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Für meine Eltem

ABSTRACT
My thesis deals with the economics of global warming. It focuses mainly, but not
exclusively, on an aspect which has perhaps gained less attention in the literature so
far, the economic costs of "greenhouse damage".

The thesis is structured into five parts. Part I reviews the existing literature on
greenhouse economics, including a first overview of work dealing with the economic
costs of global warming. Part II then assesses the costs of global warming associated
with a doubling of atmospheric CO2 concentration, the benchmark typically used by
scientists to assess the physical impacts of climate change. Part III provides estimates
of the marginal damage per tonne of emission for several greenhouse gases, figures
which are of importance for the assessment of individual abatement projects. The
calculations are based on a stochastic greenhouse damage model in which all key
parameters are random. It therefore also allows insights into the likelihood of
different damage cost scenarios. Part IV picks out one particular aspect of
greenhouse damage - sea level rise - and studies it in more detail. Sea level rise is
a good example of the fact that a part of greenhouse costs are not damage costs as
such, but arise from the implementation of damage mitigation strategies, such as the
erection of sea walls. In addition to providing a more detailed assessment of the
economic costs of sea level rise. Part IV also analyses the relative role of protection
and mitigation expenditures within the total costs of sea level rise. Part V (written
jointly with Snorre Kvemdokk of Statistics Norway) finally offers an illustration of
how the costs and benefits of abatement ought to be put together to determine the
socially optimal result. It introduces a stylised model of greenhouse gas negotiations,
in which countries negotiate to reach a socially optimal greenhouse treaty.

TABLE OF CONTENTS

List of Figures

6

List of Tables

7

Acknowledgements

9

Preface

PART I:

10

ECONOMICS AND GLOBAL WARMING

12

1.

The Emergence of the Greenhouse Problem

13

2.

Energy Models and
the Costs of Greenhouse Gas Abatement

16

2.1 The Different Modelling Approaches

16

2.2 Model Comparisons

19

2.3 Assessment and Extensions

22

The Economic Costs of Global Warming Damage

25

3.1 Agricultural Damage

26

3.2 Sea Level Rise

28

3.3 Enumerative Approaches

29

3.4 Extensions and Critique

32

The Optimal Policy Response to GlobalWarming

36

4.1 The Cost Benefit Approach

36

4.2 Discounting

40

4.3 Hedging and Uncertainty

45

4.4 The Carbon Budget Approach

49

Policy Instruments and Carbon Taxes

50

5.1 Choosing the Instrument

51

5.2 Distributional Issues

53

5.3 Revenue Recycling and Double Dividend

55

International Cooperation

57

6.1 Sharing the Abatement Burden

57

6.2 Unilateral Action

61

3.

4.

5.

6.

7.

Conclusions

PART H:

64

THE ECONOMIC COSTS OF CO^
CONCENTRATION DOUBLING

67

1.

Introduction

67

2.

Individual Damage Categories

69

2.1 Sea Level Rise Protection Costs

69

2.2 Dryland Loss

72

2.3 Coastal Wetland Loss

74

2.4 Species and Ecosystems Loss

77

2.5 Agriculture

79

2.6 Forestry

81

2.7 Fisheries

84

2.8 Energy

84

2.9 Water

87

2.10 Other Sectors

90

2.11 Human Amenity

91

2.12 Morbidity and Mortality

93

2.13 Air Pollution

97

2.14 Migration

100

2.15 Natural Disasters

102

3.

Total Damage

106

4.

Concluding Remarks

109

Appendix: Basic Economic Indicators Used

PART m :

111

THE SOCIAL COSTS OF GREENHOUSE
GAS EMISSIONS

112

1.

Introduction

112

2.

Existing Damage Estimates

115

3.

A Stochastic Greenhouse Damage Model

118

4.

5.

3.1 General Description

118

3.2 Future Emissions

120

3.3 Atmospheric Concentration

122

3.4 Radiative Forcing

123

3.5 Temperature Rise

124

3.6 Annual Damage

125

3.7 Discounting

128

The Social Costs of Greenhouse Gas Emissions

131

4.1 The Social Costs of CO2

131

4.2 Other Greenhouse Gases

135

4.3

Sensitivity Analysis I: Discounting

137

4.4

Sensitivity Analysis II: Greenhouse Angst

139

Policy Implications and Conclusions

Appendix: Overview on Parameters and Parameter Values

PART IV:

141
143

PROTECTION VS. RETREAT:
THE COSTS OF SEA LEVEL RISE

147

1.

Introduction

147

2.

Greenhouse Gas Abatement vs. Damage Mitigation:
The General Context

149

A Model of Optimal Sea Level Rise Mitigation

153

3.1

153

3.

4.

5.

General Description

3.2 Protection Costs

155

3.3 Dryland Loss

156

3.4 Wetland Loss

159

3.5 The Sea Level Rise Protection Problem

160

Solving the Model

162

4.1

The Optimal Height of Protection Measures

162

4.2

The Optimal Length of Coastal Protection

163

4.3

Costs as a Function of Sea Level Rise

166

Simulation Results for OECD Countries

168

5.1 Estimation of Parameters

168

5.2 The Optimal Level of Protection

170

5.3 The Costs of Sea Level Rise

174

Summary and Conclusions

178

Appendix 1: Model Param eters

181

Appendix 2; Optim al Degree of Coastal Protection

186

Appendix 3: The Costs of Protection

190

6.

PART V;

THE GLOBAL WARMING GAME: SIMULATIONS
O F A CO 2 REDUCTION AGREEMENT"

193

1.

Introduction

193

2.

The Model

195

2.1 General Description

195

2.2 The Climate Module

200

2.3 The Income Function

202

2.4 The Damage Function

205

2.5 Discounting

207

Simulation Results

208

3.1 The Non-Cooperative Equilibrium

208

3.2 The Social Optimum

210

3.3 The Gains from Cooperation

212

3.4 Sensitivity of the Results

214

Concluding Remarks

216

3.

4.

Bibliography

* Jointly with Snorre Kvemdokk (Statistics Norway)

217

LIST OF FIGURES

PART I
Damage Distribution, Extreme Events and
Best Guess Estimates

34

Figure 1

Overview on Global Warming Impacts

69

Figure 2

Global Warming, Energy Demand and Welfare

92

Figure 3

Occurrence of Tropical Cyclones

103

Figure 1

Present Methodology vs. Optimal Control

114

Figure 2

The Probability Distribution of CO2 Damage

133

Figure 3

CO 2 Damage Distribution and the Threat of Catastrophe

140

Figure 1:

SLR and the Loss of Unprotected Land

157

Figure 2:

Land Value Distribution and the Value of Protected
and Unprotected Land

158

Figure 3:

Optimal Coastal Protection in the OECD

172

Figure 4:

Optimal Protection in OECD Countries
against a 1 Metre SLR

173

Figure 5:

The Costs of Sea Level Rise in the OECD

175

Figure 6:

The Costs of Sea Level Rise in
Individual OECD Countries

176

The Costs of a 1 Metre SLR - The Impact of Discounting

177

Figure 1:

PART n

PART m

PART IV

Figure 7:

LIST OF TABLES

PART I
Table 1:

GDP Loss due to Emissions Stabilisation at 1990 Levels

20

Table 2:

Carbon Tax Necessary for Emissions Stabilisation
at 1990 Levels

20

Table 3:

Economic Damages from 2x002

31

Table 4:

Costs of a US Carbon Tax under Different
Recycling Scenarios

56

Efficiency Gains from Emissions Trading

58

Table 1:

Costs of Preventing Capital Loss

71

Table 2:

Costs of Dryland Loss

73

Table 3:

Coastal Wetland Loss

75

Table 4:

Benefits from Coastal Wetlands

76

Table 5:

Value of Lost Ecosystems

79

Table 6:

Costs to Agriculture

80

Table 7:

Damage to the Forestry Sector

83

Table 8:

Reduction in Fish Harvests

85

Table 9:

Costs of Increased Energy Demand

86

Table 10:

Damage to the Water Sector

89

Table 11:

Damage from Increased Mortality

96

Table 12:

Damage through Increased Air Pollution

99

Table 13:

Migration Costs

101

Table 14:

Costs from Increased Tropical Storms

105

Table 15:

Total Damage due to 2xC02

107

Table 16:

US Damage Compared to Cline and Nordhaus

108

Appendix:

Basic Economic Indicators Used

111

Table 1:

Existing Estimates of CO2 Emissions Costs

117

Table 2:

The Social Costs of Greenhouse Gas Emissions

132

Table 5:

PART n

PART

m

7

Table 3:
Appendix:

The Social Costs of CO2 Emissions The Impact of Discounting

138

Overview on Parameters and Parameter Values

143

PART IV
Appendix 1: Model Parameters

181

Appendix 2:

Optimal Degree of Coastal Protection

186

Appendix 3:

The Costs of Protection

190

Table 1

Climate Parameters

203

Table 2

The Parameters of the Income Function

205

Table 3

Damage from a Hypothetical 2.5 “C Temperature Rise

207

Table 4

Non-Cooperative Nash Equilibrium

209

Table 5

The Rio Stabilisation Target

209

Table 6

The Social Optimum

209

Table 7

Welfare Gains from Cooperation

213

Table 8

Results for Income Parameter b Based on GREEN

214

Table 9

Sensitivity to Climate Parameters

215

PART V

ACKNOWLEDGEMENTS

During the course of my studies I have profited from the help of many people and
institutions. For one year my work was financed by a stipend of the Schweizerischer
Nationalfonds für Forschung und Wissenschaft, and their support is gratefully
acknowledged. I am above all indebted to my supervisor Professor David Pearce for
his careful and inspiring supervision, as well as for the opportunities he opened up
for me when offering me a job at CSERGE. During the two years at the Centre I
have greatly benefited from its stimulating environment, and I am grateful to my
colleagues in both London and Norwich. I would particularly like to thank Professor
David Ulph, who since getting involved with CSERGE has become something like
my inofficial co-supervisor, and whose thoughtful comments have helped to greatly
improve the quality of my work. I am also extremely grateful for the encouragement
and comments I got from my fellow students and friends Viju James, Esra
Karadeniz, Cuneyt Karadeniz, Guido Kürsteiner, Marcel Rindisbacher and
particularly Snorre Kvemdokk, who was a visitor at the Department of Economics
in 1990/91, and with whom I have collaborated since. Special thanks also to
Archana Srivastova, who interrupted work on her own PhD to proof read mine. The
Department of Economics would not be the friendly place it is without the caring
hand of Pat Fairbrother, and I am extremely grateful to her for her concern and help
during the last three years. The greatest thank of all I owe to my parents, who
throughout my studies have encouraged and supported me in the most wonderful
way. I dedicate this book to them.

PREFACE

It was only a few week after my registration as a PhD student when, in November
1990, the Second World Climate Conference took place in Geneva. The Conference
was a big media event. Scientists called for immediate action against the man-made
greenhouse effect. Politicians, at least, indicated their awareness of the issue. In her
address the UK’s Prime Minister Margaret Thatcher reminded the conference about
man’s "duty to nature", and emphasised the need for "a successful framework
convention on climate change". Similar phrases could be heard from most other
political leaders present in Geneva (see Jager and Ferguson, 1991).

It would make a nice opening line if I could pretend that the conference had inspired
me to the choice of my dissertation topic. Unfortunately, I cannot. By the time of
the Conference in November 1990 I was already struggling to get a first handle on
the science and economics of global warming. Yet, the events around the conference
nicely illustrate the degree of public and political attention the greenhouse problem
has received in the last few years. This growing apprehension has also had its impact
on the economics research agenda. Recent years have seen a rising number of
research projects dealing with the economic aspects of climatic change.

My thesis is embedded in this new and growing strand of literature. It focuses
mainly, but not exclusively, on an aspect which has perhaps gained less attention so
far, the estimation of greenhouse damage costs. The thesis consists of five related,
but fairly self-contained essays. Part I gives an overview of the greenhouse
economics literature. Parts II to IV deal with three different aspects of global
warming damage costs: The economic costs of CO2 concentration doubling, the
marginal social costs of an additional tonne of carbon emitted, and the question of
the optimal mitigation response, which is illustrated on the case of sea level rise.
Part V somewhat broadens the horizon and offers an illustrative simulation of an
international CO2 reduction agreement, bringing together the two sides of greenhouse
damage costs and greenhouse gas abatement costs.

10

Greenhouse economics is a fast evolving field. Rapid progress makes it certain that
most contributions have only a very short lifetime. Symptomatically, most of the
relevant literature used here is less than three or four years old. An improved
understanding is certainly needed. Greenhouse damage research in particular is a
field where very little is known and where much more research input is warranted.
The merit of this thesis is thus perhaps not so much in providing final answers - it
does not - but in making a contribution to work in progress, and in outlining
directions for future research.

Much of the material presented here has already been, or will soon be, published
elsewhere. Part I has appeared as CSERGE Working Paper GEC 93-28 in the
Centre’s Global Environmental Change series. The material in Part II has been
published in Y. Kaya, N. Nakicenovié, W. Nordhaus and F. Toth (1993), Costs,
Impacts and Benefits o f CO2 Mitigation, Laxenburg (Austria): II AS A, and as
CSERGE Working Paper GEC 92-29. Parts III and IV are forthcoming Working
Papers in the CSERGE Global Environmental Change series. Part III has also served
as a background paper for an article by David Pearce and myself on "The Social
Costs of Greenhouse Gas Abatement", forthcoming in OECD (1993), The Economics
o f Climate Change, Paris: OECD. An earlier version of Part V has appeared as
CSERGE Working Paper GEC 92-10, and as Memorandum No. 13 of the
Department of Economics, University of Oslo.
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PART I

ECONOMICS AND GLOBAL WARMING

Part I of the thesis presents an overview of the current state of the art of global
warming economics. It deals with the question of greenhouse damage estimation as
well as with carbon abatement modelling. On the question of the optimal policy
response it advocates a cost-benefit approach, but also acknowledges the potential
shortcomings of this method, in particular with respect to its treatment of
uncertainty. The chapter also calls for a more comprehensive approach which
incorporates all greenhouse gases, as well as other, connected externalities, e.g.
from air pollution, and the distortions from governmental revenue raising.

The chapter begins with a brief outline of the historic emergence of global warming,
from the discovery of the greenhouse effect in the late 19th century to the signing
of the UN Framework Convention on Climate Change in June 1992, and the
developments since (section 1). Next we discuss energy and abatement cost models.
Energy modelling has probably been the most prominent aspect of greenhouse
economics so far, or at least the one economists got involved in first (section 2).
Section 3 then deals with the economic costs of global warming (or, equivalently,
the benefits from greenhouse gas abatement), which will also be the main topic of
the remainder of the thesis. Section 4 then concerns the controversial question of the
optimal policy response to global warming, and is thus in many respects the logical
continuation of sections 2 and 3. However, as already mentioned, the problem is too
complex to reduce to a simple cost-benefit exercise, and issues like uncertainty,
irreversibilities and intergenerational equity will also be considered. Section 5 deals
with the policy instruments available to combat global warming. A fairly broad
literature has emerged around questions of carbon taxes and emission permits, and
it is reviewed there. Much work has also focused on aspects of international
cooperation and the feasibility and potential of carbon agreements. This strand of
literature is assessed in section 6. Section 7 concludes with an assessment of the state
of the art of greenhouse economics.
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1. The Emergence of the Greenhouse Problem^

While the general public has only recently become aware of the global warming
problem, the scientific greenhouse debate goes back over more than 150 years. In
1824 French scientist Jean Baptiste Fourier first described the natural greenhouse
effect, drawing a parallel between the action of the atmosphere with the effect of
glass covering a container. As is now well known, the natural greenhouse effect
described by Fourier forms an important part of the earth’s energy balance system
and is essential for life on earth: without it the average surface temperature on the
planet would be a mere -18 “C, rather than the 15 “C observed today - too low for
any sort of life. The possibility of an enhanced or man-made greenhouse effect was
introduced some 70 years later, in three articles by the Swedish scientist Svante
Arrhenius published around the turn of the century. Arrhenius hypothesised that the
increased burning of coal, which had paralleled the process of industrialisation, may
lead to an increase in atmospheric CO2 concentration and warm the earth. He
however believed that most of the anthropogenic CO2 would be absorbed by the
oceans, and that, in any case, warming would be desirable. Atmospheric CO 2
concentration at that time was still below 300 ppm (parts per million by volume).

Throughout the following decades the greenhouse effect continued to be a topic of
moderate scientific interest, but of not much general concern. In 1965 President
Johnson’s Science Advisory Committee included a chapter on atmospheric CO2 in
a report on environmental problems. It was the first official US government
document to mention the issue. The concentration of atmospheric CO2 was now
continuously monitored at the Mauna Loa Observatory in Hawaii and at the South
Pole. By 1965 it had risen to about 320 ppm. Yet, the concern in the early seventies
was less about global warming than about global cooling, induced by industrial and
agricultural aerosols. The concern about global warming was again revived at the
First World Climate Conference in Geneva in 1979. The conference called for
increased efforts towards a better understanding of climate change, but, given the

‘ The material presented in this section is mainly based on Handel and Risbey (1992)
and Jager (1992).

13

low consensus at the time, was still cautious about the issue.

The turning point was an international conference in Villach, Austria, in 1985.
Sponsored by the United Nations Environment Programme (UNEP), the World
Meteorological Organisation (WMO) and the International Council of Scientific
Union (ICSU), the conference achieved a consensus among scientists about the
magnitude of the problem, noting that "[a]s a result of the increasing concentrations
of greenhouse gases ... in the first half of the next century a rise of global mean
temperature could occur which is greater than any in man’s history" (conference
statement, quoted in Jager, 1992). Global warming was established as a problem of
international concern, at least in the scientific community. Atmospheric CO2
concentration had reached 345 ppm.

Other workshops followed. The sponsors of the Villach conference had established
an Advisory Group on Greenhouse Gases (AGGG), which organised two follow up
workshops in Bellagio (Italy) and again in Villach in 1987. The World Conference
on the Changing Atmosphere held in Toronto in 1988 called for a reduction in global
emissions of at least 50% to stabilise the atmospheric concentration of CO 2 . As an
initial goal it proposed an emissions reduction of 20% compared to 1988 levels, to
be achieved by 2005. The conference enjoyed high media attention, maybe not least
because at the same time the United States experienced one of the worst droughts
ever. Despite the non-official character of the conference and the arbitrariness of the
target, the "Toronto goal" of a 20% reduction was soon established as an abatement
benchmark which has been used in much of the discussion since. Another well
known target, calling for a warming limit of 0.1 "C per decade and 1-2"C in total,
was put forward by one of the AGGG working groups. Not surprisingly, the
political community found it rather difficult to endorse such targets, mainly because
they were usually issued without consideration of the costs involved in achieving
them. Governmental meetings, like the Ministerial Conference on Atmospheric
Pollution and Climate Change held in Noordwijk (Netherlands) in 1989, invariably
failed to agree on emissions targets. The discrepancy between science and policy
became manifest at the Second World Climate Conference in 1990, held again in
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Geneva, where scientists were reiterating their call for strong and immediate action,
while the ministerial conference held immediately afterwards produced very few
results. Meanwhile atmospheric CO 2 concentration had reached 353 ppm.

With the Second World Climate Conference global warming entered the political
sphere. In February 1991 international negotiations began for a UN Framework
Convention on Climate Change. Over the course of the negotiations, stringent
proposals like the Toronto target were soon replaced by more modest objectives. The
convention which was finally signed at the "Earth Summit" - the UN Conference on
Environment and Development - in Rio de Janeiro in June 1992 states as the final
aim to stabilise greenhouse gas concentrations "at a level that would prevent
dangerous anthropogenic interference with the climate system" and this "within a
time frame sufficient to allow ecosystems to adapt naturally to climate change"
(Article 2). It does not, however, contain a binding commitment of any sort and
merely urges developed countries to reduce emissions to 1990 levels by the year
20(X) - the more modest Rio target which has replaced the Toronto call of 1988. The
Convention also contains provisions for financial assistance for the implementation
of abatement or protection measures in developing countries^. By mid 1993 over
160 countries have signed the Climate Convention, and it has been ratified by more
than thirty of them, including Australia, Canada, Japan, the US, China, Mexico and
many of the small island states, who will probably be most vulnerable to climate
change. Most OECD countries have now committed themselves in some form to the
Rio target of CO2 emissions stabilisation at 1990 levels, although not all these
commitments appear to be firm.

Meanwhile

global

warming

research

is

strongly

in

the

hands

of

the

Intergovernmental Panel on Climate Change (IPCC). IPCC was initiated by UNEP
and WMO in 1988 with the triple task of (a) to further scientific understanding about
global warming (Working Group 1), (b) to assess its impacts (Working Group 2) and
(c) to formulate possible response strategies (Working Group 3). By the time of the

^ For an excellent summary and assessment of the Rio outcome, also including the other
agreements signed, see Grubb et al (1993).
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Second World Climate Conference, when it presented its first report, the IPCC had
become the authoritative body on global warming. Several hundred scientists had
been involved in producing the reports of the three Working Groups, either as
authors or as reviewers. IPCC succeeded not only in achieving a scientific consensus
but also in conveying the issue to a hitherto un- or ill-informed public (Grubb et a h ,
1993). Its work continued after the conference and supplementary reports of each
working group were issued in 1992. A third phase of research is about to start, with
the aim of producing an updated assessment by 1995. During this phase the
economic view will for the first time be endorsed into the IPCC framework: The
reorganised Working Group III will mainly be devoted to economic considerations.
The questions of what economics can contribute to the global warming discussion
and what the state of the art of greenhouse economics is, will be the topic of the
remainder of this chapter.

2. Energy Models and the Costs of Greenhouse Gas Abatement

2.1 The Different Modelling Approaches
Economists have been interested in the question of greenhouse gas emissions for
quite some time. However, the interest of the early models has not so much been in
the costs of greenhouse gas abatement, as in the construction of future business-asusual emissions trajectories. That is, the focus was still on the question of whether
there is a greenhouse problem in the first place, rather than on the evaluation of
policies towards its prevention. This changed in the aftermath of the Toronto
conference of 1988, when the emphasis shifted from emissions prediction to
abatement cost assessment. In the early 1990s the number of models began to
mushroom. In many cases existing models were extended to include a carbon
module, in others altogether new models were built from scratch. Today there exist
greenhouse gas abatement models for almost every country of the OECD, in addition
to several global models. Modelling attempts can be, and have been, classified in
several ways and according to different criteria (see e.g UNEP, 1992). An important
distinction, both in the light of the different underlying philosophy and the difference
in results, is between the so called bottom up and top down approaches. Top down
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models can then be further divided into macroeconomic and resource allocation or
equilibrium models. For all categories there are global models as well as country
studies.

Bottom up models are technology oriented, engineering based studies, which
concentrate on the availability and performance of individual energy supply
technologies. The menu of available technologies is summarised in technology cost
curves, a list of available technologies ordered according to the costs of emissions
reduction, which are then compared to the demand for energy services (for a
description of the approach see Johansson and Swisher, 1993). The costs of reducing
CO 2 emissions are typically small or even negative, since the most efficient
technology is often found to provide the required services at a lower cost than the
measures currently in place. Examples of bottom up studies include Mills et al.
(1991), COHERENCE (1991), and Chandler (1990). Examples for developing
country studies can be found in Pachauri and Bhandari (1992).

Top down models on the other hand are based on an economic approach in which
energy is treated as one of several input factors in a model of production and
economic behaviour. By assumption production is efficient, so there is no scope for
"free lunches". Macroeconomic models, the first main type of top down models,
concentrate on the short run and on the disequilibrium/adjustment effects occurring
after the imposition of a policy measures, and may thus best explain the transitional
effects of carbon abatement on macroeconomic indicators like inflation, employment,
interest rates, etc. Macroeconomic models utilised in the carbon debate include the
HERMES model used by the European Commission (see e.g. Standaert, 1992;
Karadeloglou, 1992), the two US models DRI (Brinner et ah, 1991) and LINK
(Kaufmann et al. , 1991) and the Cambridge MDM-model for the UK (Multisectoral
Dynamic Model; see Barker et al. , 1993)^.

The other main category of top down models are resource allocation models. These

^ Most models are described in several publications. Reference is usually made to the
most recent or most comprehensive one.
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are long run equilibrium models in which changes in relative prices are the main
driving force to clear markets in the long run. Models can either be of the
comprehensive general equilibrium type or are partial equilibrium models restricted
to one sector, usually energy. Examples of the latter type are the lEA model
(Vouyoukas, 1993) and the well known and often used Edmonds and Reilly model,
a detailed, long term global energy model distinguishing 9 geopolitical regions, 3
greenhouse gases and 6 primary sources of energy (see Edmonds and Reilly, 1983;
Edmonds and Bams, 1991). Another well known global model is Global 21(X)
(Manne and Richels, 1992), which combines a partial equilibrium energy module
with a macroeconomic model.

Examples of general equilibrium models (or CGEs - computable general equilibrium
models) abound, and include prominent carbon abatement models, such as the global
models GREEN (OECD, 1992c), Whalley and Wigle (1993; 1991a, b), McKibbin
and Wilcoxen (1992a, b), and the Second Generation Model by Edmonds et al.
(1992), which is currently under construction. National general equilibrium models
include Jorgenson and Wilcoxen (1990, 1992) and Goulder (1993) for the US,
Blitzer et al. (1992) for Egypt, and Glomsrod et al. (1992) for Norway, to name
only four.

Probably the most sophisticated global model available at the moment is the GREEN
(GeneRal Equilibrium Environmental) model developed at the OECD. GREEN is
a (recursively) dynamic, 12 region, 11 sector model of the global economy. It
includes trade effects, resource depletion, as well as capital accumulation, which is
modelled in a putty/semi putty fashion (for details see Bumiaux et al. , 1992b). The
other main global model. Global 2100 by Manne and Richels, has less regional and
sectoral detail and trade flows are not fully accounted for. On the positive side the
model is based on forward looking behaviour, and the time horizon is extended to
2100 (2050 in GREEN). Global 2100 has been the basis for several other modelling
attempts, including CRTM (the Carbon Rights Trade Model) by Rutherford (1993),
which incorporates trade links, although at the expense of the perfect foresight
assumption, and the CETA (Carbon Emissions Trajectory Assessment) model by
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Peck and Teisberg (1992), which extends Global 2100 to include a greenhouse
damage sector. A third major global model is currently produced at the Pacific
Northwest Laboratory. The Second Generation Model (SGM) will cover all main
sources of greenhouse gases, and contain sectoral detail on households, government,
agriculture, energy and other products. Trade will occur in all of the three latter
sectors. SGM is a behavioral model (as opposed to an optimizing model, such as
Global 2100), which will allow to test for different expectation formation hypotheses
(see Edmonds et al. , 1992).

2.2. Model Comparisons
Overview papers trying to survey and categorise the host of different models and to
compare their results are themselves many, see e.g. Grubb et al. (1994), UNEP
(1992), Hoeller et al. (1992, 1991), Boero et al. (1991), Cline (1992a), and
Nordhaus (1991a). While they report a wide variety of results, a general picture
emerging from these surveys seems to be that initial abatement efforts could be
obtained at very low costs. Further steps would however become increasingly costly,
at least according to top down models. A 50% cut from baseline emissions by about
2025-2050 would reduce GNP by some 1-3% (see also Cline, 1993a, who arrived
at the same figure through a back of the envelope calculation). Tables 1 and 2 show
the costs of emission stabilisation and the required carbon tax, as estimated by three
top down models. Bottom up models are consistently more optimistic and predict
relatively low abatement costs even for substantial cuts. According to this class of
models as much as a 20-50% reduction in energy demand could be achieved at next
to zero extra cost (see Grubb et a l , 1994).

The comparison between different models is not always easy. Differences in scope
and underlying assumptions make it almost impossible to compare like with like.
Two model comparison projects which have recently been undertaken at the OECD
and at the Stanford Energy Modelling Forum (the EMF-12 project) were able to
shed some light onto the working of the different models by standardising key
underlying assumptions, e.g. with respect to population growth, GNP growth and
the imposed carbon constraint. The results are summarised in OECD (1993) and
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Table 1:

GDP Loss due to Emissions Stabilisation at 1990 Levels
(% change relative to baseline)
Edmonds
Reilly

GREEN

Manne
Richels

2020

2050

2020

2050

2020

2050

USA

0.58

0.81

0.29

0.36

1.08

2.11

other OECD

0.74

0.92

0.30

0.62

0.75

1.31

ex USSR

0.02

0.33

1.39

2.07

1.34

0.79

China

3.42

5.67

3.37

5.56

2.80

4.05

ROW"

1.76

2.96

3.89

4.45

5.2

5.38

“ rest of the world
Source: OECD (1993).

Table 2:

Carbon Tax Necessary for Emissions Stabilisation at 1990 Levels
($/tC)
GREEN

Edmonds
Reilly

Manne
Richels

2020

2050

2020

2050

2020

2050

USA

88

119

65

51

136

208

other OECD

114

134

60

85

121

208

0

26

62

86

119

30

China

237

478

279

466

270

580

ROW"

361

779

255

404

329

709

ex USSR

“ rest of the world
Source: OECD (1993).
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Gaskins and Weyant (1993b), respectively (see also Gaskins and Weyant, 1993a;
Beaver, 1993).

A surprising result which came out of both projects is that even with standardised
assumptions on GNP growth, models still produce considerably different baseline
(BAU) emission paths. The crucial explanatory variable for this appears to be the
rate of autonomous energy efficiency improvements (AEEI), a parameter which
encompasses all non-price induced improvements in energy efficiency e.g. due to
technical progress or structural change. A low AEEI value appears to be the main
reason for the rather high BAU emissions path in e.g. Global 2100. Indeed Manne
and Richels have repeatedly been criticised for being too pessimistic about AEEI,
particularly by the bottom up school (e.g. Williams, 1990; Wilson and Swisher,
1993; Grubb et a l , 1994). Unfortunately, there is little empirical evidence about
AEEI. Proops et al. (1993) use a decomposition procedure and input-output tables
for Germany and the UK to show that the historic energy efficiency trend (together
with that for carbon intensity) is such that, should it continue, carbon emissions of
these two countries may stabilise almost naturally over time. A similar
decomposition with a wider set of countries was also carried out by Ogawa (1991).
Both studies point towards a high value of AEEI. Econometric evaluations of
productivity changes are further reported in Hogan and Jorgenson (1991). The
question of course is to what extent historic trends, often observed over a few years
only, can be extrapolated over decades into the future to give an indication about
AEEI. Another question which remains is in how far a strong greenhouse policy will
itself trigger technological change, e.g. through increased R&D. Progress would
then not be autonomous, but endogenous. A recent poll of experts conducted by
Manne and Richels (1993b) has produced expected future AEEI figures of about
0,7% per annum, slightly higher than their initial estimation.

The BAU path, and thus AEEI, will not only determine future warming rates, it will
also affect the costs of abatement, in that a given emissions target will be harder to
reach, the higher unconstrained emissions and thus the higher the required effort.
Other important cost parameters singled out in the model comparisons include the
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elasticity of substitution, both between different fuels and between energy and other
factors of production, the price and time of availability of a carbon free backstop,
and the flexibility of the capital stock. The more malleable the capital stock, i.e. the
cheaper it is to reallocate capital between industries, the lower will be the costs of
swift abatement. Evidently, the costs of abatement will also crucially depend on the
type of abatement policy set in place. Most models correspond in this respect and
assume that abatement will be prompted through the imposition of a carbon tax^.
Unfortunately, while indicating key underlying assumptions and parameters, the
model comparisons do not give any recommendations as to which assumptions are
more reasonable than others. This question will have to be addressed in future
research.

2.3 Assessment and Extensions
The main challenge to the abatement cost literature at the moment seems to be to
close the gap between the results from top down and bottom up studies. First steps
in this direction are found in Grubb et ah (1994), Grubb (1990) and, from a distinct
bottom up point of view, Wilson and Swisher (1993). A key reason for the
difference in results, put forward by Grubb et al. , is the possible existence of hidden
costs not accounted for in bottom up models. These may e.g. include costs of
installation or the premature replacement of old devices, or else a new technology
may simply not be as perfect a substitute as initially thought. Bottom up models may
thus tend to overestimate the scope for cheap abatement options. On the other hand
the energy market may not work as efficiently as top down models assume.
Inefficiencies may occur e.g. as a consequence of market or information failures or
because of budget constraints faced by poor households (Grubb, 1990). In so far as
such failures do exist, their removal would give rise to cost free abatement
opportunities not incorporated in top down assessments. These initial considerations
then seem to imply that the true costs of abatement lie somewhere between the top
down and bottom up estimates, and that differences are mainly the consequence of
overlooked aspects on both sides. Arguably, the discrepancies may also be deeper.

* The question of cost differences due to a different choice in policy instruments will be
taken up in section 5 below.
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however, and may essentially have to do with a fundamentally different
understanding of the whole issue in the two schools (Grubb et a l , 1994). A first
analytical attempt to combine the top down and bottom up philosophies in a single
model is MARKAL-MACRO (see Manne and Wene, 1992, as quoted in Wene,
1993). Further attempts in the same direction are clearly required.

Future modelling work will also have to pay more attention to the question of
already existing market distortions. Three main types of distortions appear to be of
importance. First, there are distortions in the form of other environmental
externalities. Many of them, such as air pollution and some of the traffic related
externalities are strongly tied to greenhouse gas emissions in that they are caused by
the same activities. It has therefore been argued that carbon abatement will lead to
a secondary benefit in the form of reduced air pollution and traffic damage. This
aspect, although potentially important (Pearce, 1992), has so far gained only little
attention in the modelling literature. In addition to the back of the envelope
calculations by Pearce (1992) and Ayres and Walter (1991) the issue has been
addressed in more depth only in the four related Norwegian studies by Glomsrod et
al. (1992), Alfsen et al. (1993, 1992) and Norwegian Central Bureau of Statistics
(1991), and, using the Cambridge MDM model, by Barker (1992).

Note that the question of secondary benefits from carbon abatement is qualitatively
different from the more relevant one about the optimal abatement mix with respect
to all externalities. In an ideal world, each pollutant would be taxed in proportion
to the environmental damage it causes. However, if there are interdependencies
between them, as is the case with global warming and air pollution, this may affect
the relative tax levels, and the problems should thus be considered simultaneously
(see Ingham et al. , 1993)\ Initial work in this direction has been carried out by

^ Connections between global warming and air pollution exist on both the damage and
the abatement side. With respect to the former, atmospheric sulphur aerosols will dampen
global warming, while a warmer temperature will aggravate air pollution. On the abatement
side it is usually assumed that CO; abatement will have a positive impact on the emission
levels of air pollutants (the secondary benefit argument), while sulphur abatement, if
achieved through the installation of end of pipe scrubbers, will lead to an increase in COL
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Bergman (1991), without however paying sufficient attention to the exact nature of
the interdependencies involved. A related question has also been analysed by
Newbery (1992) who examined the case of multiple externalities in the presence of
only one policy instrument.

A second type of distortions relates to the energy market itself, occurring because
of either taxes or subsidies. From economic theory it is well known that a tax put
on top of an already existing one will cause higher costs than a tax imposed on an
undistorted market. In the case of a linear demand curve the deadweight loss from
taxation rises as the square of the tax rate (Clarke, 1993; Bumiaux et ah, 1992a).
The presence of already implemented energy taxes could thus considerably affect the
costs associated with global warming abatement. This, of course, is under the
proviso that existing taxes are not there to correct for other externalities. The size
of existing taxes and the question of how they could be rearranged to account better
for the carbon externality has been studied for OECD countries by Hoeller and
Coppel (1992). In a worldwide context it has been argued by Larsen and Shah
(1992), among others, that the concern should be less about already existing taxes
than about energy subsidies. They estimate that energy subsidies are in the order of
230 bn$ worldwide, a figure which is roughly confirmed by Bumiaux et al. (1992a).
Their removal would then give rise to a massive free lunch in carbon abatement, an
option policy makers should clearly make use of.

A third distortion to be considered is that occurring through revenue raising
governments. If abatement is achieved through a carbon tax, governments will be
able to acquire substantial revenues, and the question is how these should be utilised.
It has been argued by e.g. Pearce (1991) that if revenues were used to replace other
existing taxes, such as those on income, the resulting overall reduction in tax
distortions would constitute a "double dividend" of potentially considerable size.
Nordhaus (1993a) has estimated that the inclusion of double dividends would justify
a carbon tax of about an order of magnitude larger than would otherwise be the

emissions.
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case. The question thus clearly deserves further attention in future modelling work.
We will come back to it in section 5.

3. The Economic Costs of Global Warming Damage^

Since the early days of the greenhouse debate scientists have been interested in the
impacts of global warming. Working Group 2 of the IPCC has been exclusively
devoted to this topic (see IPCC, 1990b). In the United States the Environmental
Protection Agency has initiated a comprehensive study on the impacts of climate
change for the country, the results of which are described in the extensive report by
Smith and Tirpak (1989). The work of these two groups has been complemented by
a multitude of additional studies, including for example Parry et al. (1988) on
agriculture, Waggoner (1990) on water, Peters and Lovejoy (1992) on biological
diversity, and WHO (1990) on health effects, to name only a few (see also Jager and
Ferguson, 1991; and Mintzer, 1992). This large interest is not really surprising,
after all it is the fear of potentially devastating consequences which has put global
warming onto the agenda. It is surprising, however, that attempts at a monetary
quantification of these impacts - despite being a classic application of environmental
economics - have started to emerge only recently. This may be attributed to the fact
that proper economic valuation requires a fairly accurate knowledge of impacts in
physical terms, something which even now is available only to a limited extent,
particularly with respect to regional impacts^. It should also be clear that the
valuation of such damage aspects as human hardship will push economic valuation
techniques to their limit, and quite possibly beyond. Yet, many aspects are
quantifiable in monetary terms, and damage valuation is probably the area in
greenhouse research where most catching up is required.

The scientific research on global warming impacts has almost entirely focused on the

^ The section partly draws on Pearce and Fankhauser (1993).
^ Models which provide a reasonably detailed assessment of greenhouse damage even
at a regional level include IMAGE (Rotmans et al., 1990) and ESCAPE (Climate Research
Unit, 1992).
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case of CO2 concentration doubling, that is, the impacts of an atmospheric CO2
concentration of twice the preindustrial level, i.e. twice the concentration observed
at around the year 1800 (2 XCO2 ).

2

xC 0 2 is a completely arbitrary benchmark,

chosen solely for analytical convenience. It is neither an optimal point nor a steady
state, and warming will continue, and in fact aggravate beyond

2

xC 0 2 , a point

which has repeatedly been made in the literature, most prominently by Cline
(1992a). Nevertheless, as a consequence of the scientific focus, studies on the
economic costs of global warming have tended to concentrate on 2xC02 as well. By
far the best studied aspects are the impacts on agriculture (e.g. Reilly and Hohmann,
1993; Kane et a l , 1992; Adams et al., 1990) and the costs of sea level rise (e.g.
IPCC, 1990c; Titus et al. , 1991; Turner et al. , 1993). Some further studies exist on
forestry (e.g. Binkley, 1988), but very few attempts have been made to assess other
aspects, particularly non-market damage. However, several authors have tried to
provide a first order assessment of total global warming damage, including nonmarket aspects (Cline, 1992a; Nordhaus, 1991b, c; Titus, 1992; see also Part II).

3.1 Agricultural Damage
Scientists predict a shift in the production pattern away from current production
areas to more northern latitudes. Warming in high latitudes, changes in soil water
availability, the occurrence of climatic extremes, crop diseases and the poleward
advance of monsoon rainfall are among the deciding factors causing agricultural
damage. An issue which has gained particular prominence is the impact of CO2
fertilisation on plant growth. The overall effect of global warming on agricultural
yields appears to be ambiguous, but could be significantly negative and may result
in serious regional or year-to-year food shortages (Parry, 1993; IPCC, 1990b).
Unfortunately, many studies stop at this point, or continue by merely multiplying
yield changes with crop prices or agricultural GNP (e.g. Cline, 1992a; exceptions
include Kane et al., 1992; and Adams et a l , 1990, a study focusing on the US).
Yet, the yield effect can at best be an indication of the true welfare loss. An
economically correct assessment would also have to account for price changes and
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trade effects, and these can considerably alter the pictured For this reason the
prediction of economic gains in some countries, on the basis of higher expected
yields, appears to be somewhat premature. It is conceivable that the loss in
consumer surplus caused by an increase in agricultural prices will be large enough
to offset possible producer gains from increased yields. In fact, numerical
simulations with general equilibrium models produced exactly this result for a
northern region like the former Soviet Union (see Kane et al. , 1992; and Reilly and
Hohmann, 1993; both based on the same model SWOPSIM). On the other hand, the
same sources show that for a sufficiently larger exporter, a negative yield effect can
be more than offset by the increase in world agricultural prices. The examples show
the importance of coupling yield effect models, which have become increasingly
detailed over the years, with economic models of the same accuracy. Encouragingly
research appears to be heading in this direction.

A second important challenge to agricultural damage models has to do with
managerial adaptation. Most existing models are based on a production function
approach, i.e. they evaluate the change in output (yields) caused by a certain change
in input factors (climate) under a given production technology. In many cases the
implicit assumption then is that farmers do not respond to the new climatic situation
- the "dumb farmer" hypothesis, as this assumption is often termed. Yet farmers will
adjust, and an adequate response in farm management may lead to considerably
lower losses than initially predicted. Recognising this bias, recent work has tried to
incorporate managerial responses into existing production function models
(Rosenzweig et a l , 1993; Easterling et a l , 1993). As an alternative to the
production function method Mendelsohn et al. (1992) have suggested the hedonic
approach, or Ricardian approach, as they themselves call it. They argue that the
maximum return achievable on a particular piece of land is best reflected in its rent
(or in its price, which equals present value rents in a competitive market).
Differences in land rents between different climatic regions can then be used to show

* The same criticism also applies to many estimates on other damage areas, e.g. forestry
and water, where data limitations do not allow a more accurate estimation (see Cline, 1992a;
and the calculations in Part II below).
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the costs of climate change after adjustment has taken place. Their numerical results
underline the importance of adjustment. However, while superior in incorporating
a wide set of substitution smd adjustment activities, the hedonic approach, which
basically draws an analogy between the future climate in the north and that currently
observed in the south, itself has weaknesses. In particular it seems unable to capture
greenhouse features like CO2 fertilization which cannot be observed as yet.

3.2 Sea Level Rise
The question of optimal policy response also dominates the literature on sea level
rise. In the absence of any response even a modest rise would be disastrous. Areas
of immensely high value such as the island of Manhattan would be threatened by
inundation. Clearly this will not be allowed to happen and such areas will be
protected even at high costs. In some other cases, though, protection may not be
worthwhile. The question thus arises as to what the optimal level of damage
mitigation might be. The trade off is basically between the costs of protection on the
one side and the value of the land under threat on the other, but it should also take
into account that protection walls also lead to a reduction in the damage from storm
surges, while on the negative side they accelerate the loss of valuable wetlands by
inhibiting them from migrating inland. The overall costs of sea level rise emerge
from this as the sum of mitigation costs plus remaining land loss damage (for a more
detailed analysis, see Part IV).

Two strands of sea level rise literature can then be distinguished. The first deals with
the question of the optimal sea level rise mitigation strategy as just described (e.g.
Turner et al. , 1993; den Elzen and Rotmans, 1992; Yohe, 1991; Gleick and Maurer,
1990). The second strand attempts to estimate the overall costs of sea level rise,
making some assumptions about how the first question has been dealt with (e.g.
Rijsberman, 1991; Titus et al., 1991)

The number of available protection techniques is vast, ranging from beach
nourishment and island raising to the building of sea walls or dykes. Which one to
choose will above all depend on the topographical and socio-economic particularities
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of a region, and the optimal solution will differ from coastline to coastline.
Designing the policy response to sea level rise is thus mainly a problem of local
coastal zone management. Consequently most studies dealing with sea level rise do
so on a case study level (Turner et al. , 1993 on East Anglia; Gleick and Maurer,
1990, on the San Francisco Bay; Milliman et al. , 1989, on the Nile and Bengal
Delta; IPCC, 1992b, on several regions). The problem is also one of optimal
protection under uncertainty, both with respect to future sea level rise (Yohe, 1991)
and with respect to periodic fluctuations in the average level, causing floods (den
Elzen and Rotmans, 1992).

The costs of sea level rise will thus largely be determined by the quality of coastal
zone planning. Under these circumstances a global assessment of sea level rise costs,
which is the task of the second strand of literature, is rather difficult. Early studies
simply concentrated on the costs of installing protection measure (IPCC, 1990c). In
more recent studies the working hypothesis typically is that well developed and
densely populated coastlines will be protected, while sparsely inhabited regions are
abandoned (the so-called partial retreat scenario, used e.g. by Rijsberman, 1991;
Cline, 1992a; and Nordhaus, 1991b and c). Future research will have to be directed
towards closing the gap between rough global assessments and detailed local results
with limited geographical scope, to obtain a detailed global picture based on the
aggregation of local assessments. The IPCC’s Coastal Zone Management subgroup
is working in this direction, as a first step through the establishment of a common
methodology for local damage assessment (IPCC, 1992b). In Part IV we will
introduce a model which attempts to narrow the gap from the global side, by
determining the optimal protection level endogenously.

3.3 Enumerative Approaches
Despite the research focus on agriculture and sea level rise, these two aspects are
by far not the only global warming impacts. As a matter of fact they may not even
be the most important ones. Global warming will have a variety of effects. IPCC
Working Group 2 predicts that the increased stress on ecosystems may lead to the
extinction of species unable or too slow to adapt. Extreme events like floods and
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droughts may occur more frequently. Health experts expect a rise in climate related
diseases such as heat strokes and a spread of vector borne diseases like malaria into
so far unaffected areas. Others have warned from the consequences of increased
water shortages in summer. Finally, global warming may also trigger a stream of
climate refugees (IPCC, 1990b; see also Part II).

While little work has been done to study such aspects in detail, there are some
papers aimed towards a comprehensive assessment of global warming damage which
also includes non-market damages. The pioneering paper in this area is Nordhaus
(1991b, c). Still mainly concentrating on the costs of agriculture and sea level rise,
he estimated an overall damage of global warming in the order of a quarter percent
of GNP. To allow for the many non-market impacts neglected in the study this value
is raised to 1%, with a range of error of 0.25-2%. The figures are based on USdata, but Nordhaus claims that they may hold worldwide. Improvements on
Nordhaus’ back-of-the-envelope estimate have been provided by Cline (1992a) and
Titus (1992), both again focusing on the US. An overview on available damage
estimates is provided in Table 3. In Part II we will introduce a more extensive
analysis which distinguishes between several world regions.

Despite differences in individual damage categories, the studies display a
surprisingly high degree of consistency in the overall result. The emerging picture
therefore seems to be that, to the extent that it can be monetised, the damage from
a 2.5^C temperature rise is expected to lie in the order o f 1% to 2% o f GNP.

However, the studies exhibit considerable differences with respect to individual
damage categories. The agricultural damage in Cline (1992a), for example, is more
than an order of magnitude higher than that reported in the two other studies, despite
the higher warming assumption especially in Titus (1992). There are broadly two
reasons for such differences. Firstly, there are discrepancies due to different
assumptions about the quantitative impacts. These emerge mainly as a consequence
of scientific uncertainty on the exact physical impacts of global warming. Secondly
there are cases where the authors agree on the quantitative impacts but value them
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Table 3:

Economic Damages from ZxCOj, bn$
(US economy at present scale)
Cline
(1992a)

Titus
(1992)

Nordhaus
(1991b,c)"

(2.5 "C)

(4'C )

(3"C)

sea level rise

7.0

5.7

12.3

agriculture
forest loss
fishery

17.5
3.3

1.2
43.6

1.1
small
small

energy
water supply
urban infrastructure
other sectors

9.9
7.0
0.1
1.7*’

ecosystems loss

4.0

human amenity
life/morbidity
migration

-

-

8.1
11.4

1.1

-

-

-

-

-

5.8
0.5

9.4

air pollution
water pollution

3.5

27.2
32.6

natural hazards

0.8

TOTAL (bn$)
(% GNP, 1990)

61.1
(1.1)

-

-

-

139.2
C2.5)

55.8
(1.0)

* transformed to 1990 values based on % GNP estimates
^ tourism
not assessed categories, estimated at 0.75% of GNP
Source: Cline (1993a), Nordhaus (1991b, c).

differently. The forestry estimates are a notable example here. The point is that
ignorance with respect to valuation may cause a similar range of error as scientific
uncertainty, and that the quality of estimates can be ameliorated by improving either
side. On which aspect the marginal research dollar is spent more fruitfully remains
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an open question (see also section 4.3).

3.4 Extensions and Critique
Comprehensive damage assessments have been fiercely criticised by many authors
(see for example Ayres and Walter, 1991; Daily et ah, 1991; Morgenstem, 1991;
and most notably Grubb, 1993). Probably the main objection concerns valuation. In
particular the Nordhaus figures have repeatedly been attacked as being too low. Only
a few of the criticisms appear to be based on sound analysis, though. Many were
raised mainly in view of the policy implications which the figures seemed to have
(see section 4, and Part III, section 2). The discussion has nevertheless fuelled
doubts about the quality of the utilised valuation techniques. Grubb (1993) for
example criticised 2 xC 0 2 damage estimates as being based on a "largely subjective
valuation of non-market impacts" (p. 153). The discourse about the validity of
economic valuation techniques has a long history, and it will not be taken up here.
It should however be pointed out that in the context of global warming the problem
is currently not so much the accuracy of valuation methods as such, than the fact
that they have not yet been applied to the problem to a sufficient degree. This is not
to say that a full and complete valuation of all greenhouse impacts will ever be
possible. Given the size of the problem and the uncertainties involved, it will
probably not be, at least not within reasonable time. The point is that existing
estimates are clearly far from perfect and that the policy debate would gain from
their improvement. What is particularly needed is a broadening of the scope from
the emphasis on agriculture and sea level rise to the inclusion of other damage
aspects such as ecosystems loss, climate amenity, health and morbidity.

Better estimates are also needed with respect to the damage costs to developing
countries, where next to nothing is known e.g. about the willingness to pay for nonmarket goods like wetlands, or the value of a statistical life. Many authors have
questioned the Nordhaus claim that his US estimates can be extended to the world
as a whole (see e.g. Grubb, 1993), and rightly so. Indeed one would intuitively
expect impacts to be more severe in developing countries, where the dependence on
climate related sectors is considerably higher than in the first world. This view is
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confirmed by the analysis in Part II below. Although based on very weak data, the
results there imply that, barring special regions like the former Soviet Union,
damage (relative to GNP) to developing countries may be almost twice as high as
the OECD average.

Many critics have been puzzled by the apparent dichotomy between the relatively
low 2 xC 0 2 damage estimates and the potentially disastrous scenarios drawn in other
parts of the literature. Two observations may help to explain this apparent
contradiction. The first is that the Nordhaus-Cline-Titus estimates are based on the
assumption of a cost efficient response. That is, damage will be kept at a minimum
through appropriate mitigation measures, such as sea level rise protection. In many
of the scientific studies, on the other hand, it is assumed that no measures are taken
at all. The qualitative and quantitative difference in the results which can emerge
from the inclusion of adaptation measures has already been touched upon in the
sections on agriculture and sea level rise, and it may play a role here. The second,
and probably more important observation has to do with damage uncertainty. It
should be recalled that the estimates of Table 3 are best guess figures, i.e. they are
concerned solely with what is currently perceived to be the most likely damage
scenario. Given the complexity of the climatic system and the unprecedented stress
imposed on it, other, potentially more disastrous outcomes cannot be excluded,
however. Rather than with only one point, we are confronted with an entire damage
probability distribution (see Figure 1). At the upper tail the distribution includes
worst case scenarios, such as the melting of the antarctic ice-sheet or a redirection
of the gulf stream, and other catastrophe scenarios portrayed in the literature. The
Nordhaus-Cline-Titus estimates do not consider the entire distribution, but only its
mode. In this sense they are incomplete, and this will have to be remembered when
using the figures to decide the optimal greenhouse policy response. We will come
back to this issue in the next section, and in Part III, which will introduce a
stochastic model to estimate a damage probability distribution.

Existing damage estimates are based on what Cline (1993a) calls an enumerative
approach: Total damage is the sum of individual damage categories, that is the
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Figure 1:

Damage Distribution, Extreme Events and Best Guess Estimates

best guess
(mode)

expected value
(mean)

worst case

Source: own graph.

estimates are based on a partial equilibrium approach. Inter alia this means that they
neglect the higher order effects which, for example, a change in agricultural yields
will induce on the food, tobacco or textile industry. On an abstract level the
difference between a partial and general equilibrium approach has been analysed by
Kokoski and Smith (1987), without however achieving any general results other than
that the error from using the partial equilibrium method may be "quite large"
(p.340). On a more applied level general equilibrium effects have been incorporated
in the so-called MINK study, probably the most comprehensive damage estimation
project undertaken so far (see Rosenberg and Crosson, 1991, for a summary; and
the Special Issue of Climatic Change 24(1/2) for a more detailed description). The
study uses an analogy approach (to the climate of the 1930s) to analyse the impacts
of climate change on the four US states Missouri, Iowa, Nebraska, and Kansas
(hence the acronym MINK). First order damage effects, e.g. on agriculture, are fed
back into the economy through an input output module. In a similar way Scheraga
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et al. (1993) have used the Jorgenson and Wilcoxen (1990, 1992) general
equilibrium model to estimate the macroeconomic effects for the US of a climate
induced change in agricultural yields and in energy demand as well as an increase
in the sea level. The study illustrates how the structure of an economy may adjust
to climate change by moving away from agriculture and consumption related
activities towards investment and capital related industries. The model predicts that
the increase in public expenditures on sea level rise protection will lead to a
redirection of spending away from consumption towards investment. At the same
time higher prices for agriculture-based products such as food and tobacco will lead
to a fall in the demand for these goods.

Finally, it should be recalled that the estimates are only concerned with the case of
2xC02. In view of the long run character of global warming it would be crucial to
know more about global warming impacts beyond 2xC02. Regrettably, very little
work has been done in this respect, both with respect to impacts in physical terms
and with respect to the economic costs. The only economic assessment of long run
damage costs is in Cline (1992a), whose estimates are, however, in parts rather
speculative. An alternative attempt has been made by Nordhaus (1993d), who
conducted a poll of impact experts, asking about their damage assessment for several
warming scenarios. While the results on the whole confirm the 1 - 2% of GNP
damage range for 2 xC 0 2 , he observed that experts felt rather uncomfortable with
respect to long run predictions. In the absence of better information, greenhouse
damage costs are currently usually specified as a polynomial (typically quadratic)
function of temperature rise, calibrated around the available 2 xC 0 2 estimates (e.g.
Nordhaus, 1992; Peck and Teisberg, 1992). Damage is further assumed to rise in
proportion to GNP. Clearly, these assumptions are rather ad hoc, and much further
effort will be required for damage modelling to reach a similar level of
sophistication as the abatement side.

Existing estimates impose 2xC02 on an economy with today’s structure, and this for
obvious reasons. Forecasting the structure of the future societies confronted with
climate change is a near impossibility, let alone future preferences for commodities
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affected by warming. For this reason, damage estimates will of necessity always be
uncertain, even if scientific uncertainty is resolved. Schelling (1992) has illustrated
this point by deliberating on how forecasters in the year 1900 would have predicted
possible greenhouse impacts for the year 1992. "There would have been no way to
assess the impact of changing climates on air travel, electronic communication, the
construction of skyscrapers, or the value of Californian real estate" (p.4). However,
while Schelling’s observation is correct, the difficulty of the task is in itself no
reason not to undergo the analysis. The current discussion about the best possible
policy response strongly suggests that a damage assessment of some sort is urgently
needed (see section 4), and the fact that it will be based on uncertain data should not
prevent us from obtaining it. There is nothing unusual about expectations being
formed on the basis of a limited information set. It would only be unusual not to
make use of all the information available. Of course, the quality of the forecast will
play a role when a decision is made. How to achieve the optimal greenhouse policy
response is the topic of the next section.

4. The Optimal Policy Response to Global Warming

4.1 The Cost Benefit Approach
There is hardly an aspect of greenhouse economics which is more fiercely disputed
them the question of the optimal policy response. Several approaches to the problem
can be distinguished on a methodological level. The most prominent, at least among
economists, is probably the cost-benefit approach. In the cost-benefit approach the
optimal policy is determined through a trade off between the costs of policy action
and the benefits from greenhouse damage avoided. This does not necessarily imply
a strict cost-benefit analysis in the traditional sense, but more generally encompasses
the idea that decisions emerge from the weighing up of "goods" against "bads".
What the "goods" and the "bads" are, and how to weigh them, can again be
disputed.

Greenhouse gases are typical examples of stock pollutants, and their control is thus
best analysed in a dynamic optimisation model in which abatement and damage costs
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are traded off in an intertemporal set up. The first application of this method to
global warming is the influential paper by Nordhaus (1991b, c), although, strictly
speaking, the simplified approach used there does not actually constitute a fully
fledged optimal control model. Using an aggregate abatement cost function derived
from Nordhaus (1991a), and calculating a marginal CO2 damage of 7.3 $/tC in the
best guess case, the paper concludes that only a limited amount of greenhouse
abatement would be warranted, most of it achieved through reforestation and the
phasing out of CFCs. This controversial conclusion has provoked much criticism
(most prominently from Cline, 1992a; but also from Ayres and Walter, 1991; Daily
et a l , 1991; Pachauri and Damodoran, 1992). The model has indeed several
shortcomings, the most important being its assumption of a resource steady state and
the imposition of a linear relationship between greenhouse damage and emissions
(see Cline, 1992a; and the discussion in Part III, section 2). An alternative to the
Nordhaus model has been provided by Cline (1992a). Owing to the inclusion of
features like no regrets options and risk aversion, and by using a different discount
rate Cline found favourable benefit-cost ratios for an aggressive abatement plan of
freezing CO2 emissions at 4 GtC per annum, about two thirds of their 1990 level.
His analysis is still not based on an optimal control model, but assesses the merits
of one particular project.

Optimal control models developed since provide a similarly differentiated picture.
Two main models currently exist, the CET A (Carbon Emission Trajectory
Assessment) model by Peck and Teisberg (1992; 1993a, b) and Nordhaus’
subsequent attempt, the DICE (Dynamic Integrated Climate Economy) model
(Nordhaus, 1992; 1993a, b). Both models are traditional neoclassical growth models,
extended by a greenhouse damage sector. Both are highly aggregated, single
commodity models, although CET A also provides a fairly detailed modelling of the
energy sector, based on the Manne and Richels modeF. While Nordhaus’ results are

^ Manne et al (1993) currently also work on an extension of Global 2100 to include a
damage sector, dubbed MERGE (Model for Evaluating Regional and Global Effects of
Greenhouse Gas Reduction Policies). In the current version damage does not feed back to
the economy, however, and the calculation of an optimal emission path is thus not yet
possible.
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very similar to his earlier conclusions - he comes up with an optimal CO 2 reductions
of only about 15% off baseline projections by 2100 -, the results are in general quite
heterogeneous and appear to be extremely sensitive to underlying parameter
assumptions. This has been noted by Cline (1992b) who replicated the DICE model
and observed that the Nordhaus result of only modest abatement "does not stem
inherently form the optimization model and approach used, but hinges on the
particular assumptions applied" (p.31). Similar conclusions can be drawn from the
sensitivity analyses done by Peck and Teisberg (1993b). Of particular importance
appear to be the discount rate (Cline, 1992b) and to a lesser extent also the slope of
the damage function (Peck and Teisberg, 1993b).

What then are the conclusions which can be drawn from the analysis so far, and
what are the principal weaknesses of existing models? Perhaps a first point to note
is that, although most of the discussion has centred around the question of CO2
abatement, available options are wider than that. A more comprehensive view should
therefore be adopted which also includes geo-engineering options, carbon removal
and sequestration, the abatement of other greenhouse gases as well as the various
damage mitigation options. The problem is to find the optimal level of each of these
activities. None of the existing models is comprehensive enough to do this. The
analysis is usually confined to the abatement of at most one or two gases other than
CO2 , and only in some cases includes the forestry option. Damage mitigation is
typically only included implicitly, in that most studies are based on the assumption
of a cost efficient damage response. What exactly this optimal response is, however,
is usually not specified^®. Of the non-energy related abatement options carbon
sequestration has probably gained most prominence, see for example Sedjo and
Solomon (1989), Dudek and LeBlanc (1990), Cline (1992a). Few authors have
studied the scope for carbon removal techniques (e.g. Okken et aL, 1991). Geo
engineering has gained little prominence in the economic literature so far, and, on

Schelling (1992) suggests that one of the best damage mitigation strategies with respect
to developing countries will simply be economic development. The question remains as to
what the optimal mix between mitigation (i.e. development) and abatement will be, and here
Schelling may underestimate the importance of the latter.
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the whole, does not seem to constitute a serious alternative to greenhouse abatement
at the moment". Nevertheless, the general point remains that the scope of future
analysis will have to be broadened to include a wider set of policy options. Such a
comprehensive approach will also take into account the spillover effects to other
policy areas, e.g. in the form of secondary benefits or as a double dividend (see
sections 2 and 5, respectively).

A disappointing fact about the state of the analysis so far is certainly the high
diversity of the results. Although there appears to be a strong tendency in the results
to favour more moderate action, it seems similarly true that through the choice of
appropriate parameter values almost any abatement policy can be justified. The
conclusion following from this fact should be obvious. If the optimal greenhouse
policy crucially hinges on the value of certain parameters it seems natural to devote
particular effort into their analysis. On the scientific side this means that more effort
will have to be put into the analysis of long term climate effects to determine the
slope of the damage function. The search also has to start for the identification of
climate thresholds. On the economic side questions of discounting and of intergenerational equity in general will have to receive more prominence, specially in the
light of the shortcomings of cost-benefit analysis in this respect (Howarth and
Norgaard, 1993; Howarth and Monahan, 1992). The following sub-section will
summarise the state of the debate on discounting.

To summarise, a majority of economists today seem to have endorsed cost-benefit
analysis, in the broader sense of the definition given above, as their preferred
normative approach (Howarth and Monahan, 1992). However, most of them would
probably also agree that no single method is capable of providing all the answers.
The remainder of this section discusses possible extensions and alternatives to the
cost benefit approach, and takes a closer look at the critical issue of discounting.

" Several geo-engineering options, such as the emission of radiation absorbing particles
into the stratosphere to artificially cool the earth, are listed in Nordhaus (1991a). They are
however not considered further.
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4.2 Discounting
While a general economic and ethical discussion about discounting can be dated back
to at least the end of the last century (see e.g. the references in Markandya and
Pearce, 1991), the debate in the context of climate change was launched only
recently, initiated mainly by Cline (1992a), and later taken up by e.g. Birdsall and
Steer (1993), Cline (1993b), and Broome (1992). Many studies still bypass the issue,
and without much discussion typically use a discount rate compatible with historical
savings and interest rate data (Manne and Richels, 1992; Peck and Teisberg, 1992;
Nordhaus, 1992).

To follow the arguments, it will help to first introduce the different relevant rates
of discount. The appropriate discount rate will depend on the choice of the
numeraire, i.e. on the units of measurement to be discounted (see Lind, 1982;
Hanley, 1992). The usual distinction is between utility discounting (with wellbeing
or felicity as numeraire) and consumption discounting (with commodities as
numeraire)^^. In addition, a distinction has to be drawn between the consumption
rate, or social rate of time preference, on the one hand, and the rate of return on
capital on the other.

The three concepts - utility discounting, consumption discounting, and return on
capital - are connected as follows. If utility is the numeraire, a positive discount rate
is used to reflect people’s impatience or myopia, i.e. the fact that utility today is
perceived as being better than utility tomorrow. It is then also called the pure rate
of time preference. As we will see, it is this rate which is at the core of most of the
discounting debate.

Moving from utility discounting to consumption discounting, a second effect has to
be added to myopia: That of decreasing marginal utility. The incremental utility

In the global warming context, a third possibility has recently emerged, which is the
discounting of physical emissions (see Rosebrock, 1993). The approach basically involves
the extension of the consumption rate of discount to a (simplified) shadow price of
emissions, by incorporating a greenhouse damage function as well as the rate of decay of
greenhouse concentration.
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derived from additional consumption is generally assumed to be lower, the higher
the initial level of consumption. In the case of utility discounting this is directly
taken care of through the concave shape of the utility function. Here, it has to be
added separately. The consumption rate of discount thus consists of two parts, one
accounting for myopia (the pure rate of time preference), and the other for
decreasing marginal utility of income (see also Part III, section 3). Note that,
although usually assumed to be positive, the effect of decreasing marginal utility on
the discount rate may be of either sign, depending on whether future generations will
be better off or worse off than today’s. Also note that, since global environmental
problems such as climate change will potentially affect future wellbeing, this second
component of discounting may to some extent be determined endogenously.

In a first best world without distortions, the social rate of time preference would be
equal to the marginal product of capital at the equilibrium point. In an optimum the
slope of the indifference curve between consumption today and consumption
tomorrow (the social rate of time preference) would be equal to the slope of the
intertemporal transformation curve (the marginal product of capital), see e.g. Pearce
and Nash (1981). However, in reality the two rates will differ, mainly due to the
effect of taxation, and the marginal product of capital will be higher than the social
rate of time preference*^

Having thus set the scene, we can now briefly discuss the main issues of the
discounting debate, as they have emerged in the context of global warming. The
main controversy is about the pure rate of time preference, in particular whether the
notion of impatience, which underlies a positive rate of time preference, is ethically
defensible.

There seems little scope to question the significance of impatience at the level of

Suppose the social rate of time preference is ô, i.e. to be willing to give up
consumption of 1 today we need to be compensated with 1 + 6 tomorrow. To offer this
compensation, an investment project will have to yield a gross return of r > 6, such that
after deducing taxes, t, we have 5 = (l-t)r.
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personal preferences. Empirical evidence from savings and interest rate data suggest
a positive pure rate of time preference of about 3%, as reported in Nordhaus
(1992)*'^. Yet, several authors have criticised the use of a positive rate at the level
of society^\ Ramsey (1928) discarded a positive rate as irrational and ethically
indefensible. Pigou (1932) and Solow (1974, 1992), among others, found it similarly
unpersuasive. Authors who have argued against a positive rate within the global
warming context include Cline (1992a, 1993b) and Broome (1992). The basis for
most objections is the impartiality argument, which says that "the time at which a
man lives cannot affect the value of his happiness" (Broome, 1992, p.92).
Impartiality has important consequences in terms of intergenerational equity, since
it implies that the wellbeing of one generation should not be counted differently from
that of any other. Discounting, however, does just this, and places less value on the
wellbeing of future generations. This is probably the most powerful argument against
utility discounting.

The question then seems to be whether individual preferences, which clearly exhibit
impatience, should have an influence on society’s choice of the social rate of
discount, where impatience may be questionable. Liberal economic tradition would
say yes. It is a fundamental principle of most economic analysis that social decisions
should be based on individual preferences (see Markandya and Pearce, 1991).
However, in practice counter examples to this principle abound. Drug legislation,
safety regulations, speed limits or state pension schemes are all examples of a
paternalistic state ignoring individual preferences to enhance overall welfare. As
Markandya and Pearce correctly point out, overruling preferences in this way should
require compelling reasons. But then, the list of arguments raised against using a
positive rate of time preference seems to be rather compelling. If problems of drug
abuse and road safety warrant paternalism, it seems hard to find reasons why a
fundamental issue like intergenerational equity should not. This then seems to speak

For a critique of this finding, see Cline (1992a).
See e.g. the discussion in Cline (1992a), Markandya and Pearce (1991), and from
a more philosophical angle Broome (1992) and Parfit (1983).
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for a zero rate of time preference. In favour of a low rate, it has also been argued
that people, although exhibiting a positive rate of time preference as consumers, may
have different preferences as citizens, when considering public investment projects.
Another argument suggests that society as a whole may have a higher savings rate
than individuals, since saving may cause external benefits (see Hanley, 1992).

An argument in defence of a high rate of discount has been advanced by Markandya
and Pearce (1991), who argue that using a lower discount rate may justify too many
investment projects. This may in the end be counter productive and lead to further
environmental degradation. It seems clear that it would indeed be wrong to apply an
unjustifiably low discount rate in the hope of thus furthering environmental
protection. However, the case for a zero discount rate made above is motivated
differently. The argument goes more generally that for the ethical reasons given
above the socially correct rate should be zero, independent of the implications this
may have on individual investment projects. The point to note then is that as long
as the socially correct discount rate is used, whatever its size may be, and as long
as a proper project appraisal is carried out which accounts for all costs and benefits,
no excessive environmental degradation will take place. Degradation will occur only
up to the point that is socially justifiable. Of course, in a real world situation, where
environmental benefits cannot always be assessed carefully, the point by Markandya
and Pearce will again be a valid one, as has been outlined by Broome (1992).

A further point of discussion is whether the rate of return on capital should be
preferred to the consumption rate of discount. The use of the rate of return on
capital was for example proposed by Birdsall and Steer (1993). They noted that, in
a world where investment capital is scarce, it should be invested in those projects
which yield the highest return. The correct discount rate should therefore be equal
to the return on capital, which, as mentioned above, is usually higher than the social
rate of time preference. The discounting literature seems to agree that, ultimately,
the choice between producer rate and consumer rate depends on the exact character
of the costs and benefits of an investment project (see Lind, 1982). Cost or benefit
flows concerning consumption should be discounted at the consumer rate, and those
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related to alternative investment projects at the producer rate. The question is thus
about the correct split. Birdsall and Steer argue that all costs and benefits from
greenhouse action ultimately affect investment. This view is opposed by Cline
(1993b, 1992a), who debits only about 20% of the funds to capital investment,
consistent with the average consumption/savings rate.

While it might be true that the costs of abatement may ultimately fully crowd out
private investment, as claimed by Birdsall and Steer, their argument seems less
compelling with respect to the benefit side, i.e. with respect to damage avoided.
Damages such as the loss of species or an increase in morbidity clearly affect
consumption more than investment. At least for the damage side, it seems, the
correct rate will therefore have to be a mix between the social rate of time
preference and the return on capital.

A case for using the rate of return on capital for consumption related damages could
only be made if funds were set a side and invested at the market rate, in order to
provide actual - rather than hypothetical - compensation for the future generations
(Parfit, 1983). Basically, the future increase in consumption caused by a higher
investment today will then have to be sufficient to compensate for future damage,
consistent with the idea of sustainable development (see Pearce, 1994). As was
shown by Maler (1989a), the relevant rate would in this case be the future return on
capital, rather than today’s, and this rate will be lower, the higher the level of
intergenerational transfers (Howarth and Norgaard, 1993). The discount rate would
become endogenous: The higher future damages, the higher the necessary
compensation, and thus the lower the rate of discount. Note, however, that this
result depends on the availability of intergenerational transfers. If transfers are not
feasible, the discount rate will in general be different from the market interest rate.
In fact, in some cases it may even be negative (Howarth and Norgaard, 1993).

Evidently, the discounting issue is far from settled. Ultimately, the question also
seems to be a political one which cannot be solved in the academic debate alone. In
the absence of intergenerational transfers, we tend to favour the arguments for a zero
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rate of time preference. However, in the following discussion we will whenever
necessary undertake sensitivity analyses to work out the robustness of our results.
The discounting technique employed in the following chapters will be introduced in
Part HI, section 3.

4.3 Hedging and Uncertainty
It is one of the main weaknesses of existing greenhouse cost-benefit models that they
tackle the problem as if all parameters were known with certainty. Clearly, this is
not the case, and an optimal greenhouse policy has to take this into account. That
is, decision makers should be interested in the entire damage probability distribution,
and not just the mode (see Figure 1 above). Incorporating uncertainty raises a host
of issues dealing with risk aversion, irreversibilities and the possibility of climate
surprises. It also raises the question about the optimal mix between greenhouse
abatement and further research to resolve uncertainty.

Many advocates of immediate action interpret greenhouse abatement as an insurance,
and argue that for the same reasons as individuals are willing to secure themselves
against hazards of all sorts, society should be willing to spend some money to
protect itself against adverse climatic effects, particularly since these may be
irreversible and potentially disastrous. This view is implicit in much of the literature
about the precautionary principle (see e.g. O’Riordan, 1992), and it has also been
issued by e.g. Schneider (1993), Schelling (1992) and Cline (1992a) who in his
analysis accounts for risk aversion by assigning additional weight to the worst case
scenario. It is also consistent with the quasi-option value literature (e.g. Arrow and
Fisher, 1974), which shows that over-protection is efficient in the presence of
irreversible damage.

Explicit analyses of the insurance argument include Manne and Richels (1992,
1991), Heal (1984) and Parry (1993). A related analysis is that by Krause et al.
(1989). Manne and Richels (1992, 1991) use their Global 2100 model to illustrate
how in a situation where governments have to act before uncertainties are resolved,
they should hedge against a possible future carbon constraint by doing more
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abatement than they otherwise would. In a recent paper they further argue that
agents will be hedging in a similar way, so that the mere possibility of future action
acts as an implicit carbon tax (Manne and Richels, 1993a). An estimation of the
value of reduced climate risk has been carried out by Parry (1993), who somewhat
surprisingly found a rather low value for a reduction in climate risk. The main
reason for this seems to be discounting and the fact that most of the damage will
occur only late in the future. It should however also be noted that Parry’s analysis
is based on the not fully satisfactory Nordhaus (1991b, c) model, and that he rather
optimistically assumes a 2 xC0 2 damage distribution which is symmetric around a
mean of zero.

Much of the persuasiveness of the insurance argument hinges on the fear of a
possible climate catastrophe. The question of how to handle such high impact/low
probability events is however far from settled and deserves much further research.
Two archetypal methods of decision theory have been applied so far. The first is the
expected utility approach, as used by Heal (1984). The second is a maximin
approach, as proposed by Krause et al. (1989). In Meal’s model the atmosphere is
interpreted as an exhaustible resource of unknown stock. Exhausting the resource
(passing a climate threshold) would trigger a climate catastrophe, and utility would
fall to zero. People take precautions against this event by reducing emissions, and
the optimal rate of emissions is determined in a trade off between abatement costs
and the risk of catastrophe. It crucially depends on the degree of people’s risk
aversion. In the maximin approach society is only concerned with the worst possible
outcome (i.e. an early catastrophe) and implements the policy which would maximise
the payoff under this scenario. As a consequence the resulting abatement targets are
rather high. In the analysis of Krause et al. (1989) it leads to the imposition of a
maximum warming target of 0.1 'C/decade, and 2 .5 “C in total. Working backwards
they found that this would translate into a reduction in emissions of 20% below 1985
levels by 2015 and 75% by 2050.

Neither of these approaches is fully satisfactory. The predominant paradigm expected utility theory - is often at odds with observed human behaviour, which may
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affect its relevance for the analysis of low probability/high impact events (see e.g.
Machina, 1982). In addition, the method crucially depends on the knowledge of a
probability distribution for the occurrence of a climate catastrophe. While methods
exist to attain subjective probabilities (see e.g French, 1988), reliable figures may
be difficult to obtain. There may also be an externality problem, in that abatement
costs and climate risk are not borne by the same set of people. The maximin
approach on the other hand appears to be somewhat extreme in its radical risk
aversion, and its negligence of both the probability of occurrence of a catastrophe
(in as far as known) and the costs of achieving the target are somewhat irritating.
Individuals are willing to take risks, if the reward from doing so is sufficiently high
and the probability of an accident sufficiently low. Although the situation of
individuals may be different from that of society as a whole this fact should
somehow be accounted for.

A completely different stance towards the uncertainty issue has been taken by,
among others, Nordhaus (1993c), who argues that, rather than implying additional
abatement, uncertainty should be a reason to postpone action. It would be
irresponsible, so the argument goes, to commit resources to a problem the severity
of which is still uncertain. Or, to put it another way, greenhouse abatement is too
risky a project to invest in. Two authors have tried to analyse the apparent
contradiction between this view and that of the insurance school. Broome (1992) has
rebutted Nordhaus’ wait-and-see argument by observing that it is not the riskiness
of an individual project which matters, but the overall risk that society is exposed
to, which he argues may well be reduced through greenhouse gas abatement.

Kolstad (1991) has analysed the difference between the two approaches in the
context of irreversibilities and learning. He concluded that the result from the quasi
option value literature - under-investment in projects with irreversible consequences will generally hold, but argues that there may be irreversible consequences on both
the abatement and the damage side. Global warming may cause irreversible damage
e.g. to ecosystems, but in a similar way greenhouse abatement may involve
investment in special abatement technologies which afterwards become sunk costs.
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Depending on which side dominates, uncertainty can then justify both excessive and
moderate abatement. In subsequent simulations with a variant of the DICE model
Kolstad (1993) found evidence that, should investment costs indeed be sunk, the
capital cost element may be dominating in the case of global warming, although he
raises the questions of whether the irreversible investment assumption is indeed a
reasonable one^^. Damage irreversibilities, on the other hand, have only a limited
impact, and the reason for this is again the long time delay until their occurrence.
As with other optimal control results (see section 4.1 above), this outcome may thus
be an artefact of the chosen parameter values, in particular the discount rate.

Kolstad analysed the case of autonomous learning, in which further information is
acquired automatically over time as more observations become available. The more
interesting question of how far the resolution of uncertainty should be accelerated
through increased research has so far hardly been addressed. A first step in this
direction involves an analysis of the value of increased information, and such
calculations have been carried out by Peck and Teisberg (1993b) and Manne and
Richels (1992, 1991). The (expected) value of information can be defined as the
difference between the payoff in the case of uncertainty, when a hedging strategy is
followed, and the expected value of the payoff obtained under certainty. The value
of information differs depending on the reliability of the received information, on
the time it becomes available and on the uncertainty aspect it concerns. According
to Peck and Teisberg, the value of a better understanding of greenhouse damage
costs is about the same as that of an increased scientific knowledge about the extent
of warming. With respect to damage costs information about the slope of the damage
function is more valuable than information about the consequences of 2xC02. This
would suggest that more research should be put into the analysis of the long term
aspects of global warming, as has already been proposed in section 3.

The results by Manne and Richels (1991, 1992, 1993a), which are based on a model
with a very detailed energy sector, suggest that there are little sunk costs. Their optimal
emission path, which exhibits hedging behaviour as long as there is uncertainty, very rapidly
swings back to the perfect information trajectory once uncertainty is resolved. The opposite
view is taken by Hourcade (1993), who emphasises the importance of bifurcations, long run
structural decisions after which countries are locked in to a certain energy path.
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4.4 The Carbon Budget Approach
An alternative to the cost benefit view is the cost efficiency or carbon budget
approach. Rather than determining the optimal abatement level as a trade off
between costs and benefits it is exogenously determined according to political,
scientific or ethical considerations. The aim is then merely to find the cost efficient
way of achieving the target. This method has particularly been endorsed by scientists
and the political community. Targets have been proposed in several contexts and by
several bodies, e.g the Toronto target of a 20% emissions cut, the Rio target of
emissions stabilisation at 1990 levels, or the scientific targets set by the IPCC (see
section 1).

There seem to be two different, but connected arguments leading to the endorsement
of the carbon budget approach. The first one is based on uncertainty and calls for
the implementation of carbon targets as part of a risk minimisation policy. This is
the maximin strategy against a potential climate catastrophe discussed in section 4.3
above. It is in the tradition of the literature on safe minimum standards (Bishop,
1978). Proponents of such an approach include Krause et a l (1989), Anderson and
Williams (1993) and Wirth and Lashof (1991). To minimise the risk of a climate
catastrophe the approach requires that an emissions target be set at the maximum
level of emissions under which a climate catastrophe can reasonably be excluded (see
section 4.3).

The second argument relates to the monetisation of global warming impacts. It
questions whether the impacts of global warming can at all be expressed in monetary
terms, and indeed whether doing so is reasonable in the first place. The absence of
damage estimates then implies that abatement targets have to be determined on
different grounds, according to political, social or ethical considerations. Without
explicitly endorsing the carbon budget approach, doubts about the quantification of
greenhouse damage have for example been raised by Broome (1992), who would
prefer to see global warming impacts as a change in the course of history rather than
a reduction in GNP. Howarth and Monahan (1992) point out that global warming
impacts are probably too complex to be assessed even in physical terms, which
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renders a cost benefit analysis impossible.

The question which immediately occurs is how carbon targets should then be set
alternatively. Broome’s endorsement of the teleological approach raises the suspicion
that this would again involve a cost-benefit trade off of some sort, this time simply
based on an implicit assessment of greenhouse consequences, rather than an explicit
one. Indeed, it can reasonably be argued that, for example, the initial reluctance of
many governments to endorse the Rio target of stabilising greenhouse emissions at
1990 levels is a sign that implicitly the benefits of such a measure were deemed
lower than the costs (Pearce and Fankhauser, 1993). If this is the case, however, it
seems hard to find any advantage in the implicit approach over the more open
explicit variant.

Alternatively targets could emerge from ethical obligations, i.e. they could be
warranted for moral reasons, in the same way as e.g. the biblical "thou shalt not
kill" stands independently of possible cost-benefit considerations. This seems to be
the stance taken by Howarth and Monahan (1992), who propose a rule for
greenhouse action based on the sustainability principle. However, while traditional
cost-benefit analysis indeed neglects equity issues, their inclusion may not
necessarily make a trade off between "goods" and "bads" redundant. Howarth and
Monahan themselves implicitly acknowledge this, when proposing greenhouse action
in favour of future generations only "if doing so would not noticeably diminish ...
[today’s] quality of life" (p. 6-85). The merits of the rights approach have also been
discussed by Broome (1992), who dismisses it in favour of the teleological approach.

5. Policy Instruments and Carbon Taxes

Compared to the problem of optimal policy response the question of policy
instruments is relatively uncontroversial. Although more policy oriented authors
argue for a "mixed bag" containing a variety of measures, the economic literature
clearly favours the use of market based instruments like pollution taxes or tradeable
emission permits. It does this for the well known reasons of static and dynamic
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efficiency (e.g. Smith, 1992b). Taxes and permits allow to achieve a given emissions
target at minimum economic costs, and in addition they create a dynamic incentive
for the development of cheaper abatement techniques. The debate thus soon
concentrated on the relative merits of taxes versus permits, and on the question of
the most appropriate tax base. Taxes could be levied ad valorem, on the energy
content of fuels (an energy tax) or on their carbon content (a carbon tax). They
could be imposed on the consumer side or on the producer side. Further questions
concern the problem of already existing distortions in the energy market, the
distributional consequences of a tax, and the use of the collected tax revenues.

5.1. Choosing the Instrument
According to the well known paper by Weitzman (1974), a tax system is more
desirable than a tradeable permits system if the slope of the marginal benefit curve
is greater than that of the marginal abatement cost curve and there is uncertainty
with respect to the costs of abatement. Peck and Teisberg (1993a) have argued that
for global warming this may be the case, implying that taxes should be preferred
over permits. In an international context Berger et al. (1992) could show that under
imperfect competition in the market for fossil fuels, a permits system will result in
higher producer prices than an international carbon tax. A tax may also be preferable
if individual countries are large enough to influence the permits market (see Hoel,
1991a). In most analyses, however, taxes and permits are assumed to be equivalent
and the choice is then determined by analytical convenience or by the preference of
the author (for a discussion of the tax option see e.g. OECD, 1992a, or Pearce,
1991; tradeable permits are discussed in UNCTAD, 1992; and OECD, 1992b).
Tradeable permits have so far mainly been analysed in the context of international
cooperation between countries (e.g UNCTAD, 1992; see also section 6). In the
domestic debate the tax solution has dominated.

Quite arguably, the academic preferences also reflect the state of play in the real
world. The allowance for trade in emission quotas in the Montreal Protocol may be
a sign of a gradual endorsement of the permits idea in the international context. It
seems somewhat unrealistic in any case to envisage a system of international carbon
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taxes, in which countries pay conceivably large amounts of money to an international
greenhouse agency in proportion to their greenhouse gas emissions (see Hoel, 1992a;
a contrary view is Martin et a l , 1992). An issue which has recently gained
prominence on the political agenda is that of joint implementation, an option added
in the Climate Convention to improve the effectiveness of international abatement
efforts. Joint implementation, or carbon offsets - an earlier term for basically the
same concept, although mainly used in the context of carbon sequestration essentially enable high abatement cost countries to be credited for (cheaper)
abatement or sequestration efforts undertaken abroad. The idea is thus similar in
spirit to that of tradeable emission permits (see Roland, 1992)^^. Already, first
deals are under way between Norway on the one hand and Mexico and Poland on
the other. Analytically, however, the issue has gained less attention so far, and a lot
of mainly practical questions have yet to be answered (for a survey see Jones, 1993;
and earlier Dudek and LeBlanc, 1990).

In the domestic debate the tax option has clearly gained more prominence. The
imposition of greenhouse taxes of some sort is now discussed in several countries,
most importantly the United States and within the EC. Carbon or energy taxes are
already implemented in most Scandinavian countries as well as in the Netherlands.
If the choice is of a tax, economic efficiency would require that it be levied as
closely to the polluting source as possible. In the case of global warming this would
mean a carbon tax, since CO2 emissions are more or less proportional to the carbon
content of a fuel. An energy, and particularly an ad valorem tax would be less
closely correlated with the pollution potential of a fuel (Leary and Scheraga, 1993).
The difference basically is that a carbon tax would lead to a larger change in the
relative price between fuels and would thus give stronger incentives for interfuel
substitution between dirty and clean alternatives. Analyses of the cost difference

Country A undertaking abatement in country B under a joint implementation scheme
is similar to country B selling permits to country A, except for the price. In the permits case
country A pays the permit market price, equivalent to the abatement costs in die marginal
project (the last abatement project carried out). In the case of joint implementation country
A carries the cost of the actual abatement project, which will be lower, unless the project
in question is the marginal one.
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between the different tax options include Jorgenson and Wilcoxen (1992) and in the
context of the EC carbon cum energy tax Manne and Richels (1993c) and
Karadeloglou (1992). They confirm that the choice of the tax base can make a
noticeable difference in terms of costs and the tax level required.

The difference between a producer and a consumer based tax mainly plays a role in
an international context due to trade in fossil fuels^\ Under a production based tax,
revenues flow to fuel exporting countries, while under a consumption based tax they
remain in the importing country. Whalley and Wigle (1991a, b) estimate that, not
surprisingly, the difference between the two concepts is particularly important for
oil exporting countries, but also for large importers like the EC and Japan. The
problem is mainly one of distribution, though. The welfare costs for the world as
a whole are almost identical for the two schemes, at least under full participation.

Another, more theoretical, discussion has focused on the optimal dynamic path of
a carbon tax. In optimal control models, an increasing marginal damage over time
typically also leads to a rising tax rate over time. This view has been challenged by
Sinclair (1992) and Ulph et al. (1991), with an argument based on the theory of
exhaustible resources. They argue that an increasing tax would give resource owners
an incentive to extract fuels earlier than would otherwise be the case, thereby adding
to warming. Sinclair therefore proposed a carbon tax which is falling over time. But
Ulph et al. show that Sinclair’s argument is based on some rather peculiar
assumptions about the functional form of greenhouse damage, and themselves argue
that the tax path should be hump-shaped, rising initially and then falling again in
later years.

5.2 Distributional Issues
Probably of more policy relevance than the efficiency aspects of a greenhouse tax
is the question of its distributional consequences. Distributional questions arise in
several respects, including the impacts on different countries, income groups and

Although see Scheraga and Leary (1992) for domestic considerations.
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economic sectors. The first aspect has probably been the most controversial so far,
and has dominated the discussion about international cooperation towards a
greenhouse protocol. We will come back to it in section 6.

Income aspects have been analysed by Poterba (1991), Pearson (1992) and in several
papers by Smith (e.g. 1993; 1992a). The distributional incidence in developing
countries is considered in Shah and Larsen (1992). On the whole these studies
confirm the initial intuition that a carbon tax may be regressive, although probably
less so than often thought. In many countries a carbon tax would be next to neutral
(Smith, 1993). Back of the envelope analyses often take the current spending pattern
of households as a starting point, and observe that poor households spend a larger
share of their income on energy. This is then taken as an indication for the
regressive character of the tax. Several effects are neglected in using this shortcut,
however, including the demand response of households to higher prices and the
indirect effect of a tax on the remainder of the consumption bundle, particularly on
goods which are energy intensive to produce. Both aspects are assumed to have a
dampening effect on the regressiveness of the tax (for an analysis of the latter see
e.g. the input-output studies by Symons et al., 1991; and Common, 1985). Further,
measurement errors may arise from using an incorrect measure of economic well
being. Poterba (1991) has noted that the most appropriate measure of wealth would
be people’s lifetime income, and argues that consumption expenditures would be a
more reliable indicator of this than the more volatile current income. An expenditure
based analysis again seems to provide a less dramatic picture than one based on
current income.

Sectoral consequences have gained less academic attention so far, despite the fact
that the political stage has seen fierce lobbying for tax exemptions to more
vulnerable industries in both the EC and the US. Among the few models to provide
a sufficient degree of sectoral detail to answer such questions are Jorgenson and
Wilcoxen (1992) and McKibbin and Wilcoxen (1992b). Their results imply that, at
least for the US, a carbon tax would above all hit the coal industry, and only to a
far lesser extent other energy related sectors such as electric utilities and gas
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utilities. Few studies exist for countries other than the US (although see Glomsrod
et a l , 1992; Pezzey, 1992b; Standaert, 1992). On the whole they seem to provide
the expected result that energy intensive industries will be hit hardest. However,
ultimately the distributional incidence will be determined by the outcome of the
political battle for tax exemptions.

5.3 Revenue Recycling and Double Dividend
Any tax likely to have a noticeable impact will raise a considerable amount of
revenues. Arguably, undesirable distributional effects should therefore be easy to
correct by a corresponding redistribution of tax revenues. However, there appears
to be a conflict here between considerations of distributional equity and economic
efficiency. It has been argued in the literature that the imposition of a carbon tax
would enable governments to lower other distortionary taxes such as income tax.
This would lead to an additional, non-environmental benefit in the form of a reduced
deadweight loss from government revenue raising (Pearce, 1991). The size of this
so called "double dividend" could potentially be considerable. Distortionary losses
due to taxation are equivalent to 20-50 cents per tax dollar raised, according to
Ballard et al. (1985).

The exact size of the double dividend depends on the chosen mode of revenue
recycling. Different recycling modes, including personal income tax cuts, deficit
reduction and investment tax credits, have been analysed by Shackleton et al.
(1992). They found that the greatest double dividend will be achieved under schemes
involving reductions in capital and labour costs which encourage capital formation,
and thus long run growth, rather than immediate consumption (see also Goulder,
1993). A selection of their results is reproduced in Table 4. Note that in some cases
welfare (excluding greenhouse damage) could actually rise in the long run.

Several observations arise to the double dividend issue. First, as has already been
pointed out, there is obviously a trade off here between equity and efficiency. If
revenues are used to offset the regressive character of a tax, there will be less scope
for a double dividend. Conversely, it appears that maximising the double dividend
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Table 4:

Costs of a US Carbon Tax under Different Recycling Scenarios
(% change in discounted constant price GNP 1990-2010)
DRI,
Brinner
e t a l (1991)

LINK,
Kaufmann
et a l (1991)

Jorgenson/
Wilcoxen
(1992)

Goulder
(1993)

Lump Sum Tax Cuts

-0 .5 8

- 0.46

Deficit Reduction

- 0.40

- 1.02

Personal Income
Tax Cuts

- 0.56

-0 .5 3

-0 .1 6

-0 .1 6

Corporate Income
Tax Cuts

0.40

-0.11

0.60

- 0.17

Payroll Tax Cuts
- Employee only
- Employer only

-0 .5 8
0.19

- 0.53
- 0.25

1.55

1.67

Investment Tax
Credit

-0 .6 2

-0 .2 4
-0 .2 4

-0 .1 8

0.00

Note: Tax scenario involves a 15 $/tC tax, imposed in 1990, growing at 5% p.a.
Source: Shackleton et a l (1992).

effect will aggravate the regressive character of a tax (Smith, 1993). The question
of the optimal balance is a political one, which has not been addressed so far.

Second, if the introduction of a carbon tax has the potential to raise welfare in the
long run, this raises doubts about the optimality of the current tax system. If welfare
gains can be achieved by shifting the tax burden away from the factors capital and
labour, they should be secured independently of environmental considerations. Such
optimal taxation questions should however not be muddled with the double dividend
issue. Double dividends only concern a comparison between the optimal tax system
with and without accounting for the externality (Ulph, 1992).
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Third, one may wonder whether a double dividend will always occur, whatever the
size of tax revenues relative to actual requirements. Ulph (1992) has argued that in
a second best world where lump sum transfers are not possible, this will not be the
case (see also Pezzey, 1992c). Two problem cases are distinguished. If the revenue
requirement is large relative to potential tax revenues, there will be an incentive to
overtax pollution, and in the most extreme case the thus created distortion in the
environmental market will overshadow the improvements with respect to traditional
goods. Conversely, if revenue requirements are relatively small, there is obviously
no scope for a double dividend, and in the worst case losses may even occur if
revenues have to be returned through distortionary subsidies.

This raises a fourth question. Arguably, double benefits would similarly arise from
other pollution taxes, e.g. on sulphur, waste or in the transport sector. If the
potential for a double dividend is limited and depends on the amount of "green" tax
money raised, which share of the benefits should then be attributed to a carbon tax?
The question of double dividends with multiple externalities has so far not been
addressed^^. Taking it up may lead to a more general discussion about the scope
and merits of an ecological tax reform, as proposed by von Weizsacker and
Jesinghaus (1992).

6. International Cooperation

6.1 Sharing the Abatement Burden
Greenhouse abatement should be carried out where it is cheapest to do. In addition
to cost efficiency in the domestic context, which in many ways has been the topic
of the previous section on instruments, a least cost solution should therefore also be
sought at an international level. If domestic efficiency involves equalising the
marginal costs of abatement between the different sectors of an economy,
international efficiency requires their equalisation between countries. It is well
known that imposing a scheme of uniform percentage reductions across countries

The secondary benefits literature (see section 2) does deal with multiple externalities,
but neglects the revenue raising aspect.
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Table 5:

Efficiency Gains from Emissions Trading
(2 percentage point reduction scenario)
Edmonds
Reilly

2020

2050

2100

GREEN
Tax
($/tC)

Manne
Richels

Tax
($/tC)

GDP
loss
(%)

equal
cut

283

1.9

149

1.9

325

-

equal
tax

238

1.6

106

1.0

308

-

equal
cut

680

3.7

230

2.6

448

-

equal
tax

498

3.3

182

1.9

374

-

equal
cut

1,304*

5.7*

-

-

242

8.0"

equal
tax

919*

5.1*

-

-

208

7.5"

GDP
loss
(%)

Tax
($/tC)

welfare
loss

“ year 2095
^ discounted consumption losses through 2100, trillions of $
Source: OECD (1993).

would generally not lead to this outcome, since countries facing high abatement costs
may be forced to undertake abatement which could more cheaply be achieved
elsewhere (see Hoel, 1991a). Table 5 shows estimates of the cost difference between
a uniform reduction agreement and efficient cooperation, achieved through a uniform
carbon tax.

Just how an efficient outcome would have to look like is however unclear. The
question has been analysed e.g. by Martin et al. (1992) using their GREEN model,
and Kvemdokk (1993), using a reduced form abatement equation based on the
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Manne and Richels model. A cost efficiency scenario - achieved through a global
carbon tax - was also part of the OECD model comparison (see OECD, 1993).
Barrett (1992c) has investigated the question for the EC. The results are rather
ambiguous. GREEN and the Edmonds and Reilly model predict that, compared to
equiproportionate cuts, a cost efficient scheme would shift the abatement burden
away from rich and semi-rich countries to the developing world. Manne and Richels,
and thus also Kvemdokk, come to exactly the opposite conclusion. The difference
seems to hinge on the treatment of coal. While Martin et al. make out cheap fuel
switching opportunities in coal-based economies such as China, Kvemdokk argues
that for a poor country like China switching from cheap domestic coal to imported
oil and gas will be relatively expensive.

Efficiency questions are also addressed in the more stylised game theoretic models
by Tahvonen (1993), and Eyckmans et al. (1992)^°. These models are basically
derivations of the cost-benefit models introduced in section 4, simplified with respect
to the climate dynamics, but extended to include several world regions. This
extension allows the calculation of the socially efficient abatement levels for each
region, as well as the individually optimal levels in a situation without agreement,
and therefore also the gains from cooperation, i.e. the increase in welfare by moving
from one situation to the other. On a whole, the models confirm the scattered picture
from the cost efficiency literature, although there seems to be some agreement that
the gains from cooperation may be negative for regions like China and the former
USSR.

This raises the question of side payments. Much as in the domestic case, the above
efficiency criterion has to be complemented by equity considerations. In the
international context the question is mainly about a just distribution of the abatement
burden between the countries of the developed and the developing world.
Analytically, distributional issues are often examined in the context of the allocation
of tradeable emissions permits. This is mainly for analytical convenience, though.

^ A further attempt in the same direction will be introduced in Part V.
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as it allows for a straightforward separation between the equity and efficiency
issues^\ The question could of course equally be treated in terms of e.g. the
redistribution of tax revenues or proceeds from a permit auction, or indeed the size
of transfer payments in general.

A variety of allocation criteria have been discussed in the literature, including a
distribution in proportion to welfare, population, land area, previous greenhouse gas
emissions, as well as several variants and combinations of these (see e.g. Rose,
1992; Barrett, 1992a; Kvemdokk, 1993; Grubb et al., 1992; Grubb, 1989). The
choice between them is influenced by various criteria of social justice on the one
hand, and by the necessities of realpolitik on the other (Grubb et al. , 1992). On the
equity side there is Rose (1992; 1990), who has argued that countries will be willing
to accept a fair distribution even if it is to their disadvantage, and who has put
forward several ethical criteria to determine what "fairness" may mean. On the other
side there is the more down to earth stand taken by e.g. Barrett (1992a, b) and Hoel
(1991a), which is also implicit in the two greenhouse game papers mentioned above.
These authors argue that in the absence of an international legislative body able to
enforce an agreement, a treaty will only be signed if it is beneficial to all
participants. The main distributional problem is thus not equity as such but finding
an allocation rule which guarantees a beneficial outcome for a sufficient number of
countries^^.

The ethical criteria put forward by Rose include, among others, horizontal equity
(encompassing

egalitarianism

as its

most extreme form),

vertical equity

(encompassing Rawlsian minimax), market justice (the free market is fair), ability

There are schemes which for equity reasons foresee different abatement targets for
different groups of countries, such as stabilisation of emissions in developed countries only.
Note however that these, much like uniform reduction schemes, are unlikely to fulfil the
efficiency criterion.
^ Even if this is achieved, there may still be a problem about stability. That is, even if
a certain agreement is generally preferred to a situation without, there is no guarantee that
countries will not find it even more profitable not to join and to ffee-ride on the efforts of
others. See section 6.2 below.
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to pay, but also the Pareto rule and consensus building, which opens the door to the
realpolitik view of Barrett. Although emphasising the importance of consensus
building, ability to pay and vertical equity - and thus putting the ball into the comer
of developed countries -, Rose is rather reluctant to identify a single preferred
criterion. Other authors are less so. Grubb (1989) and Kvemdokk (1992) advocate
an allocation according to population, pegged to a base period or restricted to adult
population to avoid perverse incentives on population growth. Barrett (1992a) has
put forward a "Kantian" mle, according to which countries have to abate at least as
much as they would wish the others to do. Gmbb et al. (1992) see a mixed formula
as the only feasible option. One view of the developing world has been made explicit
in Agarwal and Narain (1991), who detect "environmental colonialism" in the
debate, and who emphasise the importance of historical responsibilities. They further
criticise the greenhouse gas emissions statistics of the World Resources Institute (see
WRI, 1990) and propose that emissions accounts should be net of the carbon sinks
found in a country. The lively discussion provoked by their contribution shows that
the question of burden sharing is far from settled, and that the discussion has
probably only just started. Inevitably the issue will have to be decided in the context
of the actual negotiations towards a Climate Change Protocol.

6.2 Unilateral Action
Despite the fact that the UN Framework Convention on Climate Change has been
signed by over 160 countries, the assumption of full cooperation in a Global
Warming Protocol is somewhat unrealistic. This conclusion can be derived from the
experience of past negotiations and the attitude of many govemments so far. As a
matter of fact, even in the Convention itself the emphasis is on action from only a
subset of countries, those of the developed world (see section 1).

In addition to political reasons there are theoretical arguments which raise doubts
about the potential of an international climate change agreement. The main obstacle
for an international environmental agreement from a theoretical point of view is
stability. Because of the public good character of greenhouse abatement there is an
inherent tendency for countries to free ride, i.e. it will generally pay off not to join
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an agreement, since by doing so a country can enjoy the benefit of an agreement
without having to participate at the costs. The free-rider problem and the possibility
and size of stable, self-enforcing agreements has been the subject of several game
theoretic papers (e.g. Barrett, 1993, 1992d). A stable agreement is defined as a
situation in which no additional country is willing to join an agreement, but at the
same time there is no incentive for signatories to withdraw. The results of these
models are often highly dependent on particular modelling assumptions, but on a
whole they seem to imply that the size of a partial coalition will be rather small,
even if it may possibly be widened through the use of side payments (Carraro and
Siniscalco, 1992).

The difficulty of achieving full international cooperation has raised the question of
the usefulness of unilateral action taken by a subgroup of countries, particularly by
the developed world. The question has been tackled in two different ways, both
leading to the same rather disillusioning result: Unilateral action will only be of
limited use, since the direct effect of reduced emissions will partly be offset by
increased emissions from non-signatories. This effect has been termed carbon
leakage. How important it will be in absolute terms is still an open question.

The first way to analyse unilateral action is a game theoretic approach, used e.g. by
Hoel (1991b). In this set up leakage occurs as a consequence of free-riding. The
non-abating players in the game profit from the unilateral action taken by their
rivals, and the resulting lower damage will make it efficient for them to increase
their own emissions. Hoel further shows that unilateral action prior to an agreement
may actually be counter productive and in the end lead to a less stringent protocol.
This is because unilateral action will unfavourably move the fallback position of the
abating player in the bargaining game. