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Global Warming Potentials:
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David F. Bradford and Klaus Kdler

Abstract

The Kyoto Protocol prescribes obligatory limits on the emission of greenhouse gases by
the industridized countries during the period 2008-2012. Six specific gases are covered.
The Kyoto limits apply to an aggregate of emissions of the covered gases expressed in
carbon dioxide (CO,) equivaents, obtained by application of a"globd warming
potentials' (GWPs). In regard to concentrations, or stocksin the aimosphere, such
equivaents are relaively unproblematic. But it is not obvious how to define CO»-
equivaent emissions of different greenhouse gases, snce such emissons affect not only
the stock today but the stocks through time in the future, each with a different
characterigtic resdence time path. 1n constructing the GWP of a gas, the increments to
radiative forcing & different times resulting from emission of an incrementa emitted ton
are smply summed out to some arbitrarily chosen time horizon.

As has been recognized in the literature, the GWP measure has some serious defects. In
the firgt place, it depends on the horizon one chooses to use in calculating it. Equaly
problematic is the fact that the GWP takes no account of the fact that increasesin
radiative forcing in the future are generaly worse than increases in the present for two
related reasons. They impose larger costs in the form of climate damage and they impose
larger cogtsin the form of offsetting abatement then required to meet any given dimate
objective. A further shortcoming related to timing is that the GWP takes no account of
the opportunity cost of capital. Even if the impacts over time, added together, were the
samein dollar terms, the fact that they occur at different timesis highly rdevant.

Previous attempts to address these problems have focussed on the estimates of the
incrementa damage, due to climate change, caused by incrementa emissions. In this
paper we suggest a better approach isto work from an assumed required path of radiative
forcing; hence the "cost-effectiveness’ in thetitle. Such acondraint is arguably a better
model of the behavior of the regulatory system. 1t dso smplifies the quantitative
edimation of what we call Economic Globa Warming Potentids (EGWPs). We present
numerica results basad on smplified mathematica forms for the various dements of the
modd.
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Global Warming Potentials: A Cost-Effectiveness Approach

David F. Bradford and Klaus Kdler”

Problem Backaground

The internationdl community has been struggling to find agreement on limitson
greenhouse gas emissions. In the negoatiations, the United States, in particular, has stressed the
need for a comprehensgve gpproach, taking into account al gases and sinks aswell as sources.
So far, the countries have (in the Kyoto Protocol) agreed on obligatory limits on the emission of
sx greenhouse gases by the industridized countries during the period 2008-2012.

Carrying out the program requires away to aggregate the different gases. Recognizing
the central role of CO, (becauseit is quantitatively the most important gas under significant
human influence), it is customary to spesk of "CO, equivaent” emissons and concentrations. In
regard to concentrations, or stocksin the atmosphere, thereis anatural definition of CO;
equivdence. Thisis because greenhouse gases (GHG) have in common an impact on the
radiative forcing of the atmosphere, usually expressed as watts per square meter. Itisat least
conceptudly possible to caculate the radiative forcing at a point in time of given stocks of the

sx greenhouse gases. And one can ca culate the amount of CO, in the atmosphere that, taken
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Environmentd Indtitute, Princeton University.



aone, and without the other gases, would result in the same radiative forcing. This would then
be the "CO; equivalent” stock.

So to spesk of atarget trgectory through time for the CO- equivdent stock of greenhouse
gases in the atmosphere is the same as to speak of atarget trgectory of radiative forcing. If there
were just CO,, it would be straightforward to calculate the alowable emissons of CO, each year
that would meet any given agreed target trgjectory for radiative forcing. If agreement were
reached on the radiative forcing trgjectory, the usud tools of environmental control, including
emisson taxes or tradable emission alowances, could be used to implement it.

