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Abstract

A simple and transparent method for the uncertaamiglysis of damage cost estimates
is presented and applied to the damage cost ofckassical air pollutants. The
uncertainty is characterized in terms of geomestandard deviationsog and
multiplicative confidence intervals: if a cost hlasen estimated to bey(geometric
mean~ median) with geometric standard deviation, thebpbility is approximately
68% that the true value is in the intervalgfmy, Ug.0g] and 95% that it is in
[Mg/0g?, Hg.0g?]. For NQ,, SG; and PM, 0y is about 3. For C@and climate change we
estimate the uncertainty on the basis of a liteeatteview. The literature review
indicates aog of about 5.

The effect of the uncertainties on several poliegices is evaluated, in particular on the
optimal levels for national emission ceilings. Weoaevaluate the benefit of reducing
the uncertainties by further research (to helptifiethe priorities for such research).
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1. Introduction

The objectives of this report are:

* To evaluate the uncertainties of the costs (batrafg and external) estimated in
this project;

* To evaluate the effect of these uncertainties dicypdecisions, e.g. choice of
energy technologies, choice of emission limits, #redresulting emission levels;

* To evaluate the social costs if the wrong policgichs are made because of
errors or uncertainties in the estimation of thete@stimated in this project;

* To evaluate the benefit of reducing the uncertasiiy further research (to help
identify the priorities for such research).

The uncertainties of environmental damages artotalarge for the usual error analysis
of physics and engineering (using only the firstrten a Taylor expansion). Rigorous
systematic assessment of the uncertainties isudliffand few studies have attempted it.
Most merely indicate an upper and a lower valué,dased on the range of just one
input parameter or by simply combining the uppedt Eawer bounds of several inputs,
without taking into account the combination of umamties (e.g. of atmospheric
dispersion, dose-response function and monetanatiah). Many damage assessments
involve so many different inputs that an analytisalution was usually not considered,
and of the uncertainty analyses that have been,dangost all use Monte Carlo
techniques and numerical calculations [see e.g.gitoret al 1984, and Morgan &
Henrion 1990]. The Monte Carlo approach is powedapable of treating any problem,
but it is computationally intensive and the resltblack box”: it is difficult to see how
important each of the component uncertainties ibaw the result would change if a
component uncertainty changes — especially foradeewho does not have access to
the details of the calculations.

As a simple and transparent alternative Rabl armad& [1999] have developed an
analytic approach based on lognormal distributionke justification lies in the

observation that the calculation involves essdmptialproduct of factors, and that the
resulting uncertainty of the product is approxirhategnormal for most damage costs
of pollution. Thus it suffices to specify geometnmean and geometric standard
deviations, or equivalently, multiplicative confit® intervals about the geometric
mean (which is usually close to the median for dgmeosts). They can be interpreted
in terms of multiplicative confidence intervals thle lognormal distribution: if a cost

has been estimated to bg fgeometric mear= median) with geometric standard

deviationag, the probability is approximately 68% that theetwalue is in the interval
[Mg/Og, Mg.Og] and 95% that it is in [ylog2, Yg.04%]. Following the practice of the
physical sciences we show error bars correspontiing standard deviation, unlike
epidemiology and the social sciences where 95%idemée intervals~ 2 standard
deviations) are usually reported.
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Compared to a Monte Carlo analysis, this analyigreach yields typical answers that
are easy to apply and communicate; the calculagisimple enough to allow the reader
to modify the assumptions and see the consequeragthermore, the analytic
approach can be coupled with Monte Carlo resultsckrtain steps of the impact
pathway analysis, thus combining the best featafesach method; that has been
demonstrated by Spadaro and Rabl [2007] for th@edsson of the classical air
pollutants.

Whatever the method, an assessment of the undestaof damage costs must begin
with a detailed examination of the uncertaintieseath of the inputs to the impact
pathway analysis, to estimate standard deviatiod ahape of the probability
distribution of their uncertainties. This involvegpert judgment with its unavoidably
subjective aspects. These component uncertairrgethan combined to obtain the total
uncertainty of the damage cost. In Section 2 weatgthe original estimates of Rabl &
Spadaro [1999] and show the results for mortatity, most important impact of the
classical air pollutants (NOQPM, and S@). Of course the total damage cost of these
pollutants is the sum over all impact, for instahealth and agricultural losses. Spadaro
and Rabl [2007] have shown that for typical cades distribution of a sum of
lognormally distributed damage costs is also apprately lognormal; they have also
developed a simple approximate method for estirgatile geometric mean and
geometric standard deviation of the distributioriha sum.

This method can readily be used for most pollutamés only NQ, PM, and S@ but
also toxic metals and dioxins. For greenhouse gasesontrast, we have not been able
to carry out an analogous analysis because wetlii@groblem too complex, with too
many different impact types and too many possil@mage mechanisms. A thorough
analysis, with detailed examination of the uncettas of each of the inputs, would
require mastery of models such as FUND or PAGEarbiebeyond the scope of the
present project. For that reason we use a simpdabapproach for greenhouse gases,
and the presentation is different from the classiggoollutants.

The effects of the uncertainties on policy choiaes explored in Section 4: in Section
4.1 the effect on different levels of internalipaij in Section 4.1 the effect on emission
ceilings. Finally, in Section 5, we evaluate thedfé of reducing the uncertainties by
further research.

2. Uncertainties for PM, NOx and SO2

2.1. Methodology

The damage cost C for a single impact or health poidt due to a pollutant is
essentially a product of uncorrelated variablegxadained in the paper of Spadaro and
Rabl [2007]. That is obviously the case if one daespproximate calculation using the
“uniform world model” (UWM)

C= ploSCR/Vdep (1)
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where p = cost per case (“price”) [€/case],

scr = CRF slope [(cases/yr)/(persg(md))],

p = average population density [persmwithin 1000 km of source, and

Vaep = deposition velocity of pollutant (dry + wet) [si/
The UWM is exact (because of the conservation oftenain the limit where the
distribution of either the sources or the receptsraniform and the key atmospheric
parameters are the same everywhere. In practicagiteement with detailed models is
usually within a factor of two for primary pollutenand stack heights above 50 m. For
secondary pollutants such as nitrates and sultéesvariation with stack height is
negligible, and the agreement between UWM and lgetanodels is better than a factor
of two. It yields typical, rather than site-specifiesults and is therefore relevant for
policy applications where the sites are not knowadvance.

But even for a detailed site-specific calculatiosing computer programs such as
EcoSense, the key elements of the calculation émteultiplicative fashion. Looking
at a product z of uncorrelated variables x

Z=X X2X3... 4 ‘ (2)‘

and taking the logarithm, one sees that the familides for the mean and standard
deviation of a sum can be applied to the logarithiiee mean of the logarithm of a
random variable is the logarithm of the geometreamyug; specifically, if p(z) is the
probability distribution of z, the geometric meargiven by

In(Mg) = | p@) In(z) dz (3)

Since the mean of Ipg,) is the sum of the logarithms of the geometric msgg,; of the
Xi, Ugz IS given by the product

Mgz = Hgx1 Mgx2 --- Hgxn . | (4) ‘

Let us now define the geometric standard deviatigras

IN(0g)1?= | p(2) In@) - Ini)]? dz )

and analogously for the.xAssuming independence of the distributions onddithat
the geometric standard deviatiog, of the product z is given by

[IN(0g2)]? = [IN(0gx)]® + [IN(Og]® + ... + [INOgxn)]? . | (©)]

This is the key formula for our estimation of thecartainties. One needs to estimate the
geometric standard deviatiomg,; for each of the factors; xn the calculation and
combine them according to this equation. The netatmportance of each uncertainty
source is immediately obvious: because of the qiedcombination of terms, terms
with smallog. make a negligible contribution to the total unagnty.
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2.2. Total gy of Damage Costs

Based on a review of the literature and on expstgment, we have estimated the
geometric standard deviationsy,; for each of the key parameters that enter the
calculation of mortality, which is by far the doramt impact; the results for other health
endpoints are essentially the same. Since the wotiparcts of the classical air pollutants,
namely crop losses and damage to buildings, ang small compared to the health
impacts, their uncertainty makes a negligible dbaotron (again because of the usual
quadratic combination of terms).

Table 1 shows our assumptions for the componergrtainties and the result for the
damage cost for mortality. Of course such choioeslve expert judgment with their
inevitable subjective aspects. However, it is efmythe reader to make different
choices and calculate the correspondmgFor sulfates and nitrates ExternE assumes
the same CRFs as for PM (apart from an overall esdattor), therefore the
contributions to the uncertainty are the same farheof these pollutants, with fairly
insignificant differences due to

i) atmospheric dispersion and chemistry (we assulifierent geometric standard
deviations for PM, NQand SQ).

i) the toxicities of primary PM, sulfates and aies relative to ambient BRM as
discussed at the end of Section 3.2 of Spadardabti[2007].

The resulting geometric standard deviations ar8 &7 primary PM, 3.26 for S£and
3.39 for NQ. The distribution of a product is exactly lognoinfaach of the factors is
lognormal. In practice it is sufficient for the tacs with the largest widths to be
approximately lognormal, a condition satisfied e tpresent case. Thus lognormality
for the distribution of the result is very plaugilfbr the damage costs.

We show three significant figures only to bring dbe differences between these
pollutants and the larger uncertainties of the sdaoy pollutants. But in view of the
subjective and rather uncertain assumptions we tbhachake about the component
uncertainties, we believe that it is best to simgyn up the results by saying that the
geometric standard deviation of these damage ¢ostapproximately 3. For chronic
bronchitis the results are similar. For pollutasiieh as dioxins, As, Hg and Pb whose
impacts come mostly from ingestion, we estimatay wveughly, that the geometric
standard deviation is around 4.
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Table 1. Uncertainty of damage cost estimates gaflpollutant for mortality. Sample
calculations of geometric standard deviatigy inserting the component uncertaintigg into
Eq.6. The relative contributions of tig, to total can be seen under fp()°.

O Oy Oy
lognormal? PI%/II In(gz)> SO, In(gz> NO,  In(gy)?
via sulfates via nitrates

Exposure calculatic

Dispersion yes 1.5 o0.164 1.7 0.282 1.7 0.282

Chemical transformation yes 1 0.000 1.2 0.033 1.4 0.113

Background emissions no 1 o000 1.05 0.002 1.15 0.020
Total gy for exposure 1.50 o16 1.76 0.32 1.90 0.41
ERF

Relative risk no 1.5 o0.164 15 0.164 15 0.164

Toxicity of PM components ? 1.5 o0.164 2 0.480 2 0.480

YOLL, given relative risk no? 1.3 0.069 1.3 0.069 1.3 0.069
Total gy for ERF 1.88 040 2.33 0.71 2.33 0.71
Monetary valuation

Value of YOLL (VOLY) yes 2 0.480 2 0.480 2 0.480
Total (Eq.6) 2.78 1.04 3.42 1.51 3.55 1.61

2.3. Placement of the Confidence Intervals

A comment is required about the placement of th#idence intervals relative to the

damage cost estimates. In fact, one needs to @nsitkther the key parameters of the
calculations have been estimated as means, mediassmething else, for instance
modes (= point where the probability distributiohpmssible parameter values has its
maximum). Our informal survey of the practice ofsearchers in the respective
disciplines leads us to the conclusion that thecgtpchoice is the mean. Contingent
valuation studies might appear to be an exceptothis rule because they frequently
state the median rather than the mean willingnegsy; however, this is done to

reduce the influence of extremely high responsasdhe clearly unrealistic and would

bias the result upward. The usual goal is to obthm best estimate of the true
population mean, as explained by Baker at al [2006]

Since the confidence intervals that have been aestuinfor the damage costs are
symmetric around the median (=geometric mean fgndomal distribution) on a
logarithmic scale, their placement relative to tineoted damage costs has to be
modified. Recalling Eq.16 of Spadaro and Rabl [300& note that for a lognormal
distribution the ratio of meagmand median is given by

_ [In(a,)1? (7)
WHg = ex;{T] :

There is a sizeable difference between median aa&hiras can be seen in Fig.1 where
the ratios median/mean, upper/mean and lower/meamplatted as function of the
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geometric standard deviatiary for a lognormal distribution. For example, witlg = 3
the mean/median ratjo'yg is 1.83.

Fig.1. Median f4), upper boundy x g;) and lower boundgy/ gy), all divided by the meag,
as function of the geometric standard deviatigrior a lognormal distribution.

1.5
1.0
"""""""""""""""""""""""" —o—upper/mean e
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0.5
0.0
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To see what this implies for the placement of tippear and lower bounds, let us
consider the numbers for PM damage cost accordintpg UWM of Eq.1. Table 2
shows the results for the placement of the confideimtervals. We takey of the
depletion velocity ¥pas the total for atmospheric modeling, namelycbmbination of
the oy, for dispersion and chemical transformation, as Tale 1. For PM the ratio
lower bound/mean is 0.59/2.78=0.21 and the uppend/mean is 0.59 * 2.78 = 1.65.

Table 2. Placement of the 68% confidence interftads, High] for UWM.
Mean =y, median =44 The equations used for this can be found in Speaiad Rabl [2007].

PM SC, _NO
via sulfates via nitrates

Wy for exposure (¥ 1.09 1.17 1.23
Wiy for CRF 1.22 1.43 1.43
Wy for monetary value p 1.27 1.27 1.27
Wiy for UWM 1.68 2.13 2.23
Uy for UWM 0.59 0.47 0.45
Low/pg = liog for UWM 0.36 0.29 0.28
High/yg = o4 for UWM 2.78 3.42 3.55
Low/u for UWM 0.21 0.14 0.13
High/u for UWM 1.65 1.61 1.59
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Since the estimation of uncertainties is extrenuglgertain, we believe that it would be
appropriate to cite just a single set of resultsafo pollutants such as PM, $@nd NQ
that act via inhalation. For policy applicationpital uncertainties are more instructive
than detailed values of geometric standard deviato each source and each impact.
For inhalation of most air pollutants we sugge$gmcal geometric standard deviation
of 3 and the ratios median/mear0.5, low/mear~ 0.2 and high/mean 1.6. For toxic
metals we estimate, very roughly, tlgtmight be around 4; the corresponding ratios
are median/meam 0.38, low/mear: 0.1 and high/mean 1.5.

2.4. Sum over Endpoints, Impact Categories or Pollutants

We have also developed a simple method for estigpdtie uncertainty of the sum of
damage costs for a set of different impact typepddutants, and we have verified its
usefulness by means of detailed Monte Carlo cdions. We have verified with Monte
Carlo calculations for a large number of realistases that the sum of lognormally
distributed damage costs is, to an excellent apm@ation, also lognormal. Then we
have derived two analytical estimates for the gddmetandard deviation of the sum,
one an over- the other an underestimation. Finalyhave found that the average of
these two estimates turns out to be remarkablyedioghe correct answer. The details
can be found in Spadaro and Rabl [2007].

As a general observation we note that whereaslibelate error of a sum is larger than
the absolute errors of the summands, the relatieg s smaller than the largest relative
error of the summands: in the cases we have exdnioreair pollution, the relative
error of the sum can even be significantly smalfer the cost per kWh, for most
energy systems, there are contributions from;PMICOx and SQ, as well as the
greenhouse gases. For the latter the uncertaimych larger than for the former; it is
difficult to estimate but might correspond to a igedric standard deviation of 5. Thus
the geometric standard deviation of the cost peh k\intermediate between 3 and the
one of the greenhouse gases, and in most casedaser to the former than the latter.

3. Uncertainties for Greenhouse Gases

As explained at the end of the Introduction, weehaot been able to implement the
detailed approach of Section 2 for climate chadgean alternative we have looked at
the range of damage cost estimates in the litexatarparticular the recent review by
DEFRA [2004, 2005] in the UK and the review of T2005], see Section 3.1. We have
also developed a simplified model of damage andeafent costs, in order to carry out
a sensitivity study of the optimal emissions leviegit is described in Section 3.2.

3.1. Review of the Literature

A number of integrated assessment models have Heeeloped to assess
climate change damage costs and their evolution tiwe. Some are based directly on
the impact ofdT on Gross Domestic Product (GDP) or Gross World&co (GWP).
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Others, in particular FUND (Tol, 1995) and PAGEafiRbeck and Hope, 1996), attempt
to simulate climatic impacts in more detail, e gcading to the categories or economic
sectors to which they apply. One of the pioneemmgdels in this field was DICE
(Nordhaus, 1991 and 1994). DICE optimizes the t@ffibetween the costs of climate
change and the costs of restricting £amMissions. The damage cost simulation of DICE
is based on the assumption that a 3 °C warmingciesla 0.25 % loss of GDP in the
USA, based on estimates of market damages suchopslass, forestry impact, and
shoreline erosion. This value is raised to 1 % ¢ooant for all probable damages,
especially non-market ones that are generally tagliantify. In order to render DICE
applicable globally the relative loss is furthecreased to 1.3 % of GWP, as many less
developed countries are more dependent on e.gudtgre and have as such a more
limited ability to adapt to the effects of climathange. Furthermore, Nordhaus
recognizes that for temperature rises higher th&n 8isproportionally large damages
are likely to result, so that a quadratic functi®then a more appropriate relation. Most
of the subsequent climate-economy models have adoatsimilar climate change
damage cost formulation. Since it is broadly acegphat this formulation is among the
most significant determinants of the outcomes pceduwith these models, the present
article focuses on the sensitivity of climate pplioaking to the representation of, and
uncertainties in, climate change damage costs.

Another widely used climate policy assessment mesldlERGE, a multi-
region Ramsey-Solow optimal growth model includgrgenhouse gas emissions and a
global climate module (Manne and Richels, 2004ai be operated in a cost-benefit
mode, in which a time path is chosen for emissitireg maximizes the integrated
discounted utility of consumption, after makingoalance for the disutility associated
with climate change. The assumptions in MERGE widlgards to the damages
generated by climate change are acknowledged highéy speculative. At present, it is
challenging to render them more accurate givenrtitBmentary state-of-the-art of
climate change damage assessment. They remaimdombment based on informed
judgment and inspection of the literature produsedar. Whereas MERGE includes
both market and non-market damages, it focusebefatter, as they are considered the
largest. In particular, market and non-market dagsaye assumed to be linear and non-
linear with temperature increases, respectively]l totllow the type of assumptions
made in DICE (Nordhaus, 1994). Thus, the loss tiesufrom climate change, possibly
even climatic catastrophe, is supposed to incrdageoportionally (in this case again
quadratically) if mankind passes beyond an aveegwspheric temperature increase
of a few "C. While different numerical assumpti@me made for different regions in the
world, Manne and Richels (2004) presume that fdiTaf 2.5 °C an economic loss of
2 % of GDP is incurred in high-income countries dither words, the willingness-to-
pay to avoid such a temperature increase is 2 @0#)! This fraction of GDP, which
can be interpreted as a reduction in welfare, $¢ for conventional consumption by
households and government. At the basis of sinaratperformed with models like
FUND and PAGE, and of the other modeling exercisésrred to below (Cline, 1992;
Fankhauser, 1995; Titus, 1992), are similar danwg assumptions as in DICE and

! For low-income countries, like China and Indiag thockey-stick’-parameter they use in MERGE is
smaller than 1. This means that at a per capitaarnncome between $5,000 and $50,000 a region is
only willing to pay 1 % of GDP to avoid a 2.5 °Qmigerature rise, and at $5,000 or below basically
nothing. At $50,000 or above the 2 % of GDP williegs-to-pay applies.

10
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MERGE, in some cases detailed per sector and/dor@dtill, the parameter choices
and corresponding specific quantifications of daenagsts, and thus the numeric way
the quadratic temperature dependence is introdusethese models, often vary
substantially, as shown in the next section.

Two recent studies have produced an overview ofngportant part of the
climate change damage literature and made a cosepaadf two modeling exercises
determining the marginal damage cost of,GDEFRA, 2004 and 2005). They report
calculations of the ‘social cost of carbon’, that the derivativelCya/dE of the total
damage cos€Cyam With respect to the emissions leel Fig.2 shows the main results
from these analyses: ‘central guidance’ valuesdfdy,,/dE (thick middle curve) with
one set of lower and upper central estimates (dbshbeves) and a set of lower and
upper bound estimates (thin outer curves), specifie six points in time until 2050.
We have transformed the original data into unit€fo,, using an exchange rate of
1.5 €/£. Also, in view of the remainder of our ars&d, we have solely used values for
dCyanf/dE, rather than a merger between datadiGs,.{dE and marginal abatement cost
as reported by DEFRA (2004) and interpreted asoraghadow prices. Otherwise, the
data behind Fig.2 follow the recommendations of REK2004).

The middle curve represents the average of the-dependent means as
calculated by FUND and PAGE, two models commonlyliap in this field. Both are
integrated assessment models designed to jointhulate economic growth, GO
emissions, and climate change impdcthese values are recognized to not cover all
climate change damage costs, as they exclude,xmm@e, major climatic events,
socially contingent effects and many of the nonkearimpacts. For the economic
assessment of catastrophic climate change imp&#sas used in these models and the
one we present below has strong limitations, sbiths preferable to apply other types
of analysis instead (see e.g. Weitzman, 2007 arfte)Y®996). Damage cost estimates
strongly depend on the time discounting method,urapsions regarding equity
weighting, and the supposed risk aversion or vghiess-to-pay to avoid damages. The
dCyanfdE numbers generated by FUND and PAGE are based lativety low and
declining discount rates, and include moderate ajlassumptions on equity weighting
and risk aversion. These subjects remain matterofinued scientific and political
debate.

The other four curves indicate the uncertaintygeanf the central graph. The
dashed curves directly below and above the middle @present lower and upper
estimates for the central guidanced@y../dE. For the lower central curve a value of
14 €/to2is taken in 2000, as proposed by DEFRA (2005).ifsoevolution over time it
is assumed that the ratio (central / lower centrathains fixed. The lower central
estimate of 14 €/, is considered reasonable for a global decisionestrcommitted
to reduce the threat of dangerous climate changeruelatively low time discounting
and equity weighting and a modest level of riskranam to extreme damages. The 95%
confidence level numbers calculated by PAGE arel figsethe upper central curve, to

2 Differences sometimes exist, however, in assumptin the tolerable temperature rise, defined @s th
AT below which no climate change damage is expediédile most models suppose a tolerable
temperature of 0 °C, Manne and Richels (2004) asdtito be the temperature level in 2000 (which was
about 0.7 °C higher than the average pre-industaiale) and Plambeck and Hope (1996) 2 °C.

® For the original descriptions of these models, feeeexample Tol (1995) and Plambeck and Hope
(1996), respectively.

11
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express that high values fdCyan{dE may well occur, as a result of e.g. unpredictable
but possibly large social contingencies. The thieo bound curves reflect an even
larger cost range uncertainty. The lower bountés3% CL estimate of PAGE, and the
upper bound the average between the 95% CL sirmogatf FUND and PAGE. Even
though the range thus obtained is enormous, itdstés not fully capture all published
estimates. NegativdCyan{dE values have been reported (implying net climatenge
benefits rather than costs) as well as values leoof times higher than the top
dCyan/dE value of 200 €45, in 2050.

