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Abstract

The purpose of this study is to investigate the temporal aspects of the social cost
of greenhouse gases (GHGs). I am particularly interested in the interaction
between time of emissions, discounting, and type of GHG (where different GHGs
have different atmospheric lifetimes). I show graphically how the social costs of
GHGs depend on different parameter values and how the global damage
potential for methane and sulfur hexafluoride evolves over time. I find that that
the calculation period ultimately should be modeled to be consistent with the
discount rate and that the “global-warming potential” concept is unsuitable for
calculating of the social cost of GHGs other than carbon dioxide.
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INTRODUCTION

The social cost of carbon dioxide (SCCO 2 ) 1 is the cost of the damage caused by
emitting one additional unit of carbon dioxide (CO 2 ) and is typically expressed in
U.S. dollars per metric ton of CO 2 . It is known that the temporal aspects are of
great importance for such calculations, but most of the focus until now has been
on discounting. In this study, I examine the temporal aspects in more depth and
focus on the interactions between different temporal aspects using the
PAGE2002 model 2.

SCCO 2 estimates are calculated by using Integrated Assessment Models (IAMs)
that combine simplified versions of climate models with socioeconomic models
on a global scale. A number of studies have shown that SCCO 2 is highly sensitive
to discounting. There have also been studies exploring how SCCO 2 develops over
time (notably Marten and Newbold, 2012), and they have generally found an
increasing trend. A few other studies have looked at the relationship between the
social cost of greenhouse gases (GHGs) with different atmospheric lifetimes.
However, explicit comparisons of the growth rate of different GHGs with respect
to discount rate have to my knowledge not been performed, nor has the impact
of calculation period been explored.

The purpose of this study is to investigate the temporal aspects of the social cost
of GHGs. I am particularly interested in the interaction between time of emission,
discounting, and type of GHG (where different GHGs differ in atmospheric
lifetimes). Two particular questions that I aim to answer are how the calculation
period should be set and whether global warming potentials (GWPs) can be used
to calculate the social cost of GHGs other than CO 2 .
Two aspects of SCCO 2 are explored in this paper, the sensitivity to discounting
parameters; and the influence of the calculation period. First, a partial sensitivity
analysis of SCCO 2 with respect to the pure rate of time preference (PRTP) and the
elasticity of marginal utility of consumption (EMUC) is performed. Second, the
influence of the calculation period for SCCO 2 is examined. In addition, two aspects
of different GHGs are analyzed, in each case with two different discount schemes:
social costs and global damage potentials, and growth rate over time. Analyses
are performed for CO 2 , methane (CH 4 ), and sulfur hexafluoride (SF 6 ). The main
conclusions are that the calculation period should ultimately be modeled to be
consistent with the discount rate and that this work confirms the notion that
GWPs cannot be used to reliably calculate the social costs of GHGs other than CO 2 .

1

Often the term social cost of carbon, SCC, is used in the literature, which refers to the social cost of
emitting one mass unit of pure carbon into the atmosphere in the form of carbon dioxide. One mass
unit of carbon results in 3.66 mass units of CO2
2
For a specification of the model, see Hope (2006).

2

2

The Temporal Aspects of the Social Cost of Greenhouse Gases

PREVIOUS LITERATURE

This area of research has been characterized by deep differences and
controversies between the scientists working in the field. The Stern Review
(Stern 2006) triggered much debate by deriving much higher SCCO 2 estimates
than the mainstream literature at the time, largely due to a different view on the
ethics involved in intergenerational trade-offs in combination with a more
sophisticated treatment of uncertainty (Dietz et al. 2007).
The standard way to address inter-temporal tradeoffs in cost-benefit analysis
(CBA) is to apply a discount rate, which means that future consumption bears
relatively less weight than current consumption. Before the Stern Review, the
discount rate was often set to match market rates. One reason why market rates
are problematic is because there is no single market rate. The market rate is
situation specific and varies with society, time, and perceived risk. In addition, in
the case of global warming, the risk profile is non-conventional. Normally, an
investment means that a decision on a large, non-divisional capital expenditure
is made at a single point in time in order to get a stream of small returns in the
future. In such a case, the largest potential loss is that the invested capital gets
lost altogether, and hence a larger discount rate will account for this risk.
However, in the case of global warming, the investment is made as an expenditure
flow over an extended period of time, while the worst possible outcome is the
destruction of mankind. Using a higher discount rate leads to a lower level of
mitigation, which means that the risk of disaster increases.
The Stern Review argued, based on the previous literature on the subject, that a
number of features distinguish climate effects from other externalities; it is a
global problem, damages are long term and persistent, uncertainties are large,
and there is a risk of large, non-marginal effects (Stern 2006, ch 2). The Stern
Review used an approach that was practically similar to the Ramsey rule of
discounting:
𝑟𝑟 = 𝛿𝛿 + 𝜂𝜂 ∙ 𝑔𝑔

(1)

where r is the discount rate, δ is the PRTP, η is the EMUC, and g is the growth rate
of per capita income.

