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New insights from the PAGEO9 model: The social cost of CO2

Chris Hope
July 2011

Abstract

PAGEOQ9 is an updated version of the PAGE2002 integrated assessment model (Hope, 2011a). The
default PAGEO9 model gives a mean estimate of the social cost of CO2 (SCCO2) of $106 per tonne of
CO2, compared to $81 from the PAGE2002 model used in the Stern review (Stern, 2007). The main
reasons for the difference are the valuation by a representative agent from the EU, instead of the
world as a whole , which increases the mean value by a factor of 4.3, a higher range for the discount
rate, which decreases the mean value by a factor of 2.7, the use of the A1B socio-economic scenario,
rather than A2, which decreases the mean value by a factor of 2.5, a higher range for the climate
sensitivity, which increase the mean value by a factor of 1.5, and a lower assumption about the
effectiveness of adaptation, which increases the mean value by a factor of 1.3. Other structural and
parametric changes in moving from the PAGE2002 to the PAGE09 model decrease the mean value by
a factor of 1.3



Introduction

PAGEQ9 is an updated version of the PAGE2002 integrated assessment model (Hope, 2011a).
PAGE2002 was used to value the impacts and calculate the social cost of CO2 in the Stern review
(Stern, 2007) and the Asian Development Bank’s review of climate change in Southeast Asia (ADB,
2009), and value the impacts and costs in the Eliasch review of deforestation (Eliasch, 2008). The
PAGE2002 model is described fully in Hope, 2006a and Hope, 2008.

The best known result from the PAGE2002 model is the mean social cost of CO2 of $85 (in the year
2001 in year 2000 dollars) per tonne of CO2, presented in the Stern review (Stern, 2007). This was
towards the upper end of estimates at the time (Tol, 2002). Its magnitude was explained by the low
discount rate used in the Stern review, and the inclusion of a full representation of uncertainty (Dietz
et al, 2007).

The update of the PAGE model from PAGE2002 to PAGEQ9 has been made to take account of the
latest scientific and economic information, primarily in the 4™ Assessment Report of the IPCC (IPCC,
2007). Hope, 2011a describes the most important scientific, impact, emission and adaptation
updates in the latest default version of the model, PAGE09 v1.7, including a full set of the model
equations.

Hope, 2011b gives the result from the default PAGEO9 model that is of most interest for setting
prices on CO2 emissions: the amount by which the NPV of impacts increases if one more tonne of
CO2 is emitted, or decreases if one less tonne is emitted — the social cost of CO2 (SCCO2). That paper
shows that if emissions follow the SRES A1B scenario (Nakicenovic and Swart, 2000), the mean
SCCO2 for one extra tonne of emissions in 2009 is about $102 per tonne of CO2, with a 5% to 95%
range of about $10 to $270, all in SUS(2005).

This result seems superficially to be quite close to the mean result of $85 per tonne of CO2 in the
Stern review, particularly if that result is updated to 2009 and expressed in $2005. The purpose of
this paper is to examine whether that superficial similarity stands up to more rigorous scrutiny, and
to explain any differences that become apparent.

The SCCO2 from the PAGE2002 model

Figure 1 shows the full distribution of the SCCO2 using the same inputs that led to the mean value of
$85 quoted in the Stern review (Stern, 2007). The values on the vertical axis of all the distributions in
this paper have no meaning; the scale simply ensures that the integrated area under the curve is 1.

The actual text in the Stern review is “Preliminary calculations adopting the approach to valuation
taken in this Review suggest that the social cost of carbon today, if we remain on a BAU trajectory, is
of the order of $85 per tonne of CO2” (Stern, 2007, exec summary, p xvi). As can be seen from figure
1, with a full calculation of 100000 runs, the mean value is more accurately represented as $81 per



tonne of CO2. This result assumes that GDP, population and emissions follow the SRES A2 scenario
(Nakicenovic and Swart, 2000), as in the Stern review.

