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Abstract

The social cost of carbon is the marginal impact of climate change. Estimates of the total impact
of climate change show that a century of climate change is about as bad as losing a decade of
economic growth. Poorer countries are more vulnerable. The uncertainties are vast and skewed
the wrong way. The many published estimates of the social cost of carbon span six orders of
magnitude, and some studies find support for a carbon subsidy. There is mixed evidence for
publication bias. Matlab code is used to illustrate key sensitivities of the social cost of carbon;
readers can readily run their own analyses. The bulk of the published estimates suggests that car-
bon dioxide should be taxed somewhere between $20/tC and $400/tC, depending on the preferred
rates of discount and risk aversion. Revealed preferences on carbon pricing are at the lower end
of this range. The social cost of carbon rises at around 2% per year. The central estimate of the
social cost of carbon has not moved much over the last two decades, but the range of estimates
is tightening slowly.
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JEL: Q54

1. Introduction

The social cost of carbon is the incremental impact of emitting an additional tonne of car-
bon dioxide, or the benefit of slightly reducing emissions. When evaluated along an optimal
emissions trajectory, the social cost of carbon is the Pigou tax (Pigou, 1920)—that is, the amount
greenhouse gas emissions should be taxed in order to restore efficiency. The social cost of carbon
is thus a key parameter in the discourse about climate change and what to do about it.

Carbon prices are increasingly used in climate policy (WorldBank and Ecofys, 2018). Es-
timates of the social cost of carbon would be an important input into setting the price right.
Unfortunately, as I argue below, it is difficult to put narrow bounds on the social cost of carbon.
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This is mostly because the social cost of carbon is inherently uncertain and controversial. Partly,
however, the uncertainty about the social cost of carbon reflects gaps in knowledge and research.

There have been a number of reviews of the social cost of carbon (Pizer et al., 2014, Guivarch
et al., 2016, Metcalf and Stock, 2017, Pindyck, 2017a,b, Revesz et al., 2017) and its application
(Rose, 2012, Greenstone et al., 2013, Heyes et al., 2013, Sunstein, 2014, Hahn and Ritz, 2015).
Since my earlier surveys (Tol, 2005, Tol and Yohe, 2009, Tol, 2011, 2013, 2018), the volume
of papers and estimates has increased further, but recent papers remap known territory without
breaking new ground.

In this paper, I discuss conceptual issues around the social cost of carbon and review these
new estimates, after assessing what we know about the total economic impact of climate change.
Although estimates of the total cost of climate change have no immediate relevance for policy,
estimates of the social cost of carbon derive from the total cost. Furthermore, total cost estimate
reveal the Schelling Conjecture, which poses a policy dilemma: Adapt or mitigate.

2. The total impact of climate change

Figure 1 shows the 27 published estimates of the total economic impact of climate change.
See Howard and Sterner (2017) and Nordhaus and Moffat (2017) for markedly different assess-
ments of the same literature. The horizontal axis has the change in the global annual mean
surface air temperature, a key indicator of climate change. The vertical axis is the welfare equiv-
alent income change. These numbers should be read as follows: A global warming of 2.5°C
would make the average person feels as if she had lost 1.3% of her income. (1.3% is the average
of the 11 dots at 2.5°C.)

2.1. Methods

These estimates were derived as follows. Researchers used models—of every description:
process models, optimization models, equilibrium models, statistical models, spatial or temporal
analogues—to estimate the many impacts of climate change for all parts of the world in their
natural units, estimated the values of these impacts (using either market prices or monetary val-
uation methods), multiplied the quantities and prices, and added everything up (d’Arge, 1979,
Nordhaus, 1982, 1991, 1994a, Fankhauser, 1995, Tol, 1995, Berz, Nordhaus and Yang, 1996,
Plambeck and Hope, 1996, Tol, 2002, Nordhaus and Boyer, 2000, Hope, 2006, Nordhaus, 2008).
This is the so-called enumerative method. The result is an estimate of the direct cost—price
times quantity—of climate change. The direct cost is a poor approximation of the change in wel-
fare, for instance because it ignores price changes, but it is an approximation nonetheless. The
enumerative approach omits interactions between sectors, such as a change in water resources
affecting agriculture.

Other studies use the same physical impact estimates that are used in the enumerative studies
above, but use these to shock a computable general equilibrium model (Bosello et al., 2012,
Roson and van der Mensbrugghe, 2012). These estimates thus include both price changes and
interactions between economics sectors, be it through output, intermediate or input markets,
and between economies through international trade and investment. The welfare measure used
in these studies is typically the Hicksian Equivalent Variation, a proper welfare measure that
is, within the model, measured exactly. Computable general equilibrium models are based on
the national accounts, and thus misrepresent subsistence agriculture and omit direct impacts of
welfare.
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Figure 1: The global total annual impact of climate change.