A problem arisesin trying to do the same sort of thing for CO,-equivadent emissions of
severd (S, inthe case of the Kyoto protocol) greenhouse gases. Now one would like to be able
to quantify the emission of, say, an extraton of methane emitted, as equivaent to acertain
number of extratons of CO, emitted. Such emissons affect not only the stock today but the
gocks through time in the future, each with a different characteristic residence time path. (Itis
even alittle worse than that, since the path of residence of an extraton of a gas may depend on
the amount of the various gases that are dso present. Also, the resdence time path of agasin
the atmosphere may depend on therate at which it is added to the atmosphere. We neglect these
niceties here)) There are many ways to package emissions paths that trandate into a given
trgectory of radiaive forcing, or, the same thing, a given CO;, equivdent stock in the
amosphere. The question is, how should the temporaly distributed effects of the various gases
be accounted for?

The answer adopted in the Kyoto Protocol is expressed by the "globa warming potentid™

(GWP) of agreenhouse gases (the ideaand the label apparently originated with Lashof and



Ahuja, 1990, building on asimilar concept developed in the context of the stratospheric ozone
problem). In the following sections we briefly outline the GWP concept and its mgor
shortcomings. The gtarting point is the perturbation in the path of GHG stock that results from
adding an extraton of CO; to the atmosphere. A schematic representation of such a perturbation
isshown in Figure 1. The picture incorporates the assumption we have mentioned that the
persstence in the atmosphere of a unit emitted at a point in time does not depend on ether the
level of the stock at that time or the level of the stocks of other greenhouse gasesin the

amosphere.

ot

change in atmospheric stock of CO,

0 time since emission, t 100

Figure 1. Perturbation in Stock from a Unit Emission

The perturbation path shown in Figure 1 isto be interpreted as the fraction, f ©(t"), of an
extraton emitted that is still resdent in the atmospheret’ years after the time of emisson. It
darts at some number possibly less than 1 (Snce some may be immediately absorbed into the
ocean, etc.) and declines toward zero (or possibly some postive limit) over time.

A dmilar path of the residence time of an incrementa emitted ton of each of the other
greenhouse gases can aso be obtained. Figure 2 adds to Figure 1 the perturbation in the path of

the stock of some other gas, G, in the atmosphere, f ©(t"), dueto theinjection of an extraton of



g a sometime point. To amplify, in addition to the amplifying assumptions mentioned areedy,
we ignore the impact of such an injection of G on the stock of CO, (since G may break downin
part into CO,). The particular perturbation path shown in the figure implies the extraton staysin

the atmosphere undiminished for exactly 10 years and then vanishes.
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Figure 2. Perturbations for Two Gases

The next step isto associate with each unit increment of a gas resident in the atmosphere
the incrementa impact on radiaive forcing, DF ¢ , where the superscript indexes the gas (COy,
methane, etc.). Thisisthe extraforcing due to an extraton of the gas resident in the atmosphere.

In congtructing the GWP of agas, the increments to radiative forcing at different times
resulting from emisson of an incrementa emitted ton are Imply summed. So, for COy, the
amount of such accumulated effect out to ahorizon of T years would be (expressed in forcing-

years)
QTDFC(X) £C(x)dx.

The globa warming potentia of agasisthe raio of the impact of an incrementa ton of that gas

emitted, thus expressed, to that of COy:



GWP? =

depends on the horizon one chooses to use in calculating it (see, for example, the discussionin
Harvey (1993), Lashof (2000), O'Neill (2000), Smith and Wigley (2000a, 2000b), Wuebbles &t.
a. (1995), and Wigley (1998)). Not surprisingly, the choice of horizon metters alot, Snce the
different gases have very different resdence time paths. (In our smple example the GWP for G,
GWP? , would first increase with T out to 10 and then decline more and more with increasesin
T.) Table 1 illustrates the problem expressed in the actua calculations for three gases. The
IPCC decided agood compromise value for T was 100 years and thistime horizon is used in the

Kyoto Protocol to determine equivaence among the different gases for purposes of meeting the

agreed CO, equivaent targets.