Figure 1 The SCCO2 from the PAGE2002 model using Stern review inputs
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The 5-95% range is $16 — 208, and the standard deviation of the result is $70, so the standard error
of the mean is $70/sqrt(100000), which is about $0.25. So another 100000 runs would be 95% sure
to produce a mean value within about $0.5 per tonne of the mean value shown in figure 1. The
appropriate level of precision for reporting the SCCO2 results is thus to the nearest integer.

The most obvious feature of the distribution is its large positive skewness, with a possibility of an
SCCO2 much higher than the mean value, up to about $1000 per tonne of CO2. These high values
result when the small increase in emissions brings forward the date at which a discontinuity, such as
the melting of the Greenland or West Antarctic ice sheets, becomes a possibility (Lenton et al, 2008).

The SCCO2 from the PAGE09 model

Figure 2 shows the full distribution of the SCCO2 from the current default PAGEQ9 model, version
1.7. The mean value is $106 per tonne of CO2, with a 5 —95% range of $12 — 290. This assumes GDP,
population and emissions follow the A1B scenario. It is slightly higher than the mean value of $102
reported in Hope, 2011b because it is for one extra tonne of emissions in 2010, not 2009.

The standard deviation of the result is $270, so the standard error of the mean is $270/sqrt(100000),
which is about $0.75. So another 100000 runs would be 95% sure to produce a mean value within
about $1.5 per tonne of the mean value shown in figure 2.



Figure 2 The SCCO2 from the PAGEQ9 default model
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The positive skewness of the distribution is even more pronounced than for the distribution from
PAGE2002, with a few values as high as about $10000 per tonne of CO2. Unlike the PAGE2002
model, the PAGEO9 model keeps track of whether a discontinuity has actually been triggered, not
just how likely one is to occur. These high values result when the small increase in emissions brings
forward the date at which a discontinuity, such as the melting of the Greenland or West Antarctic ice
sheets, has actually been triggered.

The skewness is so extreme that it is difficult to see the shape of the distribution when all the values
are included. So figure 3 shows the same result but with the top 1% of values omitted.

Figure 3 The SCCO2 from the PAGEQ9 default model, top 1% of values omitted



SCCO2 in 2010
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With the top 1% of values omitted, the PAGEQ9 distribution is much closer in shape to the PAGE2002
result, with similar values for the mean, standard deviation and skewness. Comparing the mean
value of $84 per tonne with the mean value of $106 when all runs are included shows that the top
1% of runs contribute $22, or about 20%, to the mean SCCO2 value in the default PAGEO9 model.

This confirms the importance of properly representing uncertainty when making estimates of the
SCCO2.

Major influences on the SCCO2

Figure 4 shows the amount by which the SCCO2 increases if the eight most important influences on
the SCCO2 increase by one standard deviation. See Hope, 2011b for a full discussion of the input
values to the default PAGEO9 model.

Figure 4 Major influences on the SCCO2 from the PAGEQ9 default model
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The most important influence is one of the components of the climate sensitivity. An increase in the
transient climate response (TCR) by one standard deviation increases the SCCO2 by about S67. As
the TCR has a triangular distribution with minimum value 1, mode 1.3 and maximum value 2.8 degC,
its standard deviation is 0.4 degC.

Next are the pure time preference (PTP) rate and the equity weights (EMUC), and this time the signs
of the influences are negative, with an increase in PTP or EMUC of one standard deviation, about
0.4% per year and 0.3 respectively, reducing the SCCO2 by about $40 and about $30 respectively. A
higher PTP rate means that impacts that occur in the future have a lower NPV. A higher EMUC
means that impacts that occur in the future, when consumption per capita is on average higher than
today’s consumption per capita in the EU, are weighted less. The implication of these results is that a
PTP rate of 0.1% per year and an EMUC of 1, as used in Stern, 2007, would increase the mean SCCO2
by about $115, to over $220 per tonne of CO2.

An increase in the feedback response time (FRT) by one standard deviation, or about 11 years,
increases the SCCO2 by about $26. It might be thought that the sign of this influence should be
negative, as a longer response time means the Earth takes longer on average to respond to higher
radiative forcing, but in fact, if the TCR is fixed, a higher value for FRT means a higher value for the
climate sensitivity, and so a larger response to higher concentrations of CO2 overall.