Other estimates involve regressions of an economic indicator on climate (Mendelsohn et al.,
2000, Nordhaus, 2006). Agricultural land prices, for instance, reflect the productivity of the land
and hence the value of the climate that allows plants to grow. You do not just buy the land, but
also the sun that shines and the rain that falls on it (Ricardo, 1817). Price differences due to
climate variation are used to estimate the direct cost of climate change. Household expenditure
patterns (Maddison, 2003) and self-reported happiness (Rehdanz and Maddison, 2005, Maddison
and Rehdanz, 2011) have also been used. The main advantage of the statistical method is that it
is based on actual behaviour (rather than modelled behaviour as above). The main disadvantage
is that climate variations over space are used to derive the impact of climate change over time.
Space and time are different things, though. For instance, trade is much easier over space than
over time; and technology and institutions differ more over space than over time.

One estimate elicits the views of supposed experts (Nordhaus, 1994b).! The question was
about the impact of climate change on global output, which can alternatively be interpreted as a
measure of economic activity (but not welfare) and a measure of income (and thus welfare).

2.2. Weather and climate

Climate varies only slowly over time—it is, after all, the thirty-year average of weather. In
empirical studies, the identification of the impact of climate therefore comes from cross-sectional
variation. As the climate varies only slowly over space, the cross-section needs to be large. This

IThis study was done at a time when no one could reasonably claim expertise on the economic impacts of climate
change.
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Table 1: Alternative models of the total impact of climate change.

Name Function Weight
Golosov —4.16- 10717 (¢ — ¢) 0.0%
Ploeg -0.02(e" - 1) 0.0%
Hope -0.71T 0.2%
Nordhaus —0.1977 8.7%
Tol (parabolic) —0.12T - 0.1677 10.2%
Weitzman(7) -0.2172-5.79 - 107°17 13.6%
Weitzman(6) -0.2277 - 3.71-107°71° 14.2%
Tol (piecewise linear) | 0.74T I7<1 01 + (0.74 - 1.01 — 1.41T) 15101 | 53.2%

is problematic as so many other things vary over space too. Ricardian and hedonic methods
are therefore vulnerable to spurious associations because of confounding variables. This can be
partly overcome with panel data, for confounders that vary over time as well as space—trade
policy would be one example, if it has changed within sample, and if trade liberalisation is pref-
erentially between countries with similar climates. But panel data cannot help with confounders
that do not change much over time—a cultural preference for pastoralism in dry areas would be
one example.

In recent years, there have been a number of papers that estimate the impact of weather on
a range of economic indicators (Deschenes and Greenstone, 2007, Burke et al., Hsiang et al.,
2017, Burke et al., 2018). The key advantage of weather impacts is that weather is, from an
economic perspective, random. The impact of weather is therefore properly identified. Although
the rhetoric in some of these papers would have you believe otherwise, the impact of a weather
shock is not the same as the impact of climate change (Dell et al., 2014). See Deryugina and
Hsiang (2017) for the conditions under which weather variability is informative about climate
change.

Climate is what you expect, weather is what you get. Adaptation to weather shocks is there-
fore limited to immediate responses—put up an umbrella when it rains, close the flood doors
when it pours. Adaptation to climate change extends to changes in the capital stock—buy an
umbrella, invest in flood doors. In other words, weather studies estimate the short-run elasticity,
whereas the interest is in the long-run elasticity. Extrapolating the impact of weather shocks will
not lead to credible results for the impact of climate change.

2.3. Combining estimates

Besides the primary estimates, Figure 1 also shows a curve. Seven alternative impact func-
tions were fitted to the data. See Table 1. Assuming normality of the residuals, the loglikelihood
was computed for each model. The curve shown is the Bayesian average of the seven models. A
piecewise linear model is the best fit to the data, and the average curve indeed looks like that. The
near-linearity of the impact function is driven by the two moderate estimates for high warming.

Only 7 of the 27 estimates have a reported standard deviation, or an upper and lower bound.
I imputed upper and lower bounds from twice the reported standard deviations. I assume that
the upper and lower bounds are linear functions of the temperature, with slopes 0.92%GDP/°C
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and 2.33%GDP/°C on the cold and hot side, respectively. I interpret this as a 90% confidence
interval.

2.4. Results

Figure 1 contains many messages. There are only 27 estimates, a rather thin basis for any
conclusion. Statements that climate change is the biggest (environmental) problem of humankind
are not well-supported and, as argued below, probably false.

The 11 estimates for 2.5°C, which we may reach in 60-80 years time, show that researchers
disagree on the sign of the net impact. Climate change may lead to a welfare gain or loss. At the
same time, researchers agree on the order of magnitude. The welfare change caused by climate
change is equivalent to the welfare change caused by an income change of a few percent. The
average of the estimates is negative. That is, a century of climate change is about as bad as losing
a year of economic growth.

Considering all 27 estimates, it is suggested that initial warming is positive on net, while
further warming would lead to net damages. The initial benefits are due to reduced costs of
heating in winter, reduced cold-related mortality and morbidity, and carbon dioxide fertilization,
which makes plants grow faster and more drought resistant. This does not imply that greenhouse
gas emissions should be subsidized. The incremental impacts turn negative around 1.1°C global
warming. Because of the slow workings of the climate system and the large inertia in the energy
sector, a warming of 2°C can probably not be avoided and a warming of 1°C can certainly not
be avoided—we may already have reached that point. That is, the initial net benefits of climate
change are sunk benefits. We will reap these benefits no matter what we do to our emissions.
For more pronounced warming, the negative impacts dominate, such as summer cooling costs,
infectious diseases, and sea level rise.

