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Abstract

The economic impact of dimate change is usualy measured as the amount by which the dimete of
agiven period will affect output or GDP in that period. This paper draws atention to some of the
dynamic effects through which dimate change may affect economic growth and hence future
output. In particular, the paper looks a saving and capitd accumulation. With a condant savings
rate, alower output due to climate change will leed to a proportionate reduction in investment
which in turn will depress future production (cgpitd accumulation effect). If the savingsrateis
flexible, forward looking agents may change their savings behavior to accommodate the impact of
future dimate change. Again this dters growth progpects (savings effect). In an endogenous growth
context, the two effects may be exacerbated through changes in labour productivity and the rate of
technica progress. Smulations usng asmple dimate-economy modd suggest thet the capita
accumulaion effect isimportant, especidly if growth is endogenous, and may be larger than the
direct impect of climate change. The savings effect isless pronounced and its Sgn isambiguous. In
most cases, the savings effect is negative, that is, faced with dimate chenge households increese
current consumption rather than saving more to compensate for future damages. The indirect effects
aerdativdy larger for smdler direct effects; theindirect effects are dso rdatively larger for
growth mechanisms more prevaent in richer countries. Ignoring the growth effects of dimate
change thus leads to a subgtantial underestimate of the impacts of dimete change, particularly in
richer economies.
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1. Introduction

In mogt studies of the economic impact of globd warming the effects of climate change are
assessad and vaued separately sector by sector, and then added up to form an estimeate of the
overd| changein socid wefare (e.g., Nordhaus, 1991; Cline 1992; Fankhauser, 1995: Tol, 1995;
Mendelsohn and Neumann, 1999). Thisis known as the enumerative gpproach. It iswell-known
and widdy documented in the literature that this method ignores potentialy significant * horizonta
interlinkages’, that isinteractions between sectord impacts such as agriculture (where irrigation
needs may go up) and water (where supply may decrease). See Smith et al. (2001) and Tol et al.
(2000) for adiscusson.

Equdly important, but lesswell documented, is the fact that the enumerative gpproach dso neglects
dynamic interlinkages. Enumerative sudies are concerned with only one time period and ask how
the climate observed in that period affects socid wefare at that particular point intime. In doing so,
they ignore intertempord effects and fal to provide information on how dimate change may affect
output in the longer term. This paper seeksto close this gap by exploring the links between climate

change and growth.

Themain such link or dynamic effect isviacapital accumulation. If we assume a condant savings
rate, the amount of investment in an economy will be reduced if dimete change has a negative
impact on output (and vice versaif impacts are pogitive). Over the longer tem thiswill leed to a
reduction in the capitd sock and alower GDP. In an endogenous growth context, this capita
accumulaion effect may be exacerbated if lower investment dso dows down technica progress and
improvements in labour productivity or human capital accumulation.

A second dynamic effect hasto do with saving. In aworld with perfect foresght we can expect
forward-looking agents to change their savings behavior in anticipation of future dimate change.
This too, will afect the accumulation of capita and hence growth and future GDP. It isundear, a
priori, whether this savings effect will be postive or negative. On the one hand, savings rates may
0o up because agents wish to compensate for the shortfdl in future income. On the other hard,

! The term is due to Cline (1994).



climate change could reduce the productivity of capita and, faced with alower rate of return on
capitd, agents may prefer to consume more today.

Integrated assessment models with an economic foundeation (e.g., Nordhaus, 1994; Peck and
Teisherg, 1993; Tal, 1999) usudly incorporate the capitd accumulation effect and sometimesthe
savings effect because their design is based on neo-classcd growth theory. But they do not usudly
separate the dynamic effects explicitly. In this paper we try to do so. Section 2 discusses the
theoreticd links between dimate change and growth based on an andysis of the Seaedy date of a
ylized growth modd. In Section 3 we Smulate the magnitude and direction of the dynamic effects
usng DICE, ardativey smple and widdy used dimate economy modd (see Nordhaus 1994). We
a0 invedtigete the sengtivity to dternative specifications of the mechaniams of growth. Section 4
edimates the effect of climate change on the rate of growth, and Section 5 concludes.

2. A Theoretical Mode of Climate Change and Growth

Model description

To study the basic interlinkages between dimate change and economic growth we use astandard
Ramsey- Cass- Koopmans growth modd, in which asodd planner is faced with the following
intertempord optimisation problem:

¥
(1)  max (e T)=e™ dt
0

subject to:
(2 K=F(K,LT)-cL-d(MK,
(3 L=n(T)xL; L, =1,

where u denotes the utility function, ¢ isper capitaconsumption; F isoutput; K iscapitd,
depreciating &t rate &; and fiisthe discount rate.

L islabour supply, which grows & rate n, garting from an initid, normdised levd of 1; The
variable should be interpreted as being about effective [abour, thet is the growth rate n reflects both



changesin populaion (p) and labour productivity (x), i.e. n = p+x. Note that labour productivity is
exogenous in this formulation. We will look & modds with endogenous productivity improvements
in the next section.

For amplicity, dimeate change is represented by an exogenous, time-independent indicator, T (for
temperature). Thelarger T, the more pronounced are the impects of climete change. Climate change
affects the optimisation & up to four levels

Non-market impacts such as the amenity vaue of dimate and the effect on recregtiond and
environmenta assets. Non-market impacts directly affect the utility function, and we assume
them to be negative, OWOT = ur< 0, dthough the impact literature has dso identified potentia
benefits (Smith et al. 2001).

Market impacts such as changesin agriculturd yieds, which enter the production function.
Again we assume the net impact to be negative, F/OT =F+< 0, notwithgtanding argumentsin
the more recent literature that market impacts may initidly be pogtive at least for some regions
(e.g., Mendel sohn and Neumann 1999; Tol 1999).

Health and mortality impacts associated with more widespread diseases such as mdaria. These
affect both population growth and the productivity of the labour force, and are bdieved to be
predominantly negetive, LIn/CIT = nr < 0 (McMiched et al. 2001).

Theimpact on the longevity of capitd. This effect isless established in the literature, dthough
some adaptation studies (e.g., Fankhauser et al. 1999) have pointed out thet a continuoudy
changing dimate will reguire more frequent adjusments in the capital stock, especidly with
repect to defendve expenditures (e.g. the strengthening of seawals and dykes). This can be
captured in an increased speed of capital depreciation, D&/OT = &r> 0.

If output is homogeneous of degree onein labour and capita, we have:

KKK = . _
4 k—L,k T L’f(k) F(kLT);Lf(k) =F(K,L,T),
and (2) and (3) can be combined to:

5) k=f-c-dk-nk.



Solving the modd yidds, after some manipulation:

6 c=-—

(fk'd' r),

cc

where subcripts denote derivetives. Equations (6) and (5) are the two equations of motion driving
the system. The steady Sateis defined by ¢ = k = 0, whichimplies

7 f,=d+r,
(8) c=f-dk-nk.

Capital accumulation

Theimpact of dimate change on capitd accumulation can be derived by totaly differentiating (7),
which yidds the following expresson for Ok/OT:

Tk d - f
9 LA S
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Equation (9) tels us that dimeate change affects capitd in the Seady date through two channds,
both negative. Fird, dimate change makes capitd more short-lived, &r > 0. Thisreducesthereturn
on capital because the benefit stream associated with a given investment becomes shorter (recal
that fi < 0). Second, if we assume market impacts to be multiplicative (asin DICE) thereturn on
capitd isdso lower because dimate change reduces the margind product of capitd, fkr< 0. A
lower return on capita leads to reduced investment and alower capitd stock.

Saving

We now turn to saving. If saving, S, is defined as output minus consumption, we can use (4) and (8)
to derive:

(10) S=F-cL=L(f-c)=L(d+n)k.

Differentiating Swith respect to T yidds
1S _.é Tk u
(1) ==LAd,+n)k+d +n)—,.
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By subdtituting (9) into (11) we derive:

(12 ——L@T§i+(d+”)§+nTk-(d+n)ffi

it é K @ kk Q
Equation (12) tdls usthat dimate change affects saving in the following ways

Non-market impacts, ur< 0, do not affect saving because climate change is exogenous and thus
acts only to rescale utility.

The effect of market impacts on saving is negative (Sncefyr < 0, fik < 0). Thisisthe mirror
image of the capital accumulation effect discussed above. Faced with alower capita
productivity, consumers decide to reduce invesment and the capital stock.

The hedth impacts of dimate change d o affect saving regatively, nr < 0 because less people
need less capitd.

Theimpact of accelerated capitd depreciation, &r> 0, is ambiguous. On the one hand, savers
wish to compensate for the shorter live time of capitd by providing additiona funds. On the
other hand, they are discouraged from doing o because of the lower return on capitd (the
cgpita accumulation effect again).

3. The Magnitude and Direction of Dynamic Effects

To gain further indgghts we now turn to anumerical modd of dimate change, the wel-known DICE
modd developed by Nordhaus (1994). We use the functiond forms and parameters asin DICE, but
excude the option of emisson reduction and fix the temperature scenario. Although DICE isa
modd of the world economy, we can dso interpret the results as those of asmdl country without
control over amospheric CO, concentrations. We only have to rescde the variables and reinterpret
the impact of dimete change as the impact induding adjusments in internationa trade — note thet
below we only present rddive results.



The direction of the savings effect

The firgt question we try to answer concerns the direction of the dynamic effects. From the
theoretica condderations we know that the capita accumulation effect is negetive, thet isit will
exacerbate the negative impact of dimate change. The 9gn of the savings effect, in contragt, had
been ambiguous in the Steady Sate of the theoretical modd. We need anumerica mode to estimate
the relative importance of the different components of the savings effect identified in Section 2.

Some adjusments to the model were needed for this exercise, as DICE does not distinguish dl the
channd s through which dimate change affects savings, and indead assumesthat dl impacts are
channded through the production function. We dtered DICE to mode the effect of climate change
on population growth, depreciation and utility, kegping the direct impact the same asin the
benchmark case where the impact was on output alone. For population, we assumed that the value
of agatidica lifeis 200 times per cgpitaincome (Tol, 1999).

To emphasize the savings effect we assume an impact scenario where a 30C warming reduces GDP
by 5%. Asthereview of Smith et al. (2001) showed, impacts will probably liewell below the 5%
mark in most countries. However, inflating the direct impactsin thisway makesit eeger to identify
the indirect dynamic effects on growth.

Fgure 1 shows the effects of the four dternative pathways, andysed in Seady Seatein the previous
section. The dynamic effects on saving are the same as in the Seady sate. Climate change impacts
onutility do not affect savings, impacts on depreciation increase savings and impacts on populaion
decrease savings. Note that the latter effect isvery smdl; the former may increase the savingsrate
by afactor of 1.01, for abenchmark impact of 5% of GDP for a 31C warming. Climate change
impacts on output dightly decresse savings.

The net effect isthat — unless the depreciaion effect is subgantid — the savings effect will be
negative. That is, consumers choose not to increase investment to maintain economic growth, but to
decrease invesment in favour of current consumption. Consumerswill lower savings, thusreducing

economic growth so asto maintain current consumption.

The magnitude of dynamic effects



Next, we use DICE to derive arough understanding of the magnitude of some of the linkages
between dimate change and growth. To do this, we run the modd — with dimate change impecting
on economic output — in two different modes, associated with different growth models (see Barro
and Sda-I-Martin, 1995; Rorrer, 1996; and the gppendix):

The Sol ow-Swann specification:  In the traditional Solow- Swan growth modd savingisan
exogenoudy given fraction of income. Technologica progressis aso exogenous. We can use
thismodd to isolate the cagpitd accumulation efect by comparing its GDP predictions with the
direct impacts of dimate change. The exogenous savings rate was derived from the DICE base
run in which there is no dimate change. This savingsrateis optimd, given the DICE

parameters, in aworld without dimate change.

The Ramsey-Cass-Koopmans spedification: Thisisthe origind modd structure of DICE and
smilar to thet of the theoretical modd of Section 2. Savings rates are determined
endogenoudy, and are hence affected by dimate change. Technicd progress on the other hand
is exogenous. The comparison of this specification with the Solow- Svann modd will provide
ingghtsinto the magnitude of the savings effect.

In addition, we use two endogenous growth specifications to see how the dynamic effectsdiffer if
investment decisons aso affect human capitad accumulation and technica progress. Again, they
can be asociaed with two standard growth models (see gppendix for detailed specifications):

The Mankiw-Romer-Weil spedification: In thismodd (dueto Mankiw et al. 1992) techno-
logicd progressis exogenous and savings are given. The crudid didinction of thismodd isthat,
besides physical capitd, the mode aso indudes human cgpitd. Comparing this specification
with Solow- Swvann gives an indication of how dimate change affects human capital
accumulation. To arive a the Mankiw- Romer-Well specification we assume thet the output
eadidties of physca and human capita areidentica, and that their sum isequd to the output
eadicity of physcd capitd in the Ramsay- Cass- Koopmans modd . We assume that in the base
year (1965), physca capitd and human capital are equd in Sze, and hdf as big asthe physicd
cgpitd in the Ramsey- Cass-Koopmans mode. The savingsrateis equd to the savingsratein the
Solow- Swan modd, and divided equdly over investmentsin physical and human capitd. We
usethetota factor productivity to caibrate the output of the Mankiw - Romer-Weil modd to the
output of the Solow Swan modd in the aasence of dimeate change.



The Romer spedification: Thismodd isamilar to the Mankiw-Romer-Well modd in thet

savings are exogenous and technological progress endogenous. In the Romer (1990) modd there
isno human capita stock. Ingteed, part of the physica capital sock and part of the labour force
are used in research and devel opment to increase |abour productivity (see dso Grossman and
Helpman, 1991, and Aghion and Howitt, 1992). The output of R&D is a generdized Cobb-
Douglas function. This specification indicates how dimate change would affect productivity.

We assume that dl parameters and savings are the same as in the Solow Swan modd. The
shares of labour and capital devoted to R& D are condant. We use |abour productivity to
cdibrate the output of the Romer modd to the Solow Swan modd in 1965. We use R&D
productivity to cdibrate the output for the other periods, assuming there is no climate change.

Figure 2 compares the direct impacts of climate change with the indirect dynamic effectsfor the
different modd specifications, usng losses in per capita consumption as the damage indicator. As
before, we assume an impact scenario where a 3L1C warming reduces GDP by 5%. Figure 2
highlights the compounding nature of the dynamic effects, which grow both in asolute and relaive
terms over time.

The magnitude of the indirect effects differs acrass the models. The capitd accumulation effect (the
difference between Solow-Swan and direct costs) is much larger than the savings effect (the
difference between Solow-Swann and the Ramsay Cass- K oopmans specification), which isbardy
diginguishable. Both are dightly bigger, in dosolute terms, then the direct losses of dimate change.
The dynamic effects are srongest in an endogenous growth context, particularly in the Mankiw-
Romer-Well mode where consumption losses can grow to dmost twice the Size of direct impacts.
The Romer modd shows the same effect, but smdler. Thisis becausein these specificationsa
larger part of the growth isinternd to the modd, rather than exogenoudy specified technologicd
progress. This makes the modd more sengtive to reductionsin output, and hence invesmentsin
humean capitd (Mankiw-Romer-Walil) or research and development (Romer).

Fgure 2 dso indudes the indirect effectsin the Ramsey- Cass-Koopmans modd if dimeate change
impects affect capita depreciation rather than output. In this case, savings go up, as discussed above
(seeHgure 1). Alsoin this case, the indirect effects are negetive, dbet very amdl; incressed

savings largely compensates accel erated depreciation, but do not offset it. Compared to the case
without dimate change, impacts add a condraint to utility optimization; utility cannot increase and,

as consumption is the only argument in the utility function, consumption must fal aswal.



Fgure 3 shows the Sze of the dynamic effects, rdative to the direct effect, for different levels of
climate change impact, ranging from 1% to 15% of GDP for 3CJC warming. The comparison is
limited to the Solow- Swan and the Mankiw-Romer-Weil modd s and shows thet theindirect effect
isreativey lessimportant for larger benchmark dimate changeimpacts Thisis because direct
impects grow linearly with benchmark impacts wheress investment falsinversaly proportiond with
direct impacts, cgpitd fdls less than proportiond with invesment, and output and consumption are
less than linear in capitd.

For large impacts, indirect damages aresmaller rddiveto direct impactsin later time periods. In
later time periods, the less-than-linear effect of benchmark damages on indirect impactsis
compounded over time. For amdl impacts, indirect damages are larger relativeto direct impactsin
later time periods. For smdler impacts, indirect impacts are more linear in benchmark damages, in
later time periods, the capitd accumulation effect islarger.

4. The Rate of Growth

We next turn to the question of how sgnificant dimate change may be for long-term growth
prospects, usng the same mode and modd specifications as in the previous section. Figure 4
compares the impact of dimate change on growth rates for the four mode specifications. The effect
issmdles in the Solow Svan modd, dthough itsresults are again very dose to those of Ramsay-
Cass-Koopmans and Romer. The Mankiw-Romer-Weil modd shows the greatest impact of dimate
change on growth. As before, the impact on growth raesisincreasing over time, as the dynamic
effects begin to bite, but the effect is not substantia enough to change a future path of (moderate)
long-term growth into one of continually negative growth and recession. Hence, dimeate change

does not conflict with wesk sustainability as defined for example by Hartwick (1977) and Pearce
and Atkinson (1993).

The question of negative growth is andysed further in Figure 5, which compares the growth ratesin
the Solow- Swan and Mankiw- Romer-Well modds for awider range of impact etimates. Economic
growth fals more for higher impacts, but less than linearly 0, asthe effect is through the capita
gock, and consumption islessthan linear in capitd.
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Fgure 5 shows thet, in the long run, for high direct impacts, dimate change may indeed reverse
economic growth, even in the optimistic Solow- Swan model, and per capitaincome may fal. The
direct damages required for such an outcome are, however, substantid — at least 15% of GDP for
30C warming. For mogt regions, such ascenaio is unlikely to be associated with continuous climate
change, but very large impects of this magnitude cannot be excluded in the most vulnerable
countries, particularly low-lying ddtaic and idand nations (see Smith et al. 2001). Impacts of this
magnitude may aso be conggtent with adimeate catagtrophe or large- scde discontinuity, such asa
change in thermohdine circulation. In other words, for mogt dimeate change scenarios and most
countries, negative dimeate change impacts are likdly to reduce the rate of economic growth, but
unlikely to reverse along-term path of increasing per cgpitaincome. However, the possibility of
negetive growth cannot be fully exduded.

5. Concludons

This paper draws atention to the fact thet the direct impact of climate change on the economy is not
the only way in which globd warming affects future output. The prospect of future dameges (or
benfits) dso affects capitad accumulation and peopl€e’ s propengty to save, and hence the rate of
economic growth. 1In an endogenous growth modd this dso means a different rate of technica
progress, which enhances the savings and capitd accumulation effect. The capital accumulation
effect, and probably aso the savings effect, are both negative, which suggests that the traditiond
enumerdive sudies underestimate the true impect of dimete change. The dynamic effects are
unlikely to reverse the prospect for future long-term growth, except in the most vulnerable countries
or if thedirect impacts of dimate change are much more subgtantia than currently assumed.

Theindirect effects are rdaively smdler if the direct effects are bigger. As poorer countries are
generdly thought to have larger direct impacts (cf. Smith et al., 2001), the enumerative method
underesimates the tota effects more in richer than in poorer countries. This atenuatesthe
digtributional implications of dimeate change. Countries with different levels of income dso have
different mechanisms of growth. From rich to poor, physica capital accumulation, human capita
accumulaion, and research and devel opment are the most important growth engine (eg., Funke and
Strulik, 2000). Comparing the results of our different growth modes, the indirect effects on therich

11



are agan rdaively larger than those on the poor, but the indirect effects on the middle incomes are
largest.

The dynamic effects discussad in this pgper are nat the only channd's through which dimete change
may affect growth. Scheraga et al. (1993) have pointed out the effect dimate change may have on
the Sructure of economies. Different economic sectors are affected differently by dimete change,
and as aresult investment decisons will change and some sectors will grow fagter than others,
thereby changing the size and composition of GDP. For ingtance, to maintain food production, more
investment may have to be channded into agriculture, and the need for invesment in defensve
expenditures will grow. Arguably, such achange in the sructure of an economy could have an
impact on its long-term growth potentid. Smilarly, internationd trade may well execerbete

negative impactsin one place and aleviate impacts somewhere dse (Darwin and Tol, 2001), while
internationa capital would change the prospects of growth.

Perhgps more importantly, the ‘ new economic geography’ literature has reminded us of the
importance of climate and disease as a determinant of long-term economic devel opment. Gallup et
al. (1999) argue that vector-borne diseases, particularly maaria, can have such alarge effect on
labour productivity that some countries, particularly in Sub-Saharan Africa are trgpped in avicious
cycle of disease-low productivity-poverty-deficient hedth care. Climate change may well leed to an
increase in vector-borne diseases, which could make more countries vulnerable to this poverty-
disease trap. For indance, Gdlup et al. (1999) find that maariadows economic growth in Africaby
about 1% per year, while McMiched et al. (1996) find thet a degree of globa warming may
increase mdaria by some 10%. Maders and McMillan (2001) find aclear postive relationship
between mild frost and economic development. They speculate that frost kills pests and pathogens,
90 that human and agriculturd productivity is higher in temperate dimates. Again, dimate change
may reduce this advantage?

A find comment has to concern the choice of mode. An economic response to dimate change that
reduces saving and shifts consumption from the future to the present obvioudy falsfoul of akey
god of climate change palicy, intergenerationd equity. It isimportant to make explicit therefore the
underlying objectives of the modd we used, which isto maximize aggregate socid wefare,

12



expressad as the present vaue of utility achieved over time. This representation istypica for
growth modds, but it may not be an gppropriate objective for climate change palicy, or should at
leest not beits only god. Modds concerned expliaitly with maintaining intergenerationa equity
would probably recommend different savings and investment rates than those derived here. Quite
possibly, they would recommend the accelerated accumulation of mantmade capital to compensate
future generations for the loss of a conducive dimate— in line with the sustaingbility literature — but
the confirmation of this assertion hasto be left to future research.

Acknowledgements

Thanksto our friend and colleague Jod Smith for asking the question that led usto writing this
paper. Kerdin Ronneberger had vauable comments on an earlier draft. TheVolkswagen
Foundation through the ECOBICE project, the US National Science Foundation through the Center
for Integrated Study of the Human Dimensons of Globa Change (SBR-9521914) and the Michae!
Otto Foundetion provided welcome financid support. The views expressad in this paper are the
authors and not necessaxily those of the organisations they are affiliated with. All errors are ours.

References

Aghion, P. and Howitt, P. (1992). “A Modd of Growth Through Cregtive Destruction”, in:
Econometrica, 56: 323-351.

Barro, RJ. and Sda-1-Martin, X. (1995). Economic Growth. New Y ork: McGraw-Hill.

Cline, W.R. (1992) The Economics of Global Warming, Washington, D.C: Indtitute for
International Economics.

Cline, W.R. (1994). “The Cogts and Benefits of Greenhouse Gas Abatement. A Guideto Policy
Andyss’, in: OECD, The Economics of Climate Change, Paris. OECD.

Dawin, RF. and R.SJ. Tal (2001), ‘ Estimates of the Economic Effectsof SealLevd RisZ,
Environmental and Resource Economics, 19 (2), 113-129.

% Gallupet al. (1999) and Masters and McMillan (2001) also show that, on average, hotter countries are poorer
and grow dower. However, theirs are smple statistical models. Lacking a careful modeling of cause effect chains,
these results cannot be extrapolated to climate change. Note the aternative mechanisms offered.

13



Fankhauser, S. (1995). Valuing Climate Change. The Economics of the Greenhouse. London:
Earthscan.

Fankhauser, S., Smith, JB. and Tol R.S.J. (1999). Westhering Climate Change. Some Smple Rules
to Guide Adaptation Invesments, in: Ecological Economics, 30(1): 67-78.

Funke, M. and Strulik, H. (2000), * On endogenous growth with physical capitd, human capitd and
product variety’, European Economic Review, 44, 491-515.

Gdlup, JL., Sachs, JD. and Mdlinger, A. (1999), Geography and Economic Development, CID
Working Paper 1, Harvard Center for International Development, Cambridge.

Grossman, G.M. and Helpman, E. (1991), Innovation and Growth in the Global Economy, MIT
Press, Cambridge.

Hartwick, JM. (1977). “Intergenerationd Equity and the Investing of Rents from Exhaudible
Resources’, in American Economic Review 67(5): 972-974.

Mankiw, N.G., Romer, D. and D.N. Wall (1992). “A Contribution to the Empirics of Economic
Growth”, in: Quarterly Journal of Economics 107(2): 407-437.

Masters, W.A. and McMillan, M.S. (2001), ‘ Climate and Scale in Economic Growth', Journal of
Economic Growth, 6, 167-186.

McMiched, A., Githeko, A.Akhtar, R, Carcavdlo, R., Gubler, D., Haines, D., Kovats, R.S,,

Martens, P., Patz, J., and Sasaki, A. (2001), “ Human Hedth”, in IPCC, Climate Change 2001:
Impacts, Adaptation and Vulnerability. Contribution of Working Group |1 to the Third Assessment
Report, Cambridge: Cambridge University Press

Mendesohn, R. O. and Neumann, J. E., eds. (1999) The Impact of Climate Change on the United
Sates Economy, Cambridge: Cambridge Universty Press.

Nordhaus, W.D. (1991) To Sow or Not to Sow: The Economics of the Greenhouse Effect.
Economic Journal 101 920-937.

Nordhaus, W.D. (1994), Managing the Global Commons. The Economics of Climate Change, The
MIT Press, Cambridge.

Pearce, D.W. and Atkinson, G. (1993). “Capitd Theory and the Measurement of Sustainable
Devdopment: An Indicator of ‘Wesk’ Sudtainability”, in: Ecological Economics8:103-108.

Peck, S.C. and Teishag, T.J. (1992) CETA: A Moded for Carbon Emissons Trgectory
Assessment. Energy Journal 13 (1):55-77.

Romer, D. (1996), Advanced Macroeconomics, McGraw-Hill, New York.

Romer, P.M. (1990). “Endogenous Technologicd Change’, in Journal of Political Economy, 98:
S71-S102.

Scheraga JD., Learly, N.A., Goettle, R.J., Jorgenson, D.W., Wilkoxen, P.J. (1993).
“Macroeconomic Moddling and the Assessment of Climate Change Impacts’, in: Y. Kaya, N.

14



Nakicenovic, W. Nordhaus and F. Toth (eds.), Costs, Impacts and Benefits of CO, Mitigation,
Laxenburg: IASA.

Smith, JB., Schdlnhuber, H.-J,, Mirza, M.Q., Lin, E., Fankhauser, S, Leemans, R., Ogdlo, L.,
Richds R.G., Safrid, U., Tal, R.SJ, Weyant, JP., Yohe, G.W., (2001), “Vulnerability to Climate
Change and Reasonsfor Concern: A Synthesis’, in IPCC, Climate Change 2001: Impacts,
Adaptation and Vulnerability. Contribution of Working Group Il to the Third Assessment Report,
Cambridge: Cambridge University Press

Tol, R.S.J. (1994), "The Damage Cogts of Climate Chenge (1A Note on Tangibles and Intangibles,
Applied to DICE', Energy Policy, 22 (5), 436-438.

Tol, R.SJ. (1995), The Damage Codts of Climate Change Toward More Comprehensive
Cdculaions. Environmental and Resource Economics 5 353-374.

Tol, R.S.J. (1999), ‘The Margind Damage Cods of Greenhouse Gas Emissons, The Energy Journal,
20(1), 61-81.

Tal, RSJ, S. Fankhauser, R.G. Richdsand JB. Smith (2000), ‘How Much Damage Will Climate
Change Do? Recent Egtimates , World Economics, 1 (4), 179-206.

15



APPENDIX —GROWTH MODELS

The numerical models used in Sections 3 and 4 are based on DICE (Nordhaus 1994), but use the
following spedifications for output and capitd accumulation.

The Solow-Swvan model
A K L2

Al =7  —

AD YO (1+bT(t)?)

whereYisoutput, A is productivity, K is physcd capitd, L islabour, T istemperature, t istime and
4=0.25.

(A2)  K=g1b)Y()- dK(t)
wheresisthe savings rate and &=0.1 isthe depreciation rate.
The Ramsey-Cass-Koopmans model

The Ramsay- Cass- Koopmans modd isidentica to the Solow-Swan model, except thet the savings
rate is determined by intertempora optimization. Without dlimate change, productivity and savings
are st to be equa in both models.

The Mankiw-Romer-Weil modd

Al) K HLIE=
@1+bT(t)*)

A3 Y1) =

whereH isphysca capitd and 4=0.25.
(A4 K =0.5s(t)Y(t)- dK(t)

(A5  H =0.5s(t)Y(t) - d H(t)

The savingsrateis asin the Solow Swan moded. Productivity is set so that output isthe same asin
the Solow-Swan modd in the aasence of dlimate change impacts (8=0).
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The Romer mode!

Re  v(y=201-0IK) (@ gLy
1+bT(1)?)

where &=0.05 isthe share of capitd used in research and development, & =0.10 is the share of
labour used in research and development and 4=0.25.

(A7) K=s(t)Y(t)- dK(t)

(A8  A=B() (9« K) (@.L) At

where&=0.25 and B isthe productivity of research and development. Savings are as in the Solow
Swan modd. R&D productivity is st S0 that output is the same as in the Solow- Svan modd in the
absence of dimate change impacts (6=0).

17



1.012
Population
—=— Depreciation
1017 Utility
—*— Qutput
1.008 -
1.006 -
1.004 A
1.002 A
1 -
0.998

2005I I2025I I2045I I2065I I2085I I2105I I2125I I2145I I2165I I2185I I2205
Figurel. The€ffect of dimate changeimpacts on the savings rate according to four aternative
pathways through which impacts affect the economy; dl results are normaized with the savings
rate in aosence of dimate change; dimate change impacts may be felt on populaion growth, on
capital depreciation, on utility, and on economic output.
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Figure 2. The economic impact of cdimate change (as afraction of per cgpita GDP), compared to
the no-dimate change case, and assuming a globa mean temperature increase of 3[1C causes 5%
GDP damage;, for the Ramsay- Cass- Koopmans modd , resullts are shown for casein which dimate
change impacts affect output as well as deprecation; for other modds, impacts affect output.
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Figure4. Growth in per capitaincome for different growth modes, assuming agloba mean
temperature increase of 30]1C causes 5% GDP damage.
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Figure5. Growth ratein per capitaincome for different dimate change damage scenarios: Solow-
Swan modd (bottom pand) and Mankiw-Romer-Well modd (top pand).