The next most important influence is an internal variable in the model, a uniform random number
between 0 and 1 which the probability of a discontinuity has to exceed for a discontinuity to be
triggered. If this increases by one standard deviation, about 0.28, the SCCO2 is reduced by about
$18. This shows that the possibility of a large-scale discontinuity does make a major contribution to
the value of the SCCO2 in the A1B scenario, even though any discontinuity is very unlikely to be
triggered in the near future.



Increasing (ie making less negative) the indirect sulphate effect (IND) by 0.16 W/m2 for a doubling of
sulphate concentration increases the SCCO2 by about $17; increasing the exponent of the power
function linking non-economic impacts to temperature (POW_2) by 0.3 increases the SCCO2 by $16,
and increasing the weight on non-economic impacts (W_2) by one standard deviation, about 0.2% of
GDP, increases the SCCO2 by about $13.

All of these influences have the sign that would be expected. They are very useful in guiding the
investigation to discover how and why the SCCO2 differs between the PAGE2002 and PAGEQ9
models.

Comparing the results from the PAGE2002 and PAGEO9 models

Business as usual scenario

The first difference between the version of PAGE2002 used in the Stern review, and the default
version of the PAGEO9 model is that the PAGE2002 model uses the IPCC SRES A2 scenario and the
PAGEO9 model uses A1B as its business as usual scenario (Nakicenovic and Swart, 2000). Using the
PAGE2002 model with all inputs as for the Stern review, but with the A1B scenario instead of the A2
scenario gives the SCCO2 distribution shown in figure 5. The mean value is $33 per tonne of CO2,
with a 5—95% range of $7 — 88.

Figure 5 The SCCO2 from the PAGE2002 model using Stern review inputs, A1B scenario
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This is considerably lower than for the A2 scenario shown in figure 1, which had a mean value of $81,
and might seem to contradict the findings of Hope, 2006b that the SCCO2 calculated by PAGE2002 is
largely insensitive to the emissions scenario upon which the extra tonne of emissions is



superimposed. In fact it does not, as the reduction in mean value from $81 to $33 is mainly due to
the lower population assumptions in scenario A1B; by 2100 the global population is only about half
the value in scenario A2, 7 billion rather than 14 billion. Running PAGE2002 with the emissions from
scenario A1B but the GDP and population from scenario A2 gives a mean SCCO2 of $72 per tonne.

Year in which the SCCO_2 is calculated

In the PAGE2002 results reported in the Stern review, the extra tonne of CO2 is emitted in 2001. In
the PAGEQ9 default model, the year in which the extra tonne is emitted is 2009. The PAGE2002
model does not have 2009 as an analysis year, but both models can produce results for 2010. Figure
6 shows the distribution of the SCCO2 for 2010 from PAGE2002, under the A1B scenario, and with all
other inputs as for the Stern review. The mean value is $40 per tonne of CO2, up from $33 in 2001,
with a 5—95% range of $8 — 106.

Figure 6 The SCCO2 in 2010 from the PAGE2002 model using Stern review inputs, A1B
scenario
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Discount rate and equity weights

The Stern review runs with PAGE2002 used single values of 0.1% per year for the pure time
preference (PTP) rate and 1 for the elasticity of marginal utility of consumption (EMUC). The default
PAGEO9 model uses triangular distributions for these two parameters, as described in Hope, 2011b;
the PTP values cover the range from the Stern review assumptions at the low end to the empirical



estimates in Nordhaus (2007) at the high end. The EMUC values are based on HM Treasury, 2003,
which uses a value of 1.0, reduced from 1.5, and table 1 of Evans, 2005.

Figure 7 shows the SCCO2 produced by the PAGE2002 model for 2010 in the A1B scenario using the
PAGEQ9 default triangular distributions for PTP and EMUC . Unsurprisingly, given the higher discount
rate, the mean value drops to $15 per tonne of CO2, with a 5 —95% range of $2 — 48.