The uncertainty is rather large, however. The error bars in Figure 1 depict the 90% confi-
dence interval. This is probably an underestimate of the true uncertainty, as experts tend to be
overconfident and as the 27 estimates were derived by a group of researchers who know each
other and each other’s work well.

The uncertainty is right-skewed. Negative surprises are more likely than positive surprises of
similar magnitude. This is true for the greenhouse gas emissions: It is easier to imagine a world
that burns a lot of coal than a world that rapidly switches to wind and solar power. It is true for
climate itself: Feedbacks that accelerate climate change are more prevalent than feedbacks that
dampen warming. The best estimate for the climate sensitivity, the eventual warming due to a
doubling of atmospheric carbon dioxide, is 2.5°C, with a range of 1.5°C to 4.5°C. The impacts
of climate change are more than linear: If climate change doubles, its impacts more than double.
Many have painted dismal scenarios of climate change, but no one has credibly suggested that
climate change will make us all blissfully happy. In that light, the above conclusion needs to be
rephrased: A century of climate change is no worse than losing a decade of economic growth.

The right extreme of Figure 1 is interesting too. At 3.0°C of warming, impacts are negative,
deteriorating, and (perhaps) accelerating. It is likely that the world will warm beyond 3.0°C. Yet,
beyond that point, there are few estimates only. There is extrapolation and speculation.

2.5. Distribution of impacts

Thirteen of the twenty-two studies referred to above include estimates of the regional im-
pacts of climate change and, in the studies involving David Maddison, national impact estimates.



Regressing the estimated regional impact for 2.5°C warming on per capita income and average
annual temperature, with dummies for the studies, I find that

I = —13.4(8.7) + 1.70(0.79) In y, — 0.46(0.14)T.. (1)

where I, is the impact in country c (in %GDP), y, is its average income (in 2010 market exchange
dollars per person per year), and 7. is the average annual temperature (in degrees Celsius). Hotter
countries have more negative impacts. Richer countries have more positive impacts. Of course,
Equation (1) does not capture the special vulnerability of delta and island nations. I use this
equation to impute national impacts, making sure that the regional or global totals match those
in the original estimates.

Figure 1 shows the world average impact for 27 studies. Figure 2 shows results for individual
countries for 2.5°C warming. Countries are ranked from low to high per capita income and low
to high temperature. In Figure 1, the world total impact is roughly zero. In Figure 2, the majority
of countries show a negative impact. However, the world economy is concentrated in a few, rich
countries. The world average in Figure 1 counts dollars, rather than countries, let alone people.

Figure 2 suggests that poorer countries are more vulnerable to climate change than are richer
countries. There are a few exceptions to this—such as Mongolia, which is poor but so cold that
warming would bring benefits, and Singapore, which is rich but a low-lying island on the equa-
tor—but by and large the negative impacts of climate change are concentrated in the developing
economies.

There are three reasons for this. First, poorer countries are more exposed. Richer countries
have a larger share of their economic activities in manufacturing and services, which are typically
shielded (to a degree) against the vagaries of weather and hence climate change. Agriculture and
water resources are far more important, relative to the size of the economy, in poorer countries.

Second, poorer countries tend to be in hotter places. This means that ecosystems are closer
to their biophysical upper limits, and that there are no analogues for human behaviour and tech-
nology. Great Britain’s future climate may become like Spain’s current climate. The people of
Britain would therefore adopt some of the habits of the people of Spain, and build their houses
like the Spaniards do. Houses in Spain are designed to keep the heat out, whereas houses in the
UK are build to keep the heat in. It makes sense to sleep through the heat of the day and, as
digestion heats up the body, take the main meal in the cool of the night. If the hottest climate on
the planet gets hotter still, there are no examples to copy from; new technologies will have to be
invented, behaviour will have to be adjusted by trial and error.

Third, poorer countries tend to have a limited adaptive capacity (Adger, 2006, Yohe and Tol,
2002). Adaptive capacity is the ability to adapt. It depends on a range of factors, such as the
availability of technology and the ability to pay for those technologies. Sea level rise is a big
problem if you do not know about dikes, or if you do but you cannot afford to build one. Flood
protection has been known for thousands of years. Modern technology is at its summit in the
Netherlands. Dutch engineers will happily share their expertise—for a fee. Adaptive capacity
also depends on human and social capital. Coastal protection is both a natural monopoly and a
public good, and so requires a competent government. An ounce of prevention is worth a pound
of cure, but prevention requires that you are able to recognize problems before they manifest
themselves (i.e., predict the future) and that you are able to act on that knowledge (i.e., analytical
capacity is connected to policy implementation). Furthermore, the powers that be need to care
about the potential victims. A country’s elite may be aware of the dangers of climate change
and have the wherewithal to prevent the worst impacts, but if those impacts would fall on the
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Figure 2: The economic impact of climate change for a 2.5°C warming for all countries as a function of their 2005
income (top panel) and temperature (bottom panel).



politically and economically marginalized, or if the victims think that floods are due to the wrath
of God rather than the incompetence of politicians, the elite may chose to ignore the impacts.