Fig.2. The marginal damage cost of £@Cy..,/dE, expressed in €&b,, versus year of
emission. Data based on DEFRA (2004 and 2805).

dcdam/dE [€/tCOZ]
200

—+— Upper bound
— A= Upper central
—o— Central

—O=—Lower central
150 ——>¢— Lower bound

100 | — _

2000 2010 2020 2030 2040 2050

In addition to presenting the future evolution adinginal damage costs of Fig.2
as derived with FUND and PAGE, DEFRA (2004) rep@assestimate fodCyan/dE
applicable today a mean value of 3%§#t with 5% and 95% values of respectively -
4 €licozand 123 €40, based on a summary of results found througleeatiaire review.
The estimates for 2000 reported in Fig.2 fall weithin this range. DEFRA (2004)
recommends to use the curves of Fig.2 in a mulel@approach. The central range is
intended for most day-to-day policy appraisal (like relatively minor short-term
infrastructure construction projects or local eamimental impact assessments) and the
full range for major long-term purposes (such as mlational planning of an energy
security strategy) or uncertainty analysis in aglocost-benefit framework (as in this

paper).

“ Unlike reported in DEFRA (2004), we have not rouhded fittedCy,m values so as to obtain ‘overall-
trend’ distributions allowing the use of fixed rai@f increase.
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Tol (2005) also reviews a large number of climatange impact studies, and
combines over 100 estimates for the marginal dancage of CQ to form an overall
probability density function. The uncertainty preve be strongly right-skewed, with a
median of $3.840,, a mean of $25.4/,, and a 95% CL of $9%.. According to Tol
(2005), under standard assumptions of time disdoginequity weighting, and risk
aversion, the marginal damage cost is unlikelyximeed $1480,, and is probably even
smaller. This value is significantly lower than tB85/to, reported by the widely
publicized Stern Review (Stemt al, 2006). The discrepancy can to a large extent be
explained by the very low value of the social distiorate employed in their review, in
comparison to the discounting conventionally usBads@gupta, 2006 and Nordhaus,
2006).

The highly skewed distribution of damage cost estés in the literature
(DEFRA, 2004 and Tol, 2005) is fairly consistentttwa lognormal function, even
though a few studies claim negative damages. Indgletial climate change probably
produces both winners and losers, at least at ratgl&gmperature increases, but we do
not believe that the net world-wide damage costccbe negative for any increase of
the atmospheric COconcentration. As representation of the estimébesd in the
literature we therefore take a lognormal distribatiand choose for its parameters a
mediang = $3.8/t02 and upper limiyy gy = $95/t0, that is,g; = 5° The numbers
are reasonably consistent with those of DEFRA.i&wwof the limitations of currently
available studies — notably the fact that espgcigdime of the most troubling potential
impacts, such as a change in the thermohaline latron, rapid non-linear ice-sheet
disintegration, or methane release from permafrmeating, have not yet adequately or
hardly at all been taken into account — we redlize the uncertainty range may well be
larger thangy = 5.

3.2. A model for the damage cost as function of emissions

Most of the integrated assessment modeling stuahiesnergy, climate change,
and the economy, use a damage cost function watshhpe:

Cdam :p(ATstab) ? ' (8)

in which Cyam is the damage cost expressed as fractional |08\, [/Tiap the global
average temperature change with respect to thengustrial atmospheric temperature
in stabilized conditions, i.e. when equilibriumresached of the climate system, aghd
and ( coefficients characterizing the shape of the danfagction. GWP is a commonly
employed measure for the size of the global econtmy by definition only covers
tangible markets. It is therefore incomplete, as alb market activity always enters
national accounts, especially in developing ecoesmand it does certainly not reflect
non-market activity. Still, percentage losses of B\&te often used to express both
market and non-market damage costs, as GWP cdastdlwconvenient unit of measure.

® This median is the one reported in the review by (BOD5) and the upper limit the 95% confidence
interval in this reference.
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Central to our analysis is the definition afTy,, as the stabilized global average
temperature change obtained after a specified emigpsofile leads to new equilibrium
values of the atmospheric @Qroncentration and the corresponding increase in
atmospheric temperature. Time lags exist both betwike CQ emissions level and the
stabilized CQ concentration, and between this new atmosphericd@@centration and
[TTsan typically in each case of at least several dezageto a century.

Uncertainties about the parametgrand ( abound. The function of Eq.8 is
usually assumed to be quadratic, so thi 2. Roughgarden and Schneider (1999)
investigate values ofother than 2 (botfi< (<2 and(>2) on the basis of a set of expert
views. They conclude, however, that a quadratic atgmfunction is most plausible:
while (=2 is not a necessity — the damage function maybegomewhere in between
linear and quadratic — differences of opinion amate damage costs show up primarily
in the coefficieny) of the damage function, rather than in its exporieaughgarden and
Schneider (1999) argue that allowing for views frexperts of different scientific
disciplines — who have differing opinions on esp#yithe likelihood of extreme
climate events — implies variations pby as much as an order of magnitude, but in
most of the literature one finds values fdhat typically lie between 0.001 and 0.004.
Table 3 summarizes the values of the coefficjeag obtained from a survey of some of
the most widely used integrated assessment motielsnate change.

Formulated slightly differently, Manne and Rich€k)04) assume in MERGE
the relation:

ATstab i (9)
Cdam = !
ATcat

in which [7Tc4 is the catastrophic temperature change at whickcalnomic activity,
hence the entire GWP, is supposed to be wipedGambining Egs.8 and 9 one finds
the [JTca implicit in the models behind the references tiste Table 3.

Table 3. Parameter values fprand corresponding/T.,: as assumed in several widely
employed integrated assessment models of climategeh

Source ) [Tea (CC)

Cline (1992) 0.0023 20.7
Fankhauser (1995) 0.0028 19.0
Manne and Richels (2004) 0.0032 17.7
Nordhaus (1991, 1994) 0.0015 26.0
Plambeck and Hope (1996) 0.0028 19.0

Titus (1992) 0.0021 21.9

Tol (1995) 0.0032 17.7

N.B. Most of these authors report damages relaivéDP in the USA for one temperature increasel leve
only, typically as associated with a doubling o titmospheric COconcentration. Roughgarden and
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Schneider (1999) apply Nordhaus' assumptions to fifperes adopted by them in order to obtain
expressions for the damage function of Eq.8 coarsistith DICE.

Since for our analysis we need to expr€gs, as function ofg, we first relate
[TTstap to the atmospheric GQroncentratior by recalling that a roughly logarithmic
relation exists between this concentration andajltdmperature increase (Houghtn
al., 1996). More precisely, the stabilization levélaamospheric C@ concentration,
Pstan Can be related tdTsip by (see Caldeirat al, 2003):

ATgtab
Pstab = 2 AT,y

P

280

, (10)

in which P.,g is the pre-industrial C£concentration of about 280 ppmv, aff,x the
climate sensitivity, defined as the temperaturengea /T,y resulting from a doubling
of the atmospheric CQOconcentration. Hence, a stabilization concentnatarget for
atmospheric C@increases exponentially with the ratio of the #itzdiion temperature
change and the climate sensitivity. As before,haeit] Tsiap NOr /T,x are instantaneous
temperature changes, but global mean surface tamoperchanges attained if €O
concentrations are held constant long enough thrstable average climate conditions.
[TT,x is thought to lie in a range of about 1.5 to £5Recent empirical studies (based
on e.g. ice core measurements) indicate that thesignificant likelihood that/T,x lies
above this canonical range (see for a recent oavraf possible values of/T,x and
implications, for example, van der Zwaan and Gér|&06). A most likely value of
3 °C for [JT,x may thus still be considered conservative. In otdederive a simple
time-independent relationship betwdep,, andE, we employ the curves of Figure 1 in
Wigley et al (1996) representing a set of time-dependent ewnigsrofiles for the
period 1990 — 2300 calculated for different valoé$sp, We take for each value of
Pstab the corresponding annual emission Ideelveraged over this time frame. The data
and a linear fit are shown in Fig.3.
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Fig.3. Time-independent relationship betweeg,@nd Ebased on the data of Wigley et
al. (1996), obtained by setting E equal to the astmverage of their 1990-2300
emission profiles. The data points show E fgs,” 280, 350, 450, 550, 650, and 750
ppmv. The straight line is our linear regression.