When the Ramsey rule is used, the challenge to establish the PRTP remains. The
Stern Review argued that the only rational and ethical reason for the PRTP is the
annual risk that the human race would go extinct for reasons other than climate
change. In line with this argument a low PRTP of 0.1 % per year was used for the
numerical analyses (Stern 2006, chs. 2 and 6). After the debate following the
Stern Review, more attention has been paid to the theoretical side of this area,
focusing mainly on discounting and the handling of extreme uncertainty (e.g.,
Dasgupta (2008), Gollier (2009), Weitzman (2009)). There is, however, no
consensus on what a possible solution to these difficult issues would look like.
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Several studies have shown that SCCO 2 is highly sensitive to the PRTP and the
EMUC, notably Guo (2004), Hope (2008a), and Anthoff et al (2009). 3
Furthermore, Hope (2008a) showed that when the Ramsey rule of discounting is
applied SCCO 2 estimates are lower as the values of the EMUC increase. The
modest contribution from the present study on the sensitivity of discounting is to
analyse the curvature of the sensitivities in place of point estimates.

One part of this paper is an analysis of the development of the social costs of
different GHGs over time. Hope (2008b) showed that SCCO 2 increases over time
by about 3% per year in an optimal scenario according to the PAGE2002 model.
Marten & Newbold (2012) used a combination of MAGICC and DICE models to
show how the growth path social cost of GHGs depends on the discount rate and
the GHG being studied. However, they did not include sulfur hexafluoride, which
I have included in the present study. In addition, their results were presented in
a different manner compared to the present study such that the growth rates of
the social cost of different GHGs with different discount schemes were not
explicitly compared.

Hope (2005) developed the idea that the social cost of methane should not be
calculated using the GWP, which does not include socioeconomic considerations
but is based solely on the physical properties of the gas(see IPCC (2001)). Instead,
Hope suggested that the social cost of methane should be calculated by an IAM. 4
Marten & Newbold (2012) and Waldhoff et al. (2014) studied global damage
potentials of various GHGs, which are defined as the ratio between the social cost
of an arbitrary GHG and SCCO 2 . They used two competing IAMs, the FUND model
and a combination of MAGICC and DICE, to show that the GWP is inadequate to
use in place of global damage potentials. Waldhoff et al. (2014) showed that the
use of GWP typically underestimates the global damage potentials, that global
damage potentials are typically highly sensitive to PRTP, and that the effect of an
increase of PRTP on global damage potentials goes in different directions for
different GHGs. In this study, I provide an additional investigation into the global
damage potential of GHGs using the PAGE2002 model.

3

Of these, only Hope (2008a) used the same model as in this study, but no partial sensitivity analysis
was performed in that study. The only study that presented a full partial sensitivity analysis was
Anthoff et al (2009), but they used a different model from this study.
4
PAGE95 was used in this study.
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PAGE2002 is a Monte Carlo simulation-based IAM including 86 stochastic
parameters related to both climate and economic mechanisms. However, the
underlying forecasts of yearly total emissions, population growth, and economic
growth per region are treated as deterministic and exogenous. Most parameter
values are taken from the Intergovernmental Panel on Climate Change (IPCC)
Third Assessment Report (TAR) (IPCC 2001). The default time horizon for the
calculations is the year 2200, and all values are in year 2000 real prices. 5 Note
that CO 2 fertilization is not modeled explicitly in PAGE2002, which Waldhoff et
al. (2014) showed is of importance when global damage potentials are calculated.
For a more through specification of the PAGE2002 model, see Hope (2006).