Figure 2 shows that poorer countries are more vulnerable to climate change. Aggregating
results by country hides information. Figure 3 again shows the impact of 2.5°C warming. The
impacts are further downscaled, to income deciles, based on data from the University of Texas
Inequality Project, using the same semi-elasticity used to downscale regional to national impact
estimates; see Equation (1). Figure 3 shows three histograms, weighing the estimates by the
share of the number of countries affected, by the share of the number of people affected, and by
the share of total economic output affected.

Figure 3 reveals that focusing on countries overstates the impact of climate change, as small
coastal and island states are heavily affected by sea level rise. Figure 3 highlights that the majority
of the world population will suffer large negative impacts while the larger share of the world
economy will enjoy mild positive impacts.
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Figure 3: The distribution of the annual impact of 2.5°C global warming by country, people, and economy affected.

2.6. Sectoral impacts

Four studies published estimates of the impact of 2.5°C warming by sector. See Table 2. Cov-
erage varies between studies. The rightmost column has the average of the published estimates.
Adding up these sectoral averages, the total impact is -2.0% of GDP, which is 28% higher than
the average of the original studies. Using the sectoral averages to impute missing observations
makes the original studies less incomplete. The estimate by Nordhaus and Boyer (2000) is the
least complete.

Impacts are found across the economy. There is no sector or impact that dominates the total.
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Table 2: Sectoral estimates of the impact of climate change (in percentage of GDP).

Fankhauser | Berz Tol | Nordhaus | Average
Agriculture -0.20 | -0.19 | -0.13 -0.13 -0.16
Forestry -0.01 | -0.02 | -0.01 -0.01 -0.01
Energy -0.12 | -0.11 | -0.12 -0.12 -0.12
Water -0.24 | -0.23 | -0.24 -0.24 -0.24
Other market* -0.37 | -0.36 | -0.26 -0.05 -0.26
Coastal defence 0.00 | -0.01 | -0.08 -0.03 -0.03
Dryland -0.07 | -0.07 | -0.09 -0.08 -0.08
Wetland -0.16 | -0.16 | -0.17 -0.16 -0.16
Coastal* -0.24 | -0.23 | -0.34 -0.32 -0.28
Ecosystem -0.21 | -0.20 | -0.19 -0.20 -0.20
Health -0.26 | -0.40 | -0.77 -0.10 -0.38
Air pollution -0.08 | -0.08 | -0.08 -0.08 -0.08
Time use 029 | 029 | 0.29 0.29 0.29
Settlements -0.17 | -0.17 | -0.17 -0.17 -0.17
Extreme weather -0.01 | -0.01 | -0.01 -1.02 -0.27
Migration -0.02 | -0.02 | -0.12 -0.07 -0.06
Amenity -0.33 | -0.33 | -0.33 -0.33 -0.33
Total -1.61 | -1.71 | -2.24 -2.47 -2.01
Original 14 15| -19 -1.5 -1.6
Ratio 1.15 | 1.14 | 1.18 1.65 1.28

Bold face numbers are original estimates, normal face numbers are imputed from the average, italicized numbers are imputed by Berz from Fankhauser. *Coastal’ and *Other market” are the

sum of the three sectors immediately above.



3. The Social Cost of Carbon

3.1. Definition

The social cost of carbon is defined as the monetary value of the first partial derivative of
global, net present welfare to current carbon dioxide emissions. It is sometimes calculated as a
true marginal along a welfare-optimizing emissions trajectory, and so equals the Pigou (1920)
tax on carbon dioxide. More often, the social cost of carbon is approximated as a normalized
increment along an arbitrary emissions path. Essentially, you compute the impacts of climate
change for a particular scenario; you slightly increase emissions in 2018 and compute the slightly
different impacts; you take the difference between the two series of future impacts; discount them
back to today; and normalize the net present value of the difference with the change in emissions.

Formally

l-w
Zc Cc 0 “merne (9 1 Pc 1,8 1 Cc 1,8 1=
SCC = |2l 2N p, L Z 2
(ZCPC,O 5 27 2Ty 2Tt |\ Py @

where S CC is the social cost of carbon at time 0, E; denote emissions, P, ; population in country
c at time ¢ in state of the world s, and C consumption; p is a parameter, the pure rate of time
preference, 7 is the rate of relative risk aversion and w is the pure rate of inequity aversion; and
Ps 1s the probability of obtaining state of the world s.

There is a lot going on in Equation (2). Climate change affects different countries differently.
These effects need to be aggregated to a world total. This is the inner summation. The rate of risk
aversion 7 reflects that a dollar to a poor woman is not the same as a dollar to a rich woman. We
may follow Atkinson (1970) and care about the distribution of utility. If so, w # 0. Note that the
consumption rate of inequality aversion is 7 + w — nw, so that we would still care about income
differences (but not about utility differences) if w = 0; see Tol (2010). Carbon dioxide stays in the
atmosphere for a long time, and the climate is a dynamic system. Therefore, an additional tonne
of carbon dioxide emitted today will have a long-lasting impact, that needs to be discounted
to today. This is the middle summation. While utility is discounted at rate p, consumption is
discounted at rate p + gp + (7 + w — nw)gc, where gp is the growth rate of the population and g¢
is the growth rate of consumption. The future is uncertain, so the outer summation aggregates
across possible states of the world, with 7 and w now reflecting risk aversion. Finally, the first
partial derivative is welfare to emissions. The social cost of carbon is expressed in dollar per
tonne of carbon. The first element in Equation (2) normalizes the marginal impact on expected
net present welfare with the marginal utility of consumption at the time of emission.