Pstan [PprV]

800

700 +

0 T T T T T
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Let Es be the current emissions value of about 25c68ftr. By usingP,g, andEs as
reference levels we represent the linear fit of3ig dimensionless forth:

Poan —z 4 JEE with = 1.45 ance = 0.94.

Poeo (11)

S

Combining Egs.8, 10 and 11, and assumlirg2, we obtain this model of the
damage cost.

2

C,. (E)=p ATZXIn(£+5E£)/In2 . (12)

S
The marginal damage cost is of course the deriwatith respect to the emissions E

dC,, _ 2 , In(s+E/E) &

dE 22" eO0EIE, E, (13)

S

We have also carried out a Monte Carlo analysismguthe CrystalBall software. For
the distributions of the parameters of the damagst curve we assume normal
distributions with the following means and standdediations:

® This choice foiE; is arbitrary and has no effect on our final result
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o: Normal (1.45, 0.10)

€ Normal (0.94, 0.05)

p: Normal (0.0020, 0.0005)

AT,x: Normal (3, 1.2)

The resulting distribution of marginal damage castighly skewed, although fairly
different from lognormal; it has a geometric standddeviation of about 3.5. It is easy to
get higher or lower values for the geometric stathd#eviation by making different
assumptions on the distributions of the parame@mnsbalance we feel that a geometric
standard deviation in the range of 4 to 5 seemsoregble for current estimates of the
marginal damage cost of climate change.

3.3. A model for the Abatement cost as function of emissions

Like in Rablet al (2005), we assume that the marginal,Gbatement cost
takes the functional form:

dC,, _1 a[E‘ﬁJy
d-E) G | E

: (14)

S

in which Cyp, is the globally aggregated abatement cost asdraof GWP (abridged to
G in this formula),E andEs (both in Gtodyr) are as before, and (in €tCQ), S (in
Gtcodyr) and y are coefficients characterizing the non-linear veon form of the
abatement cost function. The faciis added to the relation used in Rabhl (2005)

in order to stay consistent with the way damagéscaie expressed in Eq.8 and because
in the present analysis we find it convenient tpress all costs as fraction of GWP. For
GWP we adopt today’s value of approximately 50idonl €/yr. We choose the signs in
Eq.14 so thatiC,y, is positive for a reduction &. Also a is assumed to be positive. The
parametersy, £, and y may be determined by least squares regressioosifdata are
available as a function of the abatement levelerlatively, they may be estimated on
the basis of energy technology assessments or \ersggiems modeling. Here we
choose the marginal abatement cost curves depitteid.4, based on an evaluation of
published integrated assessment modeling resws ii®tably Goulder and Mathai,
2000; Goulder and Schneider, 1999; van der Zwetaal, 2002; Yohe, 1996).Fig.4
contrasts with near-term abatement cost curvesmaatahrough detailed engineering
energy technology analyses, like with the GAINS elagp to 2020 (Klaasseet al,
2005). Over such a short time frame the potenbaldeep reductions is limited or
exceedingly costly, because many of the technaddgptions available require long
installation lead times or have costs that are cgatably high at the present time. In the
long run, however, major cost reductions are t@xymected as a result of technological

" These references typically report shadow carbaregriwhich we associate with the efforts needed to
achieve carbon emission reductions or, alternati@rbon abatement costs.
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progress and learning-by-doing. Thus, our abatem@sttassumptions concern the long
run and should not be interpreted as realistictsieom policy goal$.

Fig.4. Our choice for the marginal abatement castve (solid line) and lower and upper
bounds (dashed lines). The coefficients@+&.5, /=3 and y=—1.3for the central curveg=5,
B=2, and y=—1.1for the lower limit, andx=10, =4, and y=—1.5for the upper limit.
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The cost of reducing COemissions from starting poirlfs to level E is the
integral of the marginal abatement cost equatioigpi4:
1 aE,

) Es—ﬁ y+1_ E—ﬁ y+l ]
Cab(E)—a V+1L( E. j ( Esj J for y#-1. (15)

We have also carried out a Monte Carlo analysisguthe CrystalBall software. For

the distributions of the parameters of the abaténcest curve we assume normal
distributions with the following means and standdediations:

a: Normal (7.5, 1.0)

B: Normal (3, 0.5)

Y. Normal (-1.3, 0.1)

The resulting distribution of marginal abatemenstsas approximately normal, except
when the emission level drops below about 8o@yr. The ratio of standard deviation
and damage cost is about 0.15 at E = 25fr, increasing to about 0.25 at E = 10
Gleodyr.

8 Figure 3 shows marginal abatement costs only dmn = 5 Giodyr, as below this reduction level
they become much higher than marginal damage casth, that effectively no mitigation takes place.
Also, below this abatement level the cost uncetigsrare too extreme to be of real significance.
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4. Effect of the uncertainties

4.1. Different levels of internalization

Whereas there are many different policy instrumeh&t can be used to reduce the
emission of a pollutant, pollution taxes and trddapermits are of special interest
because they can achieve greater economic effigidreing based on the market rather
than command-control. They are increasingly ussge@ally for greenhouse gases.

Internalization of the damage costs of a pollutzemt be interpreted in two different
ways:

i) the polluter reduces the emission to the samiiimum;

i) the polluter reduces the emission to the sogmimum_andpays an amount equal to
the residual damage.

The first level is achieved by tradable permitstthee given away free or by an
emission limit equal to the social optimum. Theosetlevel is achieved by a pollution
tax (equal to the marginal damage) and also byabledpermits that are auctioned by
the government. In the spirit of internalizatiore tekecond level is appropriate if the
payment for the residual damage is used to compernbka victims. In practice the

victims of air pollution and their individual loss&€annot be identified with sufficient

precision to bring about any reasonably correctpemsation. Nonetheless a pollution
tax may be desirable as replacement of other taxg@srticular compared to income tax
it entails no direct disincentive to earn more mone practice different countries apply
different policy instruments, and both internaliaatlevels can be found.

In the case of an emission limit the polluter papyy the abatement cost necessary to
respect the limit. With tradable permits that aneeg away free the detailed monetary
transfers depend on the allocation of the perrbitis, in any case an equilibrium price
of the permits is reached that is equal to the aredibatement cost: those whose
abatement cost is less sell their permits, therstbhay them. On average the polluters
pay only the abatement cost, just as for emissionsl (such tradable permits are in fact
an emission limit that is imposed on the pollussa group). In the case of a pollution
tax or permits that are auctioned, the pollutesslpath the abatement cost and the cost
of the residual damage. The difference in costh® polluter between these two
internalization levels is the cost of the residieinage. It can be very large.

Thus the monetary transfers and the effects oreto@aomy can be much larger in the
case of a tax or auctioned permits, and so arectimsequences of errors in the
estimation of the external costs. To compare thesequences of errors we consider
global warming and assume the model of van der Aveaml Rabl [2007] for the total
world wide the damage cost{ The marginal damage cost is equal to

ACam 2 DAT? In(e+dE/E) &
dE In22" ¥ &J0E/E, E (16)

S

where E = world wide emissions, and i& the current emission level of about 25.7
Gtcodyr. The other parameter§, €, p andAT,y, are parameters of the model. At the
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current emission level the marginal damage co8t i§/to,, decreasing only slightly as
E is reduced: for instance at E = 20c&fyr it is 74 €/to.. On the other hand the
damage cost estimate of DEFRA [2004] is 28&/for emissions in 2010, increasing to
59 €/t for emissions in 2050.