(‘DTDFQ xf 9 (x) dx

N cofC '
Q DF = xf = (X)dx
As has been pointed out the GWP measure has some serious defects. In the first place, it

6

. GWP by Horizon
Species
20years | 100 years] 500 years
carbon dioxide CO, 1 1 1
methane CH, 56 21 6.5
nitrous oxide N,O 280 310 170
sulphur hexafluoride S 16300 23900 34900

Source: IPCC, 1995, Table 2.9, p. 121

Table 1. llludtrative GWP Vdues for Different Horizons

Equally problematic is the fact that the GWP takes no account of the fact that increasesin
radiative forcing in the future are generally worse than increases in the present for two related

reasons. They impose larger costs in the form of climate damage and they impose larger costsin

the form of offsetting abatement then required to meet any given climate objective.




A further shortcoming related to timing is that the GWP takes no account of the
opportunity cost of capital [see, for example, Eckaus (1992) or Kandlikar (1996)]. Evenif the
impacts over time, added together, were the same in dollar terms, the fact that they occur at
different timesis highly rdevant. Other things equd, it is better if a given dollar-vaued negeative

impact occurs farther in the future.

| mproving the M easure

Various andysts of CO, equivaence have attacked these problems. One class of studies
compares the negative effects of various greenhouse gases on human welfare (eg., Relly and
Richards; 1993; Kandlikar, 1996, Hammitt et al, 1996). In genera, these studies estimate the
ratio of the discounted vaue of the damage done by an incremental unit emisson of agasto that
done by an incrementa unit of CO,. Such acalculation is based on the resdence times of the
two gases and the damage done a each moment through time. Thisratio was given the name the
"economic damage index (EDI)" of agas by Hammiitt et al (1996), in an egant implementation
using a sophigticated carbon cycle smulation focussing on (discounted) incremental damage due
to climate change. Such caculations require amodd of the assumed path of emissons and the
resultant radiative forcing, the implied temperature change, the damage-temperature relationship,
and the discount rate. In principle, the EDI of a gas changes through time, as the system evolves.
Hammitt et al (1996) present EDIsfor the six Kyoto GHGs as of the present, with sengitivity
andysisindicating that the various modding assumptions do matter. Since the sandard GWPs
are sendtive to the chosen horizon, it goes without saying that the vector of EDIs generdly

differs as well from any given GWP vector.



One important problem of the EDI concept isits sengtivity to what must inevitably be
somewhat speculative modeling of damages, not to mention the speculative aspects of the mode
of the physicd system. But, from an economist's perspective, there is no doubt this concept ison
theright track. Putting to one side the GWPSs dependence upon an arbitrary horizon, thereis no
virtue in whatever basis they may have in undisputed physical science. The tradeoff between
emissons of one gas for those of another implied by their repective impacts on climate-related
damages islogicdly insgparable from an evauation of those damages. 1t makes no sense to
gpesk of a"correct” or "gpproximately correct” set of tradeoffs gpart from some such evauation.

In this paper we explore the implications of adightly different cut at the same generd
approach, one that subgtitutes for explicit assumptions about the vaue of climate impacts an
acceptance of the vauationsimplicit in whatever policies are adopted. To develop the point,
suppose there were just one GHG, say CO,. Expressed in economic andytica terms, an optimal
emisson control policy would be one that maximized some function of the welfare of the people
subject to that policy through time. Nordhaus (1994, 1998) provides awell-known example. A
dightly less generd expresson of much the same objective is the minimization of the discounted
vaue (or perhaps expected discounted val ue, recognizing the stochastic character of the
problem) of the sum of damage due to climate change and the cost of abating emissons. We
would describe this as a benefit-cogt criterion. (If benefits and costs are appropriately defined, a
welfare-maximizing policy will dominate dl dternative policesin a benefit-cost sense; i.e.,
passing a benefit-cost test relative to the dternativesis a necessary condition of optimality.)

Hammitt et al (1996) use the benefit-cost framework as the basis for their EDI.



Along apath that is optimd in this sense, the margind discounted va ue of the damage
done by an incremental unit of emissonswill just equa the margind cost of abatement. That
common vaue will be the tax on emissons that would result in the optimal path being chosenin
competitive markets. But we can use that common vaue, the shadow price of emissons, asa
way to characterize the optima policy, however it may beimplemented. If command-and-
control methods are used, the shadow price will not be directly observed; if marketable
alowances are used, the shadow price will be revealed as the equilibrium market price of
alowances.