Most estimates of the social cost of carbon are based on a parameterization of Equation (2).
Alternatives are possible, of course. Constant rates of relative risk aversion are mathematically
convenient, but not necessarily realistic (Donkers et al., 2001, Hartog et al., 2002, Cohen and
Einav, 2007) and may be problematic under deep uncertainty (Millner, 2013). The rate of risk
aversion triples in its role as inequity aversion and time preference (Saelen et al., 2009). Equation
(2) assumes Knightian risk, but we may want to account for ambiguity aversion too (Lemoine and
Traeger, 2016). Preferences are commonly assumed to be time-separable, but other assumptions
are possible too (Cai et al., 2016). And we may not accept the Koopmans (1960) axioms of
net present welfare (Llavador et al., 2011, Dietz and Asheim, 2012, Tol, 2013). Finally, the
social cost of carbon is defined as the global social cost of carbon, implicitly assuming a global
social planner, a benevolent philosopher-queen; Anthoff and Tol (2010) explore national attitudes
towards global welfare.
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The impact of climate change is implicit in Equation (2). The chain rule has that

6Cc,t,s _ aCc,t,s aTt,s aMt,s 6Tt,s aTt—l,s 6Mt—1,s 4

_ 3
OE, _ 0T., \oM,, 9Ey 0T, M, . OE )

if we assume that impacts depend only on the global temperature 7 ; and temperature only on its
own past and the atmospheric concentration of carbon dioxide M, ;. Reality is more complicated,
but substituting (3) into (2) leads to an intractable result. Therefore, most estimates of the social
cost of carbon rely on numerical models. Sample code in Matlab is available.

Some of the controversy concerning the social cost of carbon arises from the complexity
of its computation. Golosov et al. (2014) show that the social cost of carbon can be written
as a function of total economic output, the pure rate of time preference, elasticity of damage
with regard to the atmospheric concentration of carbon dioxide, and the rate of decay of carbon
dioxide in the atmosphere. This result hinges on the assumptions that

1. Utility is logarithmic in consumption. As shown by Donkers et al. (2001), Hartog et al.
(2002) and Cohen and Einav (2007), risk aversion is probably not constant, let alone equal
to one.

2. Time discounting is exponential. Arrow et al. (2013, 2014) review the arguments against
geometric discounting.

3. The carbon cycle follows a linear difference equation. Maier-Reimer and Hasselmann
(1987) show that the removal of carbon dioxide from the atmosphere cannot be approxi-
mated by a linear difference equation.

4. Climate change impacts are proportional to total output. Figure 2 illustrates that poverty
implies vulnerability to climate change—that is, impacts have a negative income elasticity,
and so are less than proportional to output.

5. Climate change impacts are proportional to the exponent of the atmospheric concentration
of carbon dioxide. The equilibrium temperature is logarithmic in the atmospheric concen-
tration, so Golosov assumes that impact is proportional to the exponent of the exponent
of temperature. Figure 1 suggests that the relationship between temperature and impact is
close to linear.

6. There are no catastrophic risks. Keller et al. (2004) show that catastrophes break Golosov’s
smoothness, and hence their simple function for the social cost of carbon.

In sum, none of these assumptions is realistic. Stylized models are great for insight, but insight
into irreality is worthless.

3.2. Simple model

I wrote Matlab code to combine the impact models in Table 1 with the SRES (Nakicenovic
and Swart, 2000) and SSP (Riahi et al., 2017) scenarios of population, income and emissions,
the Maier-Reimer and Hasselmann (1987) carbon cycle model and the Schneider and Thompson
(1981) climate model. Readers are free to download, run, manipulate and share the code.

Tables 3, 4 and 5 show selected results. Table 3 displays the social cost of carbon as a function
of the pure rate of time and the rate of risk aversion. As there is no uncertainty in the model,
and one representative agent only, the rate of risk aversion only plays a role in trade-offs between
current poverty and future richesse via the Ramsey (1928) rule of discounting. A higher rate of
risk aversion thus implies a higher discount rate, as does a higher pure rate of time preference.
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Table 3: Estimates of the social cost of carbon (in 2010 dollars per tonne of carbon).

Time preference\Risk aversion | 0.5 10| 1.5]20]|25
0.001% 55412241109 | 63 | 4.1
0.010% 354|156 | 8251135
0.020% 2251109 | 63|41 |29
0.030% 15.1 80| 49 |34]25
0.040% 106 | 6.1 | 39|28 |22
0.050% 77 47| 332419

Model = Tol (parabola); scenario = SRES Al; climate sensitivity = 3.0; income elasticity = -0.36.

Table 4: Estimates of the social cost of carbon (in 2010 dollars per tonne of carbon).