For the purpose of this study, a range of simulations with PAGE2002 were
performed to test how the SCCO 2 results are influenced by different assumptions
and different values for some of the most important parameters. All simulations
were run with 10,000 iterations so that each simulation results in 10,000
observations from which different statistical measures can be derived.
Two different discount schemes, called Base case and Stern, were used, with
different values of PRTP and EMUC. The Base case discount scheme refers to the
default setting in the PAGE2002 model, and uses a triangular probability
distribution with for the two parameters considered. The Stern discount scheme
refers to the parameters used in the Stern Review (Stern 2006). The parameter
values of the two discount schemes are presented in Table 1.
Discount schemes
Pure rate of time preference, δ
Elasticity of marginal consumption, η

Base case
(0.1%; 1%; 2%)*
(0.5; 1; 2)*

Stern
0.1%
1

Table 1: Two different discount schemes used in this study, where the discount rate is the Ramsey
rule combination of these two parameters. The influence of the per capita economic growth rate
was not tested, and hence g is always set as in the original PAGE2002 setting (it varies between
different regions and time periods). *Denotes a triangular probability density function with (min;
mode; max), where min is the minimum of the values where the density is positive, mode is the
value where the density is maximum, and max is the supremum of the values where the density
is positive.

Previous work (eg. Anthoff et al (2009)) has shown that the discount rate has a
major influence on the SCCO 2 . In the present study, the two parameters that –
given the regional rate of economic growth – determine the discount rate are the
PRTP and the EMUC. Researchers disagree, however, on how these concepts
should be interpreted. Advocates of a descriptive view think that these
parameters should match observed behavior, while advocates of a normative
approach think that besides using information on revealed preferences the
parameters should be based on moral and common sense considerations (see
Baum 2009). In the first approach, there is only one source of uncertainty – the
estimation uncertainty of the empirical parameters – while in the second
approach there is also uncertainty about the normative parts of these
5

Note that PAGE2002 uses income weighting of costs and benefits between different regions.
However, in Essay 2 I show that an error in PAGE2002 erases the influence of income weighting on
the SCCO2.
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parameters. In this study, I have performed a partial sensitivity analysis of these
parameters where the uncertainty can be viewed either as an empirical
estimation uncertainty or as a normative policy uncertainty, or as both.

I estimated the influence of each of these two parameters in turn by setting all
other parameters to their base case distributions and varying the parameter in
question. The results of these estimations are shown in Figures 1. Each discrete
evaluation point in the figures represents one simulation of 10,000 iterations.

While the default time horizon for the calculations in the PAGE2002 model is the
year 2200, the impact of the length of the calculation period was investigated by
comparing the default scenario with a scenario where the calculation period is
prolonged to the year 3000. This was done by simply extrapolating all of the
results from the final calculating period in the default scenario – only changing
the discount factors – by adding five new periods with identical outputs. The
impact of calculation period was tested for both the Default discount scheme and
Stern discount scheme. Also, a low discount scenario was studied with δ = 0.05
and η = 0.5 (referred to as the Low discount scheme). The results are shown in
Table 2.
In PAGE2002, CO 2 , CH 4 , and SF 6 are modeled separately, and this allows for
separate evaluations of social cost. 6 The social costs of these three GHGs are
shown in Table 3, along with their global damage potentials, for the year 2001.
The growth rates of the social costs of GHGs depend on the discount rate and the
gas in question. Simulations were run with two different discount schemes and
with the year of emission varying from 2000 to 2080 (there are seven different
analysis years in this interval). In total, 14 simulations were run for each GHG.
The reported outputs are the net present values with emission year as the
calculation year (in year 2000 real prices). The growth rates of the social costs of
these three gases are compared in Figure 3.

6

Note that CO2 fertilization is not modeled explicitly in PAGE2002, which means that this effect
cannot be distinguished between different gases.

6
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Figure 1 shows the results from the partial sensitivity analysis of the discount
parameters over a wide range together with the min, mode, and max in the
default triangular distribution setting.
80
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Figure 1: How the SCCO 2 mean estimate varies depends on the discounting parameters PRTP and
EMUC. The vertical lines refer to the min, mode, and max in the default triangular setting in
PAGE2002. Simulations outside of this probability interval have also been run in order to show
the full picture and to visualize the shape of the dependence of SCCO 2 on these two parameters.
This was done because discounting is controversial and no consensus has been reached on how
it should be applied.

Notice the difference in scale of the vertical axis between the two diagrams,
where there is a much higher maximum scale in the diagram for η than for δ. This
means that SCCO 2 is much more sensitive to η than to δ in the lower end of the
positive range. However, from a review of EMUC estimates in Evans (2006),
values of η < 0 seem unlikely from an empirical point of view.