If we extend the analysis to include severa greenhouse gases, by asmilar line of
reasoning, associated with an optima policy of controlling emissons of dl of them will bea
vector of shadow prices through time, one for each gas. Those shadow prices will have the same
economic interpretation as has just been given to the single shadow price in the one-gas case.
Theratio of the shadow price of any gas to the shadow price of CO, will tel us exactly the
quantity of CO, emissionsthat isjust equd initsimpact on the objective of the policy to a unit
emisson of the gasin question. In other words, that ratio is the economic equivaent of the GWP
for that gas at that moment. The EDIs of Hammitt et al (1996) are such shadow price ratios.

Asociated with apolicy thet is optima in the sense used here will be a path of dimate
change, expressed, for example, by the globd average surface temperature, driven by a particular
path of radiative forcing. Suppose we now consider adightly different problem, namely, to
choose from among al possible paths of GHG emissons that give rise to this path of radiative
forcing the one that minimizes the discounted abatement cost. Since we have congtrained the

policy to produce the path of radiative forcing associated with an overadl optimum, the GHG



emissions paths prescribed in the solution will aso be the same, as will the shadow prices that
characterize those paths. These shadow prices, however, have only one of the two
interpretations mentioned above. That is, they express the discounted margina abatement costs
at al points dong the cost-minimizing paths. We know about the margind discounted damage
done by those emissions only by virtue of the way we derived the path of radiative forcing thet is
treated as a congtraint.

Since, however, the estimate of damage done by climate change is one of the least well
established pieces of the policy puzzle, the characterigtics of the subproblem may be of particular
interest. 1t may be possible to develop an agreed palicy target in terms of a path of GHG
concentrations (thet is, a path of radiaive forcing) even without articulating or agreeing on the
vauation of the climate-associated damages. To be sure, an assertion that a given path of
radiative forcing is the best target contains an implicit statement about the damages associated
with that and other paths. But articulation of that valuation is no more necessary in the dlimate
context than is the articulation of the value of, say, incrementa defense spending in the setting of
national security policy. Whether or not the path of radiative forcing thet emerges asthe
objective of policy isoptima, policy makers should be interested in achieving that path at
minimum cog.

The main objective of this sudy is to explore the quantitative implications of this
viewpoint for the tradeoff among emissions of GWPs. For lack of a better term at this point, we

refer to these ratios as "Economic GWPs' or "EGWPs."
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Derivation of the Economic Global War ming Potential (EGWP)

To derive the EGWP for agiven gas, it is helpful to imagine that a manager has been
assigned to control the emissions of each GHG. The overdl objective isto hit the prescribed
path of rediative forcing. The CO, manager has been given the key task of adjusting to the paths
chosen by the other gas managers, so asto meet the condraint. (Thisissmilar to the gpproach
described in Wigley, 1998.) An incrementa unit emission pulse of, say, aton of methane
imposes on the carbon manager the requirement to make an offsetting downward pulse
adjustment in CO, emissons, followed by a further flow adjustment as a consequence of the
different resdence times of these two gas pulses. Anincrementd pulse by the methane manager
therefore trandates into a perturbation in the CO, emisson path, which isto say aperturbation in
the path of carbon abatement control.

This adjusment in CO, emissions has a discounted cost that we can cdculate. Theratio
of that discounted cost to the current margina cost of abating CO. tells us the EGWP for
methane. If thejoint program of GHG emission controlsis cost minimizing for the path of
radiative forcing that is taken as a condraint, thisratio is the same as the ratio of shadow prices
on the emission controls that we have discussed above. (Strictly speaking, the approach relies on
the sufficiency of using these implicit shadow prices for cost minimization.)

To caculate the EGWP of agasinvolves four seps. Firdt, we have to determine the
change in carbon emissions over time that would be required to offset a unit emisson pulse of
the GHG in question. The offset is defined by the condraint of a zero net changein
environmenta impact due to the perturbations, which trandates in this context to "no changein

the path of rediative forcing." Second, we determine the implied increment to CO, abatement
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cost at each point intime. Third, we discount the costs to the present (or, more generdly, to the
time of the emission of the subject gas). Fourth, and finaly, we divide the net present vaue of
the cogts by the present margind cost of CO, abatement.