Model\Scenario Al | A2 | Bl | B2 | SSP1 | SSP2 | SSP3 | SSP4 | SSP5
Golosov 00| 00| 00| 00 0.0 0.0 0.0 0.0 0.0
Ploeg 15 22 15| 14 1.6 1.7 2.0 1.6 1.6
Hope 841|102 | 91| 99 8.8 93| 10.1 9.5 8.1
Nordhaus 7.7 1100 | 83| 8.7 7.8 8.6 9.6 8.5 7.5
Tol (parabola) 80102 | 86| 9.1 8.2 8.7 9.8 8.9 7.7
Weitzman (7) 88 | 11.3 | 94| 99 8.9 9.7 | 109 9.7 8.5
Weitzman (6) 87 | 112 | 94| 99 8.9 9.7 | 10.8 9.7 8.4
Tol (piecewise linear) | -3.8 | -2.5 | -4.1 | -5.8 -4.6 -4.1 -3.2 -4.5 -3.7

Pure rate of time preference = 0.01%; rate of risk aversion = 1; climate sensitivity = 3.0; income elasticity = -0.36.

The results are as expected: The lower the discount rate, the greater the care for the future, the
more concern about climate change, and the higher the social cost of carbon.

Table 4 shows the social cost of carbon for different impact models and scenarios. Alternative
scenarios do not affect the social cost of carbon that much, as the difference between scenarios
only become really pronounced in the more distant (and more heavily discounted) future. Al-
though the different impact models are calibrated to the same dataset, there are pronounced dif-
ferences between models. Golosov’s double exponential model advocates a zero carbon tax—it
has essentially zero impacts below a temperature threshold, and infinitely large impacts above.
Van der Ploeg’s single exponential model shows the same behaviour, but less extreme, and thus
argues for a lowish social cost of carbon. Tol’s piecewise linear model calls for a carbon sub-
sidy—it emphasizes the positive impacts of modest climate change. The results for the remaining
five models are relatively close to each other.

Table 5 has the social cost of carbon as a function of the two key parameters: The climate
sensitivity and the income elasticity of impact. In the base calibration, the climate sensitivity is a
warming of 3.0°C per doubling of the atmospheric concentration of carbon dioxide. Should the
climate warm faster, the social cost of carbon increases. This relationship is more than linear.
In the base calibration, the impact relative to income falls by 3.6% if income rises by 10%. The
social cost of carbon falls (rises) if the income elasticity is higher (lower). Again, the relationship
is nonlinear: A lower income elasticity has a greater effect than a higher one.
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Table 5: Estimates of the social cost of carbon (in 2010 dollars per tonne of carbon).

Income elasticity\Climate sensitivity | 1.5 | 2.5 | 3.0 | 4.5
-0.00 3895|133 | 283
-0.18 30| 7.3 | 102 | 21.6
-0.36 23 (57| 80| 169
-0.72 15|37 | 52 11.0

Model = Tol (parabola); scenario = SRES Al; Pure rate of time preference = 0.01%; rate of risk aversion = 1.

3.2.1. Uncertainty and risk aversion

Table 5 shows that the social cost of carbon is more than linear in the climate sensitivity.
For an income elasticity of -0.36, SCC = 0.445CS + 0.736CS? is an excellent fit, where CS
denotes the climate sensitivity. This immediately implies that, if the uncertainty about the climate
sensitivity is symmetric, the mode of the social cost of carbon, displayed in Table 5, is smaller
than its mean. However, the probability density function of the climate sensitivity is right-skewed
and may be fat-tailed. Roe and Baker (2007) argue that CS = C]S _/;0 where CS y—p = 1.2K and
total feedback f is normally distributed. They set its standard deviation to 0.13. If its mean is
0.6, the mode of the climate sensitivity is 3K, as above.

The mode of the social cost of carbon is $8.0/tC for 3K, the mode of the climate sensitivity.
The expectation of the social cost of carbon is $50.6/tC, if the uncertainty about the climate
sensitivity follows the Roe-Baker distribution, as described above, and the social cost of carbon
is a quadratic function of the climate sensitivity, as described above. Assuming a utility function
with a constant rate of risk aversion equal to one, the certainty equivalent of paying the social cost
of carbon as a tax is $51.1/tC, if evaluated for the global average income of $9500/person/year
in 2010 and the average emissions of 1.3 metric tonnes of carbon per person per year. If the rate
of risk aversion is two, the certainty equivalent social cost of carbon is $51.6/tC.

This illustrates two things. Firstly, as the uncertainty about climate change is large and
skewed the wrong way, there is a large difference between the mode and the mean, the best
guess and the expectation. The latter matters, of course, for decision analysis.

Secondly, because the carbon tax that would optimally be levied is small relative to income,
the risk premium is relatively small. Uncertainty is more important than aversion to risk.

Combining this insight with the range of estimates in Table 4, suggests that ambiguity aver-
sion is similarly of secondary importance—even though experts vigorously disagree. Similar
conclusions are drawn by other studies (Welsch, 1995, Eismont and Welsch, 1996, Cameron,
2005, Traeger, 2014, Tol, 2015, Lemoine and Traeger, 2016, Heal, 2017).