The total CQ emissions in the EU are currently about 3.843yr in the EU-15. If the
marginal damage cost is 28&ft, extra cost to the polluters for internalizatiené! (ii)

Is 28*3.5*10"9 €/yr = 98 billion €/yr, about 1% d¢he GDP of the EU-15. Since
damage cost are very uncertain, maybe by a fattortbis figure could be in the range
of 0.2% to 5%. In any case the transfer paymendeuimternalization level (ii) are very
large. The consequences for the economy shouldvéleated carefully, but such an
analysis is complicated and clearly beyond the s@dghe present project.

The damage costs for N@nd SQ vary somewhat with emission site. Typical values i
the EU-15 are approximately 3500 €/t, for each ludse pollutants. Current S0
emissions are 5*10"6s¢dyr in the EU-15. The extra cost to the pollutes f
internalization level (ii) is 5*3500*1076 €/yr = ¥ billion €/yr, about 0.2% of the GDP
of the EU-15. Current NQemissions are 9.3*107@dx/yr in the EU-15. The extra cost
to the polluters is 9.3*3500*1076 €/yr = 32.6 kol €/yr, about 0.3% of the GDP of the
EU-15. The numbers for NOand SQ are much smaller than for GQObut not
negligible. These results are summarized in Table 4

Table 4. Difference of cost to polluters betweearimalization levels (i) and (ii).

Pollutant  Marginal damage cost Extra cost for levelii)
billion €/yr % of GDP of EU-15
CG, 28 €/to2 98 about 1%
NOy 3500 €/tiox 33 about 0.3%
SO, 3500 €/t0, 18 about 0.2%

4.2. Effect on Policy Choices

Some people question the usefulness of damageestistiates because of their large
uncertainties. Here we address that objection lyngs‘how large is the social cost
penalty if one makes the wrong choice because oérmmnties in the cost or benefit
estimates?” We examine one the most important anérgl policy choices, namely the
choice of national or global emission ceilings. F¢®;, and SQ we have already
published the results before this project [Rabhdgwo and van der Zwaan 2005] (BM
was excluded from that paper because as a prin@iytgnt its damage cost varies so
much with emission site that a much more detailedl @mplicated analysis would be
required for which we did not have the necessatg)da

The methodology in that paper was to use curvetditdata of abatement cost,@&s
function of emission level E. For the marginal dgmaost D = dg.,/dE we assumed a
constant value (but for NCand SQ different in different countries). The analysissva
done at the country level for N@nd SQ, at the global level for COWe determined
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the optimal emission level ks (i.e. the optimal emission ceiling) by minimizitige

total cost Gt = Cyam + Cap This is the estimated optimum, based on the aviail
estimate of the marginal damage cost: [3ince the true optimumyf,e corresponding
to the true damage cost.[d is different from the estimated one, the realitsdl cost
will be higher than the true minimum. The sociaktcpenaltyAC is the difference
between the realized total cost(Eos es) and the true minimum &JE, true-

AC = Ctot(Eo,esb - Ctot(Eo,true) 17)

We also consider the cost penalty ratio

R = Got(Eo,es)/Crot(Eo,true) (18)

as function ofx = Dye/Des; both numerator and denominator being evaluatdid the
true damage cofde.

We found a remarkable insensitivity to uncertamtifor NQ and SQ an error by a
factor of three increases the total social cosabgnost 20%, and in most cases much
less, i.e. R is less than 1.2. That paper alsoeldak dioxins and CL pollutants for
which the uncertainties of the damage cost are &rger than in the case of N@nd
SO,. Nonetheless we found similar insensitivity to erainties even for these
pollutants.

For the present project we have redone the andlysi€0,, using the more realistic
and detailed models of Sections 3.2 and 3.3. Thienapemission level Eis found by
minimizing Ci (E), hence by setting the sum of the marginal abatemmest and the
marginal damage cost equal to zero, so that:

4
_z( E—,BJ + 2 ppr2 INEHORIE) 0 e, (19)

G| E In22"" " e+JE/E, E,

S

Unlike the case with linear damage costs, themisnalytical solution to this
relation. We thus use the FindRoot function of Matlatica® to obtain a numerical
solution? Table 5 lists the central valugenta Of all parameters of the optimization
problem, as well as their rangegmif, pnad, considered for the uncertainty analysis. For
the central values of these parameters the opemasion level is found to k&, = 8.7
Gtcodyr, about one third of the current emission lekkel The marginal damage and
abatement costs & are about 77 &b, and 9 €ko, respectively, while at the
optimum they are equal to approximately 54&/tFig.5 shows the abatement, damage,
and total costs expressed as percentage loss of &Villhction of emission level At
today’s emissions the damage cost clearly dominatbsgch highlights the need for
major reductions.

® All numerical results presented in this paper Hasen calculated with Mathematica.
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Table 5. Central values and ranges of parametdis phe damage and abatement costs
in the optimization problem.

Parameters P Pmin Pcentral Pmax

2
Damage cost__(E)= p[Asz |n(£+5E£) /1n 2}

S

5 1.15 1.45 175
£ 0.74 0.94 1.14
0 0.0005 0.0020 0.0035
AT,x [°C] 1 3 5
y+l y+l
Abatement cost_ (g)=> 25| BB | E-B
217G+ E, E.

a [€ltcod] 5.0 75 10
B[Gtcodyr] 2 3 4

y 15 1.3 1.1

Fig.5. Damage, abatement, and total costs expreasquercentage loss of GWP as function of
emissions level E.
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Fig.6 shows our results regarding the dependenteeodptimal emissions level
E, on the parameter assumptions of our optimizatiovblpm. SinceG and Es are
known with sufficient precision — their uncertagdiare essentially negligible — they do
not need to be subjected to a sensitivity analysis.vary each parametprover the
range Pmin, Pnay @s listed in Table 5, wide enough to span angarable possible
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value of p. To show results in a compact format we chooseepwesentp in non-
dimensional form ag = (2p - Pnax - Pmin)/(Pmax - Pmin)- The central valu@cenira €quals
(pmax + Pmin)/2, corresponding tx=0. For the large uncertainty range chosen for the
parameters, B, ¥ ™ and), we find thatE, varies by less than 20% in most cases.

The largest error margins derive from changes endimate sensitivity//T,x,
and the main parameter used to express climategehdamage costg, Especially for
values ofx close to -1, for these two parameteks, could be much larger. For
[TT,x, however, we find it reasonable not to consideuealbelow 2 °C, given the high
likelihood that the climate sensitivity is highéan this level. Fop, we consider 0.0010
a generous lower bound, as it lies significantlolsethe minimum of values listed in
Table 3 (although Fig.6 extends down)te 0.0005). Since we abstract from the time-
dimension of the cost-benefit problem, we cannqglieitly consider the effect of
variations in the discount rate. Indirectly, howewge assume it is included in changes
of p. Thus, limiting ourselves fof/T,x and) down to values ok=-0.5 but up tox=1,
corresponding to a broad uncertainty range, wethiad the optimal emission levi} =
8.7 Gtodyr varies by no more than 2.34&#/yr or less than 30%.

Fig.6. Dependence of the optimal emissions ley€inEGtcoJ/yr and as fraction of
current emissions Jeon parameters, ®, y, ™ 3, ), and [7T,x of the optimization
problem. Each curve shows the effect of varyingpirameter under consideration
while keeping the others fixed at their centralnalThe x-axis shows the variation of
each parameter p in non-dimensional form as X =«3Bax— Pmin)/ (Pmax— Pmin)-

E [Gtcoafyr] EJ/Es [fraction]
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10 33
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5. Cost penalty and value of research

In our cost minimization problem the optimal enmussilevel may well be
determined incorrectly as a result of uncertaintieslamage and abatement costs. As
we have seen, these uncertainties can be largeseGoently, the real cost borne by
society when establishing a desirable ;Gfnission level is larger than at the social
optimum. Of course, various political processes rabp preclude the choice of the
optimal emission level, but here we are interestecerrors inE, resulting from
erroneously estimated damage and abatement cogparticular, we examine by how
much the total social cost increases above thenopti due to damage and abatement
cost estimation errors. Rather than looking atuheertainty in each of the parameters
of Table 5, as we did in Section 4.2, we here takanplified approach by considering
overall errors in respectively the damage and abate cost.