Toilludrate, Figure 3 displays a hypothetical perturbation in the CO, emission path
required to just offset the impact on radiative forcing of emisson of an extraton of methane at
sometime, t. (Because we have assumed the residence times and radiative forcing impacts are
independent of the stocks of the gases, the shape of this perturbation will be the same at al
times) Thethick lineat t' =0 indicates that to offset the one-ton pogtive pulse in emissons of

methane a negative pulse in emissions of CO; isrequired, in an amount that depends on the two
radiative forcing coefficients, DF" ,DF ©, and the extent to which such emissions of the two
gases are immediately reabsorbed into the earth, " (0), f©(0) . The rest of the path, designated
DeS, . (t) toindicate the dependence on the various elements of the story, is required to fix up the

concentrations as the methane and carbon dissipate according to their respective characteristic

residence time relationships.
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0 . ~ >

t'=time sincet

-~ DF™ £V (0)

DFC £°(0)

Emission path of CO, to offset
one ton of methane emitted at t

Del\j,t(o):_

0

Figure 3. Hypothetica Perturbation in CO, Emissonsto Offset 1 Ton Methane Pulse a Timet.
Note that this pictureisan illugtration only.

The changed emission path trand ates into extra cost imposed on the carbon dioxide
manager due to the required adjustment in abatement. Let the costs of abatement (from the
business as usua (BAU) paths) of CO, begivenby A°(x°(t)) , where x°(t) standsfor the

number of tons by which the rate of emission in agiven year fals beow the BAU path in thet

year. Themargind abatement cost in agiven year isSsmply the derivative of the A function with

C
respect to the amount of abatement, gfc (x©(t)) . Then,if t isthe moment of emission of the
C ) dAC C ] H oy g0
extraton of methane, De,; (t) Ve (X~ (t+1") istherate of extra abatement cost per unit time at

t+t', a successve points of time extending into the future.
The capitdized vaue of these costs over time is obtained by discounting each bit to the

time of emisson of the subject GHG and adding them up:
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¥ dA°®
e VD) (X t) oC (x°(x))dx,

t

wherer isthe gpplicable discount rate.

Findly, the Economic GWP for methane a timet is given by:

! dA°
(‘yS r(x-t)Déjl t (X - t) dXC (XC (X))dX
EGWR, , =- GAC
c
v (x=(t)

Quantifying Economic Global War ming Potentials

Asoutlined above, thefirgt step in evauating EGWPsis to determine the carbon
perturbation, De;t (t9), for each subject gas, g. This step requiresamodd of the biogeochemica

cycles of CO, and the GHG in question. For most GHGs, a single exponentia pulse-response
function describes the system reasonably well. For CO,, the Sngle exponentid decay function is
avery rough approximation (IPCC, 1996, Kaufmann, 1997), and we adopt the dightly improved
carbon cycle model reported by Nordhaus (1994). In the modd of Nordhaus (1994), afraction
of the emitted CO, isinstantaneoudy absorbed by the carbon sinks, the remainder decays with a
congant rate. Although numerica methods permit solving more complex (and accurate) carbon
cyclemodels (e.g., Joos et al., 1996), this arguably crude approximation allows us the advantage
of andyticd solutions for developing an intuitive fed for the impact of aternative assumptions.

The generd requirement defining the necessary CO, emissions offset to an arbitrary

perturbation, De™ (t ) , in emission of agreenhouse gas, say methane, is given by

d DFCDe® (x) f S (t - x)dx+d DF" De" (x) £ (t'- x)dx = 0.
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The particular methane perturbation of interest is given by
d, ° Dirac deltafunction at t,

50 the functiona equation becomes
C‘i DF °DeC (x) f S(t'- x) dx + DF M f ¥ (t'- t) = 0.

For the exponentid pulse response case, the offsetting emissons path is

Defy (1) = £ (- )+ (g - G )& ™), where

d, ° Dirac deltafunction at O,
a° Initia concentration after unit CO, pulse.

See Table 2 for details.

The second step involves estimating the margind CO, abatement costs over time. To
obtain estimates of the margina abatement costs, we can take advantage of the fact that Sudies
of the GHG emission paths needed to meet various radiative forcing objectives (or paths of CO,
concentration) often report the tax on CO, emissons, typicdly implicit, that would induce the
intended path in a competitive system. Alternatively, they may report the prices of dlowances
predicted to hold aong a controlled path implemented through a tradeabl e dlowance system.
Either the tax rate or the dlowance price is exactly the margina abatement cost estimate that we

need. An example of such asmulation result isgiven in FHgure 4.
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200 with acean circulation constraint
axponential fit
——— without ocean circulation constraint
axpanential fit
250+
200
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FHgure 4. lllugtrative Carbon Tax Pethsin the DICE Mode (Nordhaus, 1994), Modified to
Account for a Possble Ocean Circulation Collapse (Kdller et al, 2000a, 2000b). The circles and
crosses denote the fit of an exponentid growth curve to the carbon taxes between the years 2000
and 2100. The gpproximate growth rates with and without the ocean circulation congtraint are 3

and 1.2 percent per year, respectively. The shown carbon tax paths assume a backstop
technology a 250 U.S. $ per ton of carbon.

These modd results suggest that optima carbon taxes to achieve an exogenoudy determined
climate condraint might be well approximated in the near-term by an exponentia growth rate

(b).
So, for example, if astudy provides an estimate of the allowance price path, P5 o X) »

associated with some specification of the policy needed to meet the radiative forcing target, the

EGWP for aGHG g isgiven by

\¥ -

EGWP = Q e s De;:t (X - t) pillowance(x)dx
o p,§| lowance (t )
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An attractive festure of this formulation the EGWP is thet it shows how we can, in
principle, shift the focus from meeting a hypothetical path of radiative forcing to developing the
implications of a particular path of alowance prices/carbon tax rates. Thus, for example, if we
had good reason to expect that a backstop technology would become available in the future that
put an effective ceiling on alowance prices, we could caculate the EGWPs that would apply,
regardless of the particular path of radiative forcing that were chosen (since al such paths would,
at some point, involve a shadow price set a some given level implied by the backstop
technology.)

For the above mentioned smplifying assumptions (plus an assumption that the carbon tax

rate grows at rate b, Fgure 4), the EGWP becomes:

EGWP :r—gw,providedb- r-g, <0.
® a(b-r-g,) 9

In this equation, r 4 is the relative radiative forcing coefficient, defined as:

DF rnc DF conc
r 0 9 — g ,
° DF, mDF™

c

where mc and mg are the molecular weights of CO, and the GHG in question and DF ™ isthe

incrementd forcing effect of a unit increment in the concentration by volume of agasin the
atmosphere (the units in which radiative forcing effects are typicaly reported). For comparison,

the GWP for this caseis given by:

For an infinite time horizon, this smplifies to:



17

GWP, =r,—

g

%
ag,

Note that for the case of b =r (in other words, the carbon tax grows at the same rate that

the discount factor shrinks) the EGWP is equd the GWP for an infinite time horizon.

Results

We use the andyticd solutions to caculate the EGWP for various parameter values. The

first question is. How reasonable is the exponentia decay approximation? We address this

question by comparing the GWP vaues based on the smple exponentiad mode with GWPs

caculated with amore complex carbon cycle modd, given by the IPCC (1996) (Table 2). Table

2 indicates that our gpproximation might capture the sdlient feetures of the GWP vaues

caculated using more complex models (IPCC,1996).