Figure 7 The SCCO2 in 2010 from the PAGE2002 model using Stern review inputs, A1B
scenario, PAGEQ9 values for PTP and EMUC.
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Converting this mean result to $2005, using the US GDP deflator (US Dept of Commerce, 2011), it
comes to $17 per tonne of CO2. This is now a long way from the PAGEQ9 default mean value of $106
per tonne of CO2.

Climate sensitivity

How about the other two main influences identified in figure 4, the components of the climate
sensitivity, TCR and FRT? The Stern review used triangular distributions for the climate sensitivity of
<1.5,2.5,4.5> degC, giving a mean value of 2.83 degC, and for the FRT of <25,50,75> years, giving a
mean value of 50 years. The FRT used in the default PAGEO9 model is a triangular distribution of
<10,30,65> years, giving a mean value of 35 years; the climate sensitivity distribution is shown in
figure 8 (Hope, 2011b).

Figure 8 Climate sensitivity probability distribution in the default PAGEO9 model.
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The lowest values are about 1.5 degC, there is a 5% chance that it will be below about 1.85 degC, the
most likely value is about 2.6 degC, the mean value is about 3 degC, there is a 5% chance that it will
be above 4.6 degC, and a long tail reaching out to nearly 7 degC. This distribution is consistent with
the latest estimates from IPCC, 2007.

It is not possible to adjust the PAGE2002 input parameters to reproduce the form for the climate
sensitivity used in PAGEQ9, so instead we work from the other end of the puzzle, and adjust the
default PAGE09 model so that it uses the same input distributions for the climate sensitivity and FRT
that were used in the Stern review.

Figure 9 shows that the mean SCCO2 drops from $106 to $71 per tonne of CO2, with a 5 —95% range
of $7 — 173. This is unsurprising as the mean climate sensitivity in the Stern review is lower and the
mean FRT is longer than in the default PAGEO9 model.

Figure 9 The SCCO2 from the PAGEQ9 default model, Stern climate sensitivity and FRT
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Adaptation

The adaptation inputs are policy variables in PAGEQ9, as they are in PAGE2002. They result from
policy decisions and are represented as single choice values rather than probability distributions,
and so they do not appear in the tornado diagrams of major influences. However, the decisions
about adaption clearly can have a major influence of the SCCO2; in the extreme, if adaptation were
to be 100% effective in every sector everywhere and for all time, the SCCO2 would be zero.

The default adaptation assumptions in PAGEQ9 (see Hope, 2011b for details) assume less adaptation
than in the Stern review runs with PAGE2002, particularly in the economic sector, which was
criticised for possibly being over-optimistic (Ackerman et al, 2009). Running the PAGEQ9 default
model with the adaptation used in the Stern review reduces the mean SCCO2 from $106 to $83;
running it with no adaptation gives a mean SCCO2 of $127. So the default adaptation assumptions in
the PAGEQ9 model are in aggregate about half as effective as those assumed in the Stern review.

Running the default PAGEO9 model with the Stern climate sensitivity and FRT, and the Stern
adaptation, gives the SCCO2 distribution shown in figure 10. The mean SCCO2 drops further to $56
per tonne of CO2, with a 5 —95% range of $7 — 120, but is still clearly a lot higher than the mean
equivalent result from the PAGE2002 model of $17 per tonne of CO2.

Figure 10 The SCCO2 from the PAGEQ9 default model, Stern climate sensitivity, FRT and
adaptation.
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Basis of valuation

The main explanation for the remaining difference is the basis on which the economic values in the
two models are expressed. In the PAGE2002 model, the equity weighting is applied in such a way
that impacts are increased in regions whose GDP per capita is lower than the global mean, and vice
versa. Implicitly, the SCCO2 that is calculated is the one appropriate to a representative agent with
income equal to the global mean GDP per capita.

In the PAGEO9 model, the equity weighting is applied in such a way that impacts are increased in
regions whose GDP per capita is lower than the GDP per capita in the focus region of the model,
which in the default model is the European Union (EU), and vice versa (Hope, 2011a). The SCCO2
that is calculated is the one appropriate to a representative agent with income equal to the mean
GDP per capita in the EU in the year in which the SCCO2 is calculated.