Suppose that damage costs have been estimat€d,as{E), while the true
damage cost i€4amudE). Likewise, we assume that the abatement cost bas b
guesstimated a€apes(E), Whereas it is reallfCqp rud E). The optimal emission level
corresponding to the estimated costEdss instead of the true optimui, e We
represent damage and abatement cost uncertaigtr@sdom variableSam andXap:

Xdam= Cdam, true(E)/Cdam, eiE)a (20)
and
Xab = Cap, true(E)/C’o\b, es(E)- (21)

We look at variations ok4am andXs, separately because their magnitudes and
probability distributions are fundamentally diffateUncertainties in the abatement cost
function are much smaller than those in the dantage Also, for the former a normal
distribution seems most plausible. We thereforgattarize the distribution of, by a
Gaussian with mean 1 and standard deviatmpn Since for largegs, a significant
portion of the Gaussian corresponds to negativeegabfx,, i.e. negative abatement
costs, we truncate the Gaussian at zero and replagea normalized distribution that is
proportional to the Gaussian at positi4g

For uncertainties in the damage cost function wsum& a lognormal
distribution. A variable has a lognormal distrilauttiif the distribution of the logarithm
of the variable is Gaussian. The lognormal distrdsuis strongly skewed, with a long
tail of high values with low probability. It is ually characterized in terms of its
geometric meany and its geometric standard deviatiop Its geometric meapy is
equal to the median. If a quantity with a lognormiigtribution has a geometric meag
and a geometric standard deviatigyy the probability is approximately 68% for the true
value to be in the interval /gy, Ly 0] and 95% for it to be in the interval
[t/ 0%, 14y 5] Thus the confidence intervals of the lognormia eultiplicative, in
contrast to the additive ones of the GausSian.

19 See Spadaro and Rabl (2007) for more informatiorthe use of lognormal distributions for the
uncertainty analysis of environmental damage costs.

24



- CASES-COSTSASSESSMENT FOFSUSTAINABLE ENERGY MARKETS - —
Ay PROJECTNO 518294SES6 é;é ) 4

CASES DELIVERABLE D.12.1

The highly skewed distribution of damage cost estéw in the literature
(DEFRA, 2004 and Tol, 2005) is fairly consistentttwa lognormal function, even
though a few studies claim negative damages. Indgetlal climate change probably
produces both winners and losers, at least at ratslegmperature increases, but we do
not believe that the net world-wide damage costdcbe negative for any increase of
the atmospheric COconcentration. As representation of the estimédesd in the
literature we therefore take a lognormal distribntiand choose for its parameters a
mediangg = $3.8/t02 and upper limiyy gy = $95/t0y that is,gy = 51 In view of the
limitations of currently available studies — notalthe fact that especially some of the
most troubling potential impacts, such as a chamgiee thermohaline circulation, rapid
non-linear ice-sheet disintegration, or methaneas# from permafrost melting, have
not yet adequately or hardly at all been taken iatocount — we realize that the
uncertainty range may well be larger thayr 5.

Since we focus in this section on variationsxijam and Xa,, we use these
variables as arguments of the true optimal emiskoal E; iudXdamXan) @s well as of
the differencedC(xsamXan) between the total cost Bf .s;and that aE, e :

AC(Xdam Xab) = [Cdam,true(Eo,es) + Cab,true(Eo,es)] (22)
- [Cdam,true(Eo,true) + Cab,true(Eo,true)]-

AC(X4amXab) IS the cost penalty due to errors in the damagé a@matement cost
functions. The results in this section are complaiary to those of Fig.6. Here we
cover a wider range of uncertainties than consaiénere, but present less detail about
the specific role of individual parameters. Stagtifrom the quantitieCgyam e£E),
Cabes(E), andE, estas calculated with the central values of the patams in Table 5,
the corresponding true quantities are obtainedhbgrporating the factorgam andXap
in our analysis. As can be seen from an inspeatidfgs.8 and 12, the variation x&m
is equivalent to variations ip and(4T2x)? while the variation ok, is equivalent to a
variation ina.

The variation of the true optimal emission el udXdamXan) iS plotted in
Fig.7, in part a) as function ofiam keepingxa, = 1, and in part b) as function g,
keepingX4am = 1. Since we think that the abatement cost uairgytis smaller than the
damage cost uncertainty, the depicted rangegis smaller than that ofy.m (up to a
maximum of 3 and 5, respectively). As expectedhbgriaphs of Fig.7 confirm our
central result ok, = 8.7 Gtodyr, reached in this representation when bgth,= 1 and
Xap = 1. These plots also include our finding that timeertainty range of this optimal
emission level amounts to at most 2.3&fyr, or less than 30%, but furthermore depict
the dependence &, on a larger scope of damage and abatement costtaimties than
the ones we considered before, that is, parametkres beyond what we regard
generous minimum and maximum boundaries. In additibrough the relative units
used for the y-axis on the right, Fig.7 points that even if the damage or abatement
costs are estimated wrongly by as much as a fatt®r the optimal emission level still
amounts to about half the present-day emissio®3f Yet such an error by a factor of
3 could also imply that today’s emissions shoulddmiced by almost 80%, rather than

' This median is the one reported in the review by (BOD5) and the upper limit the 95% confidence
interval in this reference.
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the suggested central reduction value of 67%. THfieséegs strengthen our analysis’
case for realizing a deep cut in £€missions.

Fig.7. Effect of uncertainties on the optimal emaissevelEg ye(XdamXab)-
a) True optimum if true damage cost ig)Ximes larger than the estimate, keepigg=x1.
b) True optimum if true abatement cost4stimes larger than the estimate, keepigg,x 1.
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The cost penaltylC(XjamXap=1) resulting from damage cost errors is shown in
Fig.8 as function oky4am keepingxay = 1. To get a sense for the magnitude of the cost
penalty with respect to the total costs incurredhes optimum, it is instructive to
complement the cost penalty in absolute termsddwle and left hand scale) with that
in relative terms as ratidlC/C (dashed line and right hand scale), with in trasec
AC=AC(X4amXab=1) and C=C(xgamXap=1). Analogously, the cost penaldC(Xgan=1,Xan)
due to abatement cost errors is shown in Fig.9inagath in absolute and in relative
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terms (left and right hand scales, respectiveliRelfor Fig.7, given that the uncertainty
range for abatement costs is probably smaller #oandamage costs, we think it
justified to depict a smaller x-axis span kg than forxgam

Fig.8. The cost penalC(xamXan=1) if the true damage cost is a factqgxtimes the damage
cost estimate, in absolute terms (solid line,deftle) and in relative terms as fraction of the
total cost C(¥amXar=1) at the optimum (dashed line, right scale).
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Fig.9. The cost penalC(xan=1,Xap) if the true abatement cost is a factgs times the
abatement cost estimate, in absolute terms (sioli] left scale) and in relative terms as
fraction of the total cost C{x.=1,X,,=1) at the optimum (dashed line, right scale).
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Like in Rablet al (2005), we find that the cost penalty is reldtivemall near
the optimum, or, in other words, the optimum iglyabroad. Only when the damage
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and abatement cost errors get large, the costtydmatomes substantial. Figs. 8 and 9
show that when the true damage costs are 5 tingesdtimated ones, the relative cost
penalty amounts to about 40%, and that when theedhatement costs are 3 times the
estimated ones, the relative cost penalty amoongbout 20%. These relative changes
may still be considered modest, but in absolutas$ethe cost penalty can become really
enormous. The explanation is that the stakes imebla global climate change, i.e. the
costs both at the damage and abatement side groldem, are simply very high. For
example, foxgan=5 andxap = 3, the cost penalty reaches values nearing 10 &% of
GWP, respectively, close to the total costs of 1@%4WP involved in the climate
change problem at the optimum (see also Fig.6).