Table 2 shows the influence of the calculation period in combination with three
different discount schemes.
Time horizon
PRTP
EMUC
Base case
Prolonged Ratio
δ (%)
η
($/tCO 2 )
($/tCO 2 )
Base case
Stern
Low discount

(0.1; 1; 2)*
0.1
0.05

(0.5; 1; 2)*
1
0.5

28
74
454

29
76
588

1.04
1.03
1.30

Table 2: SCCO 2 ($/tCO 2 ) by calculation period. The different rows represent different discount
schemes. The two first columns show the how the input parameters vary between the different
discount schemes, and the last three columns are the results of the cost estimations. The columns
named Base case and Prolonged represent the resulting SCCO 2 with the default time horizon (the
year 2200) and with a prolonged time horizon (the year 3000), respectively. Ratio is the unitless
ratio of the Prolonged value to the Base case value. *Denotes a triangular probability density
function with (min; mode; max).
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In Table 3 the social cost of three different GHGs are displayed, along with global
damage potentials, for the year 2001.
GHG
Lifetime*
Social cost ($/ton)
Global damage potential
(Years)
Base
Stern
Base
Stern
CO 2
CH 4
SF 6

12
3,200

22
337
892,772

60
794
2,740,344

15
40,961

13
45,335

Table 3: Social cost and global damage potentials in 2001 for three different GHGs using Base
case and Stern discounting. *Atmospheric lifetimes are from IPCC TAR (2001).

Figure 2 shows the growth rate of the social costs of the three GHGs using Base
case and Stern discount schemes.
3 000

Indexed social cost

CH4 Base
CH4 Stern

2 000

SF6 Base
CO2 Base
SF6 Stern

1 000

CO2 Stern

0
2000

2020

2040

2060

2080

Figure 2: Indexed present value of the mean estimates of the social costs of three different climate
gases for various emission years using Base case and Stern discounting.
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DISCUSSION

The partial sensitivity analysis shows that the variations of SCCO 2 with respect
to both PRTP and EMUC are approximately negatively exponential in shape. The
negative relationships are consistent with previous literature, such as Hope
(2008a), and the reason for this is that with a high discount rate future damages
are more heavily discounted.

Table 2 shows that for both the Base case discount scheme and the Stern discount
scheme the SCCO 2 only increases by a few percent when the calculation period is
significantly increased, meaning that the calculation period is not a big issue
when it comes to analyses performed with these discount rates. However, when
discounting is significantly reduced, as in the Low discount scheme, the increase
in the calculation period results in a 30% greater increase of SCCO 2 . In this case,
the calculation period is obviously an important issue. So how should we set the
8
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calculation period? In CBAs for investment projects (for example, in
infrastructure) it is natural to base the answer to that question on the technical
lifetime of the facility, perhaps in combination with considerations of how long
the same facility is expected to be up to date with technical progress.
When it comes to climate change, there is no such natural limit. Instead, I argue
that the time horizon should be based on the discount rate so that no significant
truncation is made. Objections can be made that this could lead to time horizons
that are too long, but it is better to have a smooth, continuous function because it
makes no sense that one year will have a considerable value and the next year no
value at all. The PAGE model is constructed so that the time horizon is chosen by
the user as long as no more than 10 analysis periods are calculated in total. Thus
it is possible for the idea presented here to be implemented without rewriting the
model.

In line with the results in Waldhoff et al. (2014), Table 3 shows that with no CO 2
fertilization, the global damage potential increases with discounting for the shortlifetime GHG (CH 4 ), while for the long-lifetime GHG (SF 6 ) the global damage
potential decreases with discounting. Waldhoff et al. performed analyses for
three different PRTP values; 0.1%, which is the same as in the Stern discount
scheme in the present study; 1% which is the mode of the of the Base case
discount scheme in the present study; and for 3%. The magnitudes of the results
are comparable between the studies but differs somewhat. For CH 4 , both the
estimates for the Base case and the Stern discount scheme are most similar to the
estimates for the 0.1% PRTP in Waldhoff et al. (2014). For SF 6 on the other both
the estimates for the Base case and the Stern discount scheme are most similar to
the estimates for the 1% PRTP Waldhoff et al. (2014). This means that estimates
of the global damage potentials in PAGE2002 are both somewhat smaller and less
sensitive to the PRTP than in the FUND model, and it is not obvious why.

