003 for a time horizon of 400
years, In his DICE-model, Nordhaus (1993a) puts
B=0.64 and 6= 0.008 which is a reasonable ap-
proximation only for the first couple of centuries.
However, over longer time horizons, Nordhaus’s
choice significantly underestimates the atmospheric
retention of CO,. This aspect is clearly shown in
Fig. 1, where the retention ratio of CO, in the
atmosphere for the model used by Nordhaus is com-
pared with the full MRH-model.

It should be noted that a change in Nordhaus’s
choice of representation of the carbon cycle so that it
more accurately reflects the long-term properties of
the MRH-model would only marginally change the
optimal emission rate in kis model since the long-
term aspects of the carbon cycle, and hence the

Atmospheric
retention ratio
5% -
50% 1
25% 1
A
B L 1
1 | 1
500 1,000 1,500 Years

Fig. 1. Atmospheric retention of CO,. Plot A represents the
MRH-model and plot B Nordhaus’s parameter values.



174 C. Azar, T. Sterner / Ecological Economics 19 (1996) 169184

long-term costs of global warming, are anyway made
negligible by his choice of discount rate. This aspect
has also been stressed by Price (1995).

3. The choice of discount rate

The discount rate is most often taken to be con-
stant in applied economic studies. This might be
relevant on shorter time scales, but for longer time
scales it is usually not. A constant discount rate
should only be seen as a special case of the more
general case where the discount rate is allowed to
vary. This more general method of discounting has
been discussed by Sterner (1994) and Azar (1995).

There are two different approaches to the choice
of discount rate: one is based on the opportunity cost
of capital (the marginal rate of return on investment)
and the other is given by the social rate of time
preference (SRTP). In an idealized economy, these
two approaches yield the same discount rate, but in
the real world a gap between the two exists. There
are several reasons for this gap and they are analyzed
at length in various references, e.g., Lind et al.
(1982) and references therein. See also Arrow (1966),
Bradford (1975) and Norgaard and Howarth (1991)
for discounting in general, and Cline (1992a), Nord-
haus (1994), Lind (1995) and Schelling (1995) for
discounting in the context of climate change.

In this paper, we will base the discount rate on the
social rate of time preference. It is composed of two
components: the expectation that we will be richer in
the future, and pure time preference. It is normally
assumed that marginal utility is a decreasing function
of consumption. This means that we get more utility
for the first unit of consumption than the second, and
so on. If income is expected to grow over time, the
assumption of decreasing marginal utility implies
that an additional unit of consumption Ac(t) at time
t is less worth than if it had been consumed today.
The pure time preference is often rationalized in
terms of impatience and uncertainty about the future
existence of humankind.

These two reasons for discounting are made ex-
plicit in the so-called Ramsey rule,

r(t)=“/(0(t))ﬂ+0 %)
c(1)

where c(¢) is the per capita consumption, p is the
pure rate of time preference *and vy is the negative
of the elasticity of marginal utility of consumption,
ie.,

y(c) = —U"(c)c/U'(c). (6)

In the literature, y is also referred to as the
coefficient of relative inequality aversion and the
coefficient of relative risk aversion. Thus, the higher
the value for -y, the more risk and inequality averse
we are. In Section 4, 5 we will vary vy in order to
analyze the impact that this parameter has on the
marginal cost of CO, emissions. It will be shown
that the higher the value for this parameter, the less
relevant are economic models of climate change that
do not consider the global intragenerational distribu-
tion of income.

The term yg(t), where g(¢) is the relative per
capita growth in consumption, could be referred to as
growth discounting; we discount an income or a
cost, not because of its position in time per se, but
because we expect to be richer at the time when it
occurs. The second reason for discounting, expressed
by the term p, could be referred to as time or utility
discounting, we discount a cost or an income solely
because its position in time, no matter how rich or
poor we are at that time.

The present value function is given by integration
over time of Eq. (5). We get

V() = exp<— fot['y(c(*r))c'(T)/C(T) +p] d7>

U
= Te) ™

Thus if the economy stops growing, the only reason
for discounting would be pure time preference, p. It
should be noted that Eq. (7) is general enough to
take into account possible reductions in per capita
income in the future. If p=0 and if we were to
become poorer in the future (on a per capita basis),
the present value function, V(z), would be larger

“In the literature, p is often assumed constant over time
despite the fact that there is no compelling reason why it should
be constant, if it is not put equal to zero.
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than unity, and this is equivalent to using a negative
discount rate.

3.1. Constant relative risk aversion

Now, assume that the utility function is given by
the so-called constant relative risk aversion (CRRA)
functions, i.e.,

(e(0) /(=) for
In( (1)) for

y>0,
y=1.
(3)

Inserting Eq. (8) into Eq. (7) and assuming equal
relative growth rates in WI and global consumption
gives us the present value function as

P(y\"{Y(0)\’
P(0) (7—)) ©)

Here P(¢) represent the global population at time ¢.

U(e(r)) =

V(1) =e "

3.2. Numerical calculations

In Fig. 2, we have plotted the present value
function for four different cases: in two of them, the
discount rates are constant over time, and we get
exponentially decaying present value functions; in
the other two we have put the pure rate of time
preference equal to zero and the present value func-
tion is declining solely because one is expected to
get richer in the future (but with declining growth

20% The present value function
60%7
40%
20% 4+ C
D
1 T T I J'
100 200 300 400 500 Years

Fig. 2. The present value function. In plots A and B the discount
rates are constant and equal to 1% per year and 5% per year,
respectively. In plots C and D, we have assumed per capita
consumption to grow logistically, and put the rate of time prefer-
ence equal to zero. In both plot C and plot D the initial per capita
growth rate in consumption is equal to 3% and the final per capita
consumption is five times higher than the initial per capita con-
sumption. The difference between plot C and plot D is explained
by the different values for y in plot C, ¥ =1 and in plot D, y = 2.
The initial discount rate in case C is given by the per capita
growth rate, i.e., 3% /year. The discount rate in case D is twice
the discount rate in case C.

rates over time). Note the drastic impact that the two
different methods of discounting have in the long
run. This is extremely important for problems like
global warming.

Another way to illustrate the effects of declining

Table 1

Share of first century in the value of a thousand years of constant costs

Growth pattern Growth parameter * Carrying capacity * p=0% p=0.1% p=10%
Logistic (decline) 3% 0.5 8.6% 13% 58%
None 0 1 10% 15% 63%
Logistic 3% 2 13% 19% 70%
Logistic 3% 10 30% 40% 87%
Logistic 5% 10 24% 33% 85%
Logistic 3% 100 75% 82% 97%
Exponential 3% o 95% 95% 98%
Exponential 5% x 99% 99% 100%

* The logistic growth function is defined by Eq. (21). The growth parameter is given by ay and the carrying capacity is given by Y. The
carrying capacity is expressed as a factor of the present WI. Note that the growth parameter is not equal to the growth rate. The growth rate
with a carrying capacity of twice the present income and a growth parameter of 3% will actually be 1.5%! The growth rate when the
carrying capacity is half the present income is negative. In the calculations above, the marginal elasticity of utility y is put equal to unity

and the population growth is put equal to zero.