3.3. Meta-analysis

Tol (2018) counts 111 studies of the social cost of carbon and 1213 estimates. Since that
survey was completed, 534 estimates have been published in 14 new studies (Ackerman and
Munitz, 2016, Adler et al., 2017, Budolfson et al., 2017, Cai et al., 2016, Dayaratna et al., 2017,
Dennig et al., 2015, Freeman and Groom, 2014, Freeman et al., 2015, Freeman and Groom,
2016, Hatase and Managi, 2015, Lemoine and Traeger, 2016, Nordhaus, 2017, van der Ploeg,
2015, Rose et al., 2017).

I construct a probability density of the social cost of carbon for all published estimates. The
method follows Tol (2013), with the estimates weighted by study characteristics, as in Tol (2005).

13



van den Bergh and Botzen (2014) argue that estimates below $125/tCO, are not credible. Theirs
is but one paper. Estimates are therefore weighted by %I scc<san/ic + 2]\[]"—_11 sces>s422/1c, Where
N = 125 is the number of studies, I is the indicator function, and $422/tC is their threshold in
2010 dollars. In addition, estimates in excess of $7,600/tC are excluded, as this would imply
a carbon tax that exceeds 100% of GDP (at the global average of the carbon intensity of the
economy). Estimates between $1,150/tC and $7,600/tC are discounted by a linear function that
equals 1 for $1,150/tC and 0 for $7,600/tC. If the carbon tax equals $1,150/tC, 100% of govern-
ment revenue is from the carbon tax (at the global average of the carbon intensity of the public
economy). This assumes that the social cost of carbon is a tax that should be paid. If, on the
other hand, the social cost of carbon is interpreted as a marginal welfare loss, then there is no
upper bound.

The probability density function (PDF) is a kernel density. The kernel function is a Weibull
distribution, a heavy-tailed PDF defined on the positive real line. The mode is set equal to the
estimate, the bandwidth to the sample standard deviation. The models developed by Hope and
Tol acknowledge the possibility that the impacts of modest climate change may be positive.
For these estimates, the kernel function is a Gumbel distribution: defined on the real line, heavy-
tailed, and right-skewed.The kernel functions for estimates by other authors are therefore knotted
at zero.

3.3.1. Results from the meta-analysis

Figure 4 presents the probability density of the social cost of carbon for estimates based on
selected pure rates of time preference (PRTP). The higher the discount rate, the lower the concern
for the future, and the lower the social cost of carbon: The mode is $202/tC for a 0% PRTP,
$100/tC for a 1% PRTP, and $28/tC for a 3% PRTP. Furthermore, as the uncertainty grows as we
look further into the future, a lower discount rate implies a loss of confidence, with a standard
deviation of $644/tC for a 0% PRTP, $471/tC for a 1% PRTP, and $35/tC for a 3% PRTP. The
higher mode and standard deviation come together in the mean social cost of carbon, which is
$686/tC for a 0% PRTP, $378/tC for a 1% PRTP, and $43/tC for a 3% PRTP. To provide some
context, burning a barrel of oil emits 0.43 metric tonnes of carbon dioxide. A $28/tC carbon
tax is thus equivalent to $3/barrel, while a $686/tC carbon tax is equivalent to $80/barrel. The
former carbon tax is small (< 5%) relative to today’s price of oil, while the latter tax is on the
same order as the oil price. In early May 2018, the price of carbon permits in the European Union
Emission Trading System (EU ETS) was $59/tC. In February 2018, permits were auctioned by
the California Air Resources Board at $55/tC. This suggests that current climate policy in the
most progressive jurisdictions in the world can readily be justified by cost-benefit analysis, and
may need to be tightened.

3.3.2. Publication bias

Havranek et al. (2015) argue that lower estimates of the social cost of carbon are less likely
to be published than higher estimates. However, the literature on the social cost of carbon does
not appear to suffer from confirmation bias. The received wisdom is regularly challenged, at
least qualitatively (Tol, 2018). Figure 5 shows the median and the 90% confidence interval for
estimates of the social cost of carbon published in a particular year and published in previous
years. In 8 out of 14 years, new estimates fall outside the 90% confidence interval, 5.7 times
more than expected. In this literature, people are not afraid to challenge each other.

Figure 5 suggests a gradual decline in the central estimate of the social cost of carbon and a

modest tightening of its confidence interval. Downward revisions of the social cost of carbon are
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Figure 4: Probability density function of the social cost of carbon for alternative pure rates of time preference.

not support (because the trends are statistically insignificant) while upward revisions run against
the balance of evidence.

3.4. Deep uncertainty

Weitzman (2011) argues that the uncertainty about climate change is so large that the ex-
pectation of the social cost of carbon is unbounded. Weitzman’s argument is theoretic, but does
not some to be supported by evidence presented here. Moreover, Weitzmans result only holds
in partial equilibrium (Horowitz and Lange, 2014), for zero mitigation (Millner, 2013), and for
constant relative risk aversion (Arrow, 2009), while alternative decision criteria do not lead to
substantially different policy advice concerning optimal climate policy (Anthoff and Tol, 2014).

3.5. The social cost of carbon over time

Climate change is a dynamic problem, and so is climate policy. It is important to set a price
of carbon today. It is at least as important to announce a carbon price for later, so that investors
and inventors can anticipate the future demand for carbon-free energy. Figures 6 and 7 illustrate
how the social cost of carbon should change over time.