Uncertainties in damage and abatement costs cesgtbieed by further research.
To assess the value of such research we calcullage expectation value
<AC(xdamXab=1> as function of the geometric standard deviatig@m of the damage
cost, with Xgam characterized by a distributiohognormal(1gydan). Likewise, we
determine the expectation valselC(xsan=1,Xan)> as function of the standard deviation
Oap Of the abatement cost, wily, characterized by a distributidvilormal(1o.,). Even
though abatement options exist with negative castsdo not believe that on a global
scale total abatement costs could be negative. Néeefore truncate the normal
distribution atxa, = 0. The results are shown in Fig.10.

Fig.10 provides an indication of the value of imped information on the
damage and abatement costs. For example, if réseaglaces the geometric standard
deviation gy qam Of the relative damage cost estimates from 10,tth& expectation
value of the cost penalty decreases from arourfib @®some 0.4% of GWP. Hence the
value of such research is about 0.5% of GWP. latiked terms less than half a percent
benefit may seem negligible, but in absolute tethis reduction of the cost penalty
corresponds to an amount of about 250 billion €alsimilar way, if further research
reduces the standard deviation of relative abatemmest estimates from 1 to 0.5, the
benefit is about 0.06% of GWP, that is, about 30obi €. We thus conclude that
research to reduce the uncertainty of damage aatktment cost estimates can be
extremely cost-effective. We also observe that plossible gains from continued
climate change damage cost analyses (i.e. climaxiernality studies) may be
significantly higher than those obtainable by imgiag our understanding of the nature
of abatement technologies and their prospected.cbee reason is the small likelihood
for extreme climate events with high impacts, tisathe lognormal distribution of the
damage cost function. Note that the change of slapé-ig.10b) around,, = 0.2 is a
reflection of the truncation aty, = 0. Such details should not be taken too litgrall
however, since the probability distributions aré krmown sufficiently well.
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Fig.10. Expectation value of the cost penalty: &C{xsam Xp=1> as function of the geometric
standard deviatiowy 4amOf the damage cost; b)AC(xan=1, Xan)> as function of the standard
deviationgy, of the abatement cost.
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6. Conclusions and recommendations

We have carried out a cost-benefit analysis of aeérchange mitigation, with a
focus on the uncertainties associated with botbssaf the problem: the damage costs
of CO, emissions and abatement costs of, E@ission reductions. To keep the analysis
transparent we have introduced several major siiwgtions, especially by assuming a
time-independent relation between £&nissions and atmospheric £&ncentrations,
arguing that they do not affect the validity of @enclusions. Based on a review of the
literature, we have formulated elementary approkiona for the damage and
abatement cost functions. For the most plausibtecehof the model parameters, we
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find that the ‘climatic social optimum’ correspontts an emission levek, = 8.7
Gtcodyr, about a third of C@emissions today.

Varying the model parameters over a wide rangeevatuate the sensitivity of
E, and find that our central result is surprisinghpust. For most of our parameter tests,
E, changes by less than 20%. Varying the climatei@ts parameter//T,x and the
scaling factorp of the damage cost function, on the other hand,aatronger effect.
For [JT,x we assume a central value of 3°C, a lower bourzfGfand an upper bound
of 5°C. Forp we adopt a margin broader than the proportion&ditgors found in the
literature, by supposing a central value of 0.0G2@wer limit of 0.0010, and an upper
limit of 0.0035. On the basis of the correspondagameter changes we find that
varies by no more than 2.3 &t/yr, i.e. less than 30% frorg, as found under our
central parameter assumptions. This finding botifioms and narrows down the result
of the more rudimentary cost-benefit analysis bylRa al. (2005), who calculate that
the optimal CQ emission level lies between one third and thresrtqus of the current
emission level under a wide range of parameterceisoilnterestingly, our results imply
that the optimal emission level is unlikely to losver thanE, = 6.4 Gtodyr, i.e. about
one quarter of current G@missions, the explanation for which is that thatament
costs become too high at this mitigation plateau.

Ultimately it is not only the optimal emission lévand its uncertainty that
matters, but also the cost penalty, i.e. the eswaial cost incurred due to an
erroneously choseB,. Wrong choices are likely to occur, given the éatmcertainties
characterizing the damage and abatement costsatbathe main input to our cost-
benefit analysis, and the errors they induce in dbkition of the problem. Since it
proves the optimum is broad, the cost penaltylaively small even for large errors in
the estimation of damage and abatement costs.Xeong@e, if the true damage cost is
three times larger or smaller than the estimate useur cost-benefit analysis, the total
social cost of climate change increases by less 208 above its minimum at the true
optimal emission level. Because of the magnitudiheftotal costs involved with global
climate change, however, even a fairly small reéaterror implies a large cost
difference in absolute terms, amounting typicathhtindreds of billions € in the case of
damage cost uncertainties. We have therefore edbdmlithe benefit of reducing these
uncertainties. For example, if research reducegéwmnetric standard deviation of the
relative damage cost estimate from 10 to 5, theeetghion value of the cost penalty
decreases from around 0.9% to some 0.4% of GWRarl¢lehe value of information
brought forward by increased climate change dameggarch can be enormous.

With E; = 8.7 Gtodyr as optimal central emissions level and an uacdy
range of 2.3 Glodyr, we derive from Fig.3 an optimal GOGconcentration of
approximatelyPsian0= 400 ppmv and a possible variation of some 40\pprhis result
deviates from the recommendation of Stetral (2006), who claim that the optimal
climate stabilization concentration is around 5@dng CG (equivalent) with an error
margin of about 50 ppmv. The discrepancy betweeir #nd our results is unlikely to
be explainable by the fact that Stetnal. (2006) aggregate all greenhouse gases, while
we only consider the most important contributorctimate change, CO The Stern
review has been criticized for several reasonsrtajpam the low discount rate it
employs, notably also for the high damage and lbatement costs it reports. In the
present paper we confirm the observation made Imerstthat, despite the Stern
review’s high damage and low abatement costs, rivemr at an inexplicably high
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climate stabilization level. We agree with the Btesview’s overall conclusion that a
deep cut in C@emissions is required to avert the risk of glotlahate change. Like
others, however, we question certain aspects ofittadysis leading to this result. In
particular, we find in our analysis that the maajidamage costs (77 €tG@tEs and
54 €tCQ at E;) are well below those quoted in the Stern revidl €/tCQ). Our
suggested COconcentration level is not only significantly lomhan that of Steret
al. (2006) but also than recently professed policgteshents, targeting typically at
values around 500 ppmv.

From the above climate change cost-benefit analgsi@ the description of the
uncertainties involved, it is evident that much enarork is required in the field of GO
damage and abatement cost calculations. Espedciathate change damage research
really has only barely started off. In order to ueel damage cost uncertainties and
exploit the value of corresponding informationjsitparticularly important to perform
detailed analyses of regional climatic impacts assbciated economic costs. These are
urgently needed to complement the highly aggregstiedies produced so far, like the
one presented in this paper. We thus agree witheit@mmendation by DEFRA (2004)
that the disaggregation and valuation of damagésdmg sector and region should be
forcefully pursued. Determining the possible phgkimpacts of C@ emissions in all
areas of economic and social activity should benagsly continued, since the ensuing
findings can effectively profit long-term policy kiag. The classical challenges of
mitigation timing, social discounting, equity wetgty, and risk aversion remain on the
agenda, as well as the question how policy makieosild confront the uncertainties
associated with climate change damage and &fatement costs. To the latter, this
article has attempted to contribute a step forwAsldin the future more understanding
on all the above fields emerges, the type of ammay®sented here should be revisited.
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