The results shown in Figure 3 imply that the higher the discount rate, the higher
the growth rate of the social cost of GHGs. This type of analysis has to my
knowledge not previously been performed, but additional calculations on the
results in Table A1 in Marten & Newbold (2012) confirm the result presented
here. Thus one of the main drivers behind the increase of SCCO 2 is discounting.
Because total gross domestic product is projected to be higher in the future,
damages will also be higher. The further into the future a unit of GHG is emitted,
the less this increase is discounted. Another reason for the growth of SCCO 2 is
that concentrations are higher in the future and thus the marginal cost is growing
(at least partly) with higher concentrations, although this effect might be less
important in the model presented here. If CO 2 is emitted in the year 2000, a
fraction of that emission will have disappeared from the atmosphere by 2080.
However, because the default stop year for the PAGE2002 model is 2200, it might
underestimate the increase in SCCO 2 .
From Figure 3 one can see that the social cost of methane grows much faster 7
than the corresponding cost of carbon dioxide, which is consistent with the
7

At a mean rate of 4.2% for the Base case
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results in Marten & Newbold (2012). Because of its short atmospheric lifetime,
the damage incurred by methane depends on current conditions when emitted.
This means that the slope of the methane cost curve reflects an increase in
damage costs over time due to higher temperature rises and economic growth.
Therefore, the social cost of methane cannot be estimated by a linear
amplification of the SCCO 2 by using, for example, the GWP (IPCC 2001 8), but
should ultimately be modeled explicitly. Also, because the GWP of methane varies
greatly with the length of time considered (due to its very short atmospheric
lifetime), it is unwise to use this measure. The results of the present study show
that the global damage potential of CH 4 varies between 13 (Stern at year 2001)
and 53 (Base case at year 2080). It is higher in all years for the low discount
scheme compared to the high discount scheme, and it increases over time for both
discount schemes.

Surprisingly, the shapes of the curves in Figure 2 for SF 6 are very similar to the
ones for CO 2 , with even slightly larger increases. Because of the long atmospheric
lifetime of SF 6 , one would expect global damage potentials to evolve in the
opposite direction compared to CH 4 . The implication of these results, if they are
repeatable, is that the social cost of SF 6 might be approximated to be proportional
to that of SCCO 2 . The results of the present study show that the global damage
potential of SF 6 varies between 41,000 (Base case in year 2001) and 52,000 (Stern
in year 2080). These results are significantly higher than the values of GWP in the
IPCC TAR (IPCC 2001) and the IPCC Fourth Assessment Report (IPCC 2007)
reports 9, but the results of the present study are within the range of global
damage potentials with no CO 2 fertilization presented in Waldhoff et al (2014).
This supports the conclusion that global damage potentials should be calculated
by an IAM rather than by using the GWP. CO 2 fertilization should be included in
such a valuation, thus the estimates from, for example, Figure 9 in Waldhoff et al.
(2014) for an appropriate PRTP could be used in policy evaluation. However, for
the estimates that include CO 2 fertilization in that diagram, unexpected results
again show up and the global damage potential increases for both a reduction and
an increase of PRTP compared to the base case of 1%.

8

Ch. 6.12 Global Warming Potentials
In those two reports, the GWP of SF6 varies depending on the time horizon between 15,100 (for a
20 year time horizon in TAR) and 32,600 (for 500 years in AR4).
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The main conclusions are that the calculation period should ultimately be
modeled to be consistent with the discount rate and that global warming
potentials cannot be used to calculate the social cost of other climate gases. The
latter might be especially important when it comes to short-lived GHGs.
Most models have a fixed time horizon that is chosen to be appropriate for the
default discount rate of each model. The results of the present study show that if
the discount rate is radically altered, the results may by heavily truncated by the
default choice of time horizon. As a solution, I propose that the time horizon
ultimately should be modeled as a function of the discount rate. If the proposed
method leads to calculation periods that are perceived to be unreasonably long,
the discount rate should be reconsidered.

The analysis of global damage potentials presented here has largely confirmed
the results and conclusions of previous studies on this issue, notably those of
Marten and Newbold (2012) and Waldhoff et al. (2014). I have further shown that
discounting is an important driver of increases in the social cost of GHGs. In
addition I have noted that the global damage potentials of sulfur hexafluoride
sometimes behave in the opposite direction from what is expected when
temporal parameters are varied. This phenomenon occurred both in the present
study and in Waldhoff et al. (2014), and thus warrants further investigation in the
future.
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