GWP

Residence Time Exponential Decay from

Approximation* IPCC

Species ) Relative
Half Lifein | PE Raeinl  Forcing | 100ven
Years Percent per | Coefficient | Approximation to| Horizon
Year (r) 100-Year GWP

carbon dioxide CO, 120 0.58 1.0 1 1
methane CH, 12 5.78 70.7 29 21
nitrous oxide N,O 120 0.58 205.6 367 310
sulphur hexafluoride Sk, 3200 0.02 10715.4 24967 23900

* Assumes all species, other than CO,, decay at constant rate per year. A fraction .44 of aCO, pulseis
immediately absorbed by terrestial sinks; the remainder decays at the indicated constant rate.

Table 2. Comparison of the GWP from the Exponentid
Approximation and the IPCC (1996) Vaues
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Having established that the anaytica solution might be a useful approximetion to the
problem, we present in Table 3 EGWP values for various scenarios. Based on the carbon tax
paths shown in Fgure 4, we estimate EGWP vaues for rates of carbon tax increase (b) of 3 and
1.2 % per year. Inthissmplified modd, the rate of increase in carbon tax and the discount rate
are completely symmetric in their effects. Only the difference, b-r, entersthe calculation. The
case of methane illudtrates draméticaly the sengtivity of the carbon equivdenceto this"net”
discount factor, which ranges from 0% (3%-3%) to 4.8% (5%-1.2%). At the highest of these
illugtrative rates the EGWP for methane is nearly three times the GWP leve prescribed by the

Kyoto terms. At the lowest, the EGWPis only alittle over one haf the Kyoto leve.

EGWP for Exponential Case* GWP from |PCC

Species EGWPfor | EGWPfor | EGWPfor| EGWP for
r=5%, r=5%, r=3%, r=3%, 20 years | 100 years| 500 years

beta=3% beta=1.2% | beta=3% beta=0%
carbon dioxide CO, 1 1 1 1 1 1 1
methane CH, 42 58 13 51 56 21 6.5
nitrous oxide N,O 367 367 367 367 280 310 170
sulphur hexafluoride Sk 24417 21928 552630 22668 16300y 23900 34900

* Assumes all species, except CO,, decay at constant rate per year; .44 of apulse of CO, is instantaneously reabsorbed,
remainder decays exponentially; carbon tax grows at constant rate beta.

Compared to IPCC (1996) Values

Table 3. EGWPs Based on the Exponentia Decay Assumptions

Note that the present caculations neglect so far the possibility of carbon backstop

technologies. In thelong term (and in certain cases), this gpproximation might be questionable

(see FHgure 4), and the andytica solution must be amended to account for this effect. The

potentid bias by the neglected backstop technol ogies becomes obvious for long lived gasesin

the case where the discount rate isless or equa to the growth rate of the carbon tax (i.e., column

3in Table 3 for sulfur hexafluoride).
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Conclusions

We develop a novel economic measure — the Economic Globa Warming Potential
(EGWP) - to analyze the tradeoffs between emissons of different greenhouse gases. The EGWP
is an economic extension of the globa warming potentia (GWP). In contrast to previous
economic extensions of the GWP that andyze changesin environmenta damages, the EGWP
requires only information about the margina carbon abatement cost dong a projected path of
environmenta regulation % arguably more accessible information. We derive andlyticd
approximations for smplified cases and evaluate the EGWP for the greenhouse gases regulated
in the Kyoto protocol. Not surprisingly, the EGWP vaues are senstive to the adopted discount
rate, the atmospheric resdence time of the gas and the future carbon tax rates. For typically
adopted discount rates and potentid future carbon tax paths, the EGWP for methane are larger
than the GWP adopted in the Kyoto protocol. The discrepancy between the GWP and the
EGWP confirms previous conclusons that a regulation policy based on GWP done (asin the

Kyoto protocal) islikely to be economicaly inefficient.



20

Refer ences

Eckaus, Richard S. “Comparing the effects of greenhouse gas emissons on globa

warming,” The Energy Journd (XI11), 1992, pp. 25-35.

Hammitt, James K., Atul K. Jain, John L. Adams, and Dondd J. Wuebbies, "A Wefare-
Basad Index for Assessing Environmentd Effects of Greenhouse-GasEmissons”
Nature, (CCCLXXX1) May 23, 1996, pp. 301-303.

Havey, L.D. Danny, "A Guideto Globa Warming Potentids (GWPs)," Energy Palicy,
(XXI-1) January 1993, pp. 24-34.

Intergovernmenta Pandl on Climate Change (IPCC), Climate Change 1995: The Science

of Climate Change (Contribution of Working Group | to the Second Assessment

Report of the Intergovernmental Panel on Climate Change), J. T. Houghton, L. G.
MeraFilho, B. A. Cdlander, N. Harris, A. Kattenberg and K. Maskd, eds,,
Cambridge University Press, 1996.

Joos, F., et al: “An Efficient and Accurate Representation of Complex Oceanic and
Biosphere Models of Anthropogenic Carbon Uptake.” Tdlus, (XLVI1II B) 1996,
pp. 397-417.

Kaufmann, R. K. “ Assessing the DICE modd: Uncertainty Associated with the

Emissions and Retention of Greenhouse Gases’ Climatic Change, (XXXV) 1997,

pp. 435—448.
Kandlikar, M. “Indexes for comparing greenhouse gas emissons. Integrating science and

economics,” Energy Economics, (XVI11) 1996, pp. 265-281.Kdler, Klaus,

Benjamin Bolker, and David F. Bradford, "Uncertain Climate Thresholds and



21

Economic Optima Growth”, Paper to be presented at the Y e/NBER/IIASA
Workshop on Potentia Catastrophic Impacts of Climate Change, Snowmeass,
Colorado, July 24-25, 2000.

Kéler, Klaus, Kelvin Tan, Frangcois M. M. Mord, and David F. Bradford, " Preserving
the Ocean Circulation: Implications for Climate Policy,” issued as CESifo
Working Paper 199, Center for Economic Studies, University of Munich, October
1999 and NBER Working Paper No. 7476, Cambridge, MA: Nationa Bureau of

Economic Research January 2000; accepted for publication in Climatic Change,

as of November 1999.
Lashof, Danid A., and Dilip R. Ahuja, "Relative Contributions of Greenhouse Gas
Emissonsto Gobd Warming, Nature, (CCCLXIV) April 5, 1990, pp. 529-531.
Lashof, Danid A., "The Use of Globd Warming Potentials in the Kyoto Protocol: An

Editorid Comment," Climatic Change, (XLIV) 2000, pp. 423-425.

Nordhaus, William D., Managing the Globa Commons, The Economics of Climate

Change, Cambridge, MA: MIT Press, 1994.

Nordhaus, William D., "Rall the DICE Again: The Economics of Globa Warming," MS,

Y ae University, New Haven, CN, December 18, 1998.
ONsill, Brian C., "The Jury is Still Out on Globa Warming Potentids An Editorid

Comment," Climatic Change, (XLIV) 2000, pp. 427-443.

Reilly, John, R. Prinn, J. Harnisch, J. Fitzmaurice, H. Jacoby, D. Kicklighter, J. Mdlillo,
P. Stone, A. Sokolov, C. Wang, "Multi- Gas Assessment of the Kyoto Protocol ,"

Nature, (CCCCI) October 7, 1999, pp. 549-555.



22

Reilly, J. M., and K. H. Richards, “ Climate Change Damage and the Trace Gas Index

Issue’, Environmental and Resource Economics (111) 1993, pp. 41-61.

Smith, Steven J,, and T. M. L. Wigley, "Globa Warming Potentids. 1. Climatic

Implications of Emissions Reductions" Climatic Change, (XL1V) 2000, pp. 445-

457.
Smith, Seven J, and T. M. L. Wigley, "Globad Warming Potentids. 2. Accuracy,”

Climatic Change, (XLIV) 2000, pp. 459-469.

Wauebbles, D. J,, A. K. Jain, K. O. Patten, and K. E. Grant, "Sengtivity of Direct Globa

Warming Potentiadlsto Key Uncertainties,” Climatic Change, (XX1X) 1995, pp.

265-297.
Wigley, T. M. L., "The Kyoto Protocol: CO,, CH4 and Climate Implications”

Geophysical Research Letters (XXV-13) July 1, 1998, pp. 2285-2288.