Figure 6 uses the simple model discussed above to compute the social cost of carbon at the
start of every decade from 1750 to 2100. Costs are discounted to the year of emission. The pure
rate of time preference is 1%, the rate of risk aversion 1. The scenario is SRES Al. The impact
model is parabolic; it only allows for negative impacts of climate change, see Table 1. The social
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Figure 5: The median and the 90% confidence interval of the social cost of carbon as a function of the year of publication.
The diamonds show the characteristics of estimates published in the year displayed on the horizontal axis, the lines
estimates in previous years.

cost of carbon starts low at $0.26/tC in 1750% and rises to $41.77/tC in 2060. Between 2010 and
2050, the social cost of carbon rises by 2-3% per year.

After 2060, the social cost of carbon falls. This is because the model has its time horizon
at 2100. Climate change will probably not stop then, but the model does. With a relatively low
discount rate, for later years, an increasingly large share of the net present value is ignored in
the estimation of the social cost of carbon. This highlights the interaction between the choice of
time horizon and discount rate. Tol and Yohe (2009) show that a pure rate of time preference of
0.1% requires a time horizon of 10,000 years.

Figure 7 shows the kernel distribution of the growth rate of the social cost of carbon, using
a Normal kernel function with 1.06 times the sample standard deviation over the quint root of
the number of observations as bandwidth (Silverman, 1986). The sample is a subsample of the
papers used above, restricted to those papers that published estimates of the social cost of carbon
at two or more points in time; if more than two time periods are reported, I used the earliest data
and the latest at which the social cost of carbon was still rising.> The modal growth rate is 1.9%
per year, the mean growth rate 2.1%. The distribution is right-skewed. The probability that the
social cost of carbon should fall over time is 0.6%. In other words, if you pick a carbon tax of
$100/tC in 2018, you should pick a carbon tax of $102/tC in 2019.

’Linearisation at the margin is the appropriate way to apportion liability for past emissions.
3In the long run, the social cost of carbon may start falling as emissions approach zero and the climate starts to cool.

16



45

40

35

30

25

20

dollar per tonne of carbon

10

5

[ e i e e e L i e B o e B e T L e e e e e e L B e
SO0 LELLEeLoooeoeoe@
MO0 RNOD AT O AN TUUO IO T AOT VOO
D000 0VOXANANNNANNANNANNODODODODODODOS OO —
— e e e e e e e e e e e e e e e e e = = = AN AN AN AN ANANAANAN

Figure 6: The evolution of the social cost of carbon over time.

4. Discussion and conclusion

Contrary to popular belief, the total economic impacts of climate change are modest. The
best guess is that a century of climate is about as bad as losing a year of economic growth. The
uncertainty is rather large, and negative surprises are more likely than positive ones. Poorer
countries are more vulnerable. Taken that into account, a century of climate change is about as
bad as losing a decade of growth.

There are many caveats. Valuing impacts is hard, and extrapolating values harder. Impact
assessments are incomplete, but incompleteness only implies bias if the missing impacts are
predominantly negative. Impacts are contingent on adaptation and development, but current
models of adaptation are overly simplistic and typical estimates reflect the impact of a future
climate on a society of the recent past. Impact estimates are comparative static, ignoring the
dynamic effects. Impact assessments focus on the most likely outcomes at the expense of more
salient but hard to quantify tail-risks.

As the economic impact of climate change is negative, there is a benefit to reducing green-
house gas emissions. Indeed, a meta-analysis reveals that the vast majority of published estimates
of the social cost of carbon is positive. That is, at the margin, emission reduction is beneficial.
Greenhouse gas emissions should be taxed, at a rate that gradually increases over time. Estimates
vary widely, because the social cost of carbon depends on many parameters that reasonable peo-
ple can reasonably disagree about, including scenarios about how the future might unfold, the
response of the climate system to emissions, and the impact of climate change and its valuation.

Estimates of the social cost of carbon are also determined by ethical parameters such as
the rates of pure time preference, risk aversion, and inequality aversion (Anthoff et al., 2009).
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Figure 7: Probability density function of the growth rate of the social cost of carbon.

These parameters can be set with reference to the guidance provided by religious leaders (Au-
gustine, Muhammad), philosophers (Socrates, Rawls) or other thought leaders (Johnny Rotten,
Lady Gaga). But as the social cost of carbon is meant to guide the government in its choice of the
ambition of climate policy in the near term, this is tantamount to paternalism. Alternatively, the
government may decide to follow the will of the people. Unfortunately, measuring preferences
is difficult (see e.g. Frederick et al., 2002) and preferences revealed through private transactions
need not reflect preferences for public policy (for instance when that private transaction involves
a public good; see Bergstrom et al., 1986).

Future research should lead to a better understanding of the social cost of carbon. Estimates
for understudied impacts—transport, energy supply, tourism, ocean acidification, water and air
pollution—and the interactions between climate and development would complete the analysis,
while further study of other impacts may narrow the uncertainties. Part of the current uncertainty
is irreducible, as the social cost of carbon measures the impact of future emissions on future soci-
eties. With regard to ethical parameters, the best we can do is a careful mapping of assumptions
to conclusions, as it is not for us to decide what the right numbers or approaches are.
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