In the PAGE2002 model used for the Stern review, the mean global GDP per capita in the base year,
2000, is $8063, in $2005. In the default PAGEO9 model, the mean EU GDP per capita in 2010 is
$28400, in $2005, 3.5 times as high. Applying the mean EMUC in the default PAGEO9 model of
1.1667, the SCCO2 should be adjusted by a factor of 4.34 to correct for this difference.

There are two equivalent ways of making the adjustment. Either we can say that the mean SCCO2
from the PAGE09 model shown in figure 10 of $56 should be divided by 4.34 to apply to an agent
with the mean global GDP per capita in 2000, which gives a mean value of $13 per tonne of CO2. Or
we can say that the mean SCCO2 from the PAGE2002 model shown in figure 7, in $2005, of $17
should be multiplied by 4.34 to apply to an agent with the mean EU GDP per capita in 2008, which
gives a mean value of $73 per tonne of CO2.



Whichever of the two methods we choose to use, we can say that the mean SCCO2 results from the
Stern PAGE2002 and default PAGEO9 models are within 25% of each other, provided we use inputs
that are harmonized: the PAGEQ9 assumptions for the business as usual scenario, year of calculation,
discount rates and equity weights, and the Stern assumptions for climate sensitivity, feedback
response time and adaptation. The values from the PAGE0O9 model are the lower of the two.

Other investigations

It is reasonable to ask why the results are not even closer. The answer is that there are several
structural changes in the PAGEO9 model that are impossible to set back to something approximating
the earlier PAGE2002 form.

In particular, the non-economic and discontinuity impacts, which were also identified as major
influences in figure 4, are explicitly linked to regional GDP per capita in PAGEQ9, but not in
PAGE2002. Table 1 shows the mean SCCO2 from the default PAGE09 model if the impacts from any
of the four sectors are set to zero.

Table 1 Mean SCCO2 from the PAGEQ9 model, by impact sector omitted

A1B scenario 2010

Mean Drop

SCCO2 from
default
s %

Default model 106

No non-economic impacts 62 42
No economic impacts 80 25
No sea level impacts 100 6
No discontinuities 79 25

It might be thought that the four drops in table 1 should sum to 100%; however they do not sum
exactly as there are small interactions between them. If there are no non-economic impacts, for
instance, the valuation of the discontinuity impacts will be slightly higher, as there will be more
consumption remaining to be affected by any discontinuity that does occur.

Table 1 confirms the impression from figure 4 that the non-economic impacts are most important,
with the mean SCCO2 dropping by 45% if they are omitted, and that discontinuities are about as
important as economic impact, even though they are very unlikely to be triggered for several
decades. The sea level impacts are lower for a variety of reasons: sea level rises more slowly than
temperature, adaptation can be very effective against the first metre or so of sea level rise, and,
unlike impacts that depend on temperature, the impacts from sea level rise seem as though they will
only rise less than linearly with the amount of sea level rise (Anthoff et al, 2006).

One other experiment worth reporting is the result from the PAGE09 default model using the Stern
PTP value of 0.1% per year, and EMUC of 1. This gives a mean SCCO2 in 2010 of $291 per tonne of



CO2. This is rather higher than the $220 implied by the values in figure 4. The lesson from this is that
the tornado influence diagrams in the model are useful but not completely accurate, particularly for
values of the inputs at the extreme ends of the input distributions.

To complete the investigation of influences identified as major in figure 4, PAGE09 with PAGE2002
indirect sulphate inputs gives a mean SCCO2 of $106, exactly as in the default model, as the
treatment of indirect sulphates has not changed between PAGE2002 and PAGEQ9.

Discussion and conclusions

The development of the mean SCCO2, from the value in the PAGE2002 model with Stern input
assumptions, to the value in the default PAGEO9 model, is summarised in table 2. In each row the
final column shows the factor by which the mean SCCO2 changes incrementally from the previous
row, either as a multiplication if the value increases, or a division if it decreases.

Table 2 Development of mean SCCO2, by adjustment

Mean  Factor

SCCO2
s
PAGE2002 Stern 81
A1B scenario not A2 33 2.5
2010 not 2001 40 1.2
New PTP and EMUC 15 2.7
$2005 not $2000 17 11
EU valuation not global mean 73 4.3
PAGEQ9 model not PAGE2002 56 1.3
New adaptation 71 1.3

New TCR and FRT 106 1.5

So, in the second row, going from the Stern inputs, which used the A2 scenario, to the A1B scenario,
divides the mean SCCO2 by a factor of 2.5. Keeping this change but also having the extra emissions
in 2010 rather than 2001, multiplies the previous result by a factor of 1.2, and so on.

The table provides an easy way of recognising which incremental changes bring the largest changes
in mean SCCO2. The largest incremental change comes from expressing the valuation in terms of an
agent with the mean EU GDP per capita rather than the global average. Because the agent in the EU
is richer, they would be willing to give up more dollars of consumption to avoid the extra global
impact from one more tonne of CO2.

Table 3 Mean SCCO2 from the default PAGEO9 model, by region

A1B scenario 2010

Mean SCCO2
S per tonne
EU 106



USA 166

Other OECD 101
FSU & ROE 33
China & CP Asia 15
India & SE Asia 10
Africa & ME 11
Latin America 32

This has implications when we think about the mean SCCO2 in other regions of the world. It will be
higher in rich regions like the US, and lower in poor regions. Table 3 shows that the mean value
varies from a low of $10 per tonne of CO2 in India, to a high of $166 in the USA. As long as
inequalities persist in mean GDP per capita across world regions, it will be appropriate to use
different values of SCCO2, and by implication, different taxes on the emissions of CO2, in different
regions.

The two next largest factors in table 2 are also to do with economics rather than science. Using the
full range of values for discount rates and equity weights, rather than the single values in the Stern
review, reduces the mean SCCO2 by a factor of 2.7. And using the A1B scenario rather than the A2

scenario reduces the mean SCCO2 by a factor of 2.5, almost entirely because of the different socio-
economics in the A1B scenario, not because of the different emissions.

The newer estimates of the transient climate response and feedback response time in the default
PAGEQ9 model increase the mean SCCO2 by a factor of 1.5, and this is the most influential scientific
update. All the remaining structural and parametric improvements of moving to the PAGEQ9 model,
shown in italics in table 2, have a net effect of decreasing the mean SCCO2 by a factor of 1.3. The
less effective adaptation assumed in the default PAGEO9 model has the opposite effect, increasing
the mean SCCO2 by a factor of 1.3.

Moving the extra emissions from 2001 to 2010 increase the mean SCCO2 by a factor 1.2, and
expressing the result in $2005 rather than $2000 increases the mean SCCO2 by a factor of 1.1.

So these results suggest a set of five questions that users should ask when they are presented with
an SCCO2 result from an integrated assessment model:

1) Who is making the valuation? An agent in the USA, the EU, or a poorer region of the world?
2) What discount rate and equity weight assumptions have been used?

3) What is the socio-economic scenario on which the valuation is based?

4) What are the assumptions about climate sensitivity, and feedback response time?

5) What adaptation has been assumed?

These questions should be asked along with two others that are already known to be important, and
to affect the results obtained by about a factor of 2 (Hope,2011b):

6) What scenario of future emissions has been assumed?
7) How have the risks and uncertainties been incorporated?

The results presented in this paper are only a small subset of the outputs that the PAGEO9 model
produces. Comparing marginal abatement costs with the social cost of CO2 helps to guide the search



for economically efficient emission cutback paths. The effects of different types of discontinuity on
the SCCO2; the contribution to the SCCO2 from the long right tails of the input distributions; the
social costs of the emissions of non-CO2 greenhouse gases — all these and more can easily be
investigated with the PAGEO9 model. Anyone interested in working with PAGEQ9 is invited to contact
the author to obtain a copy of the model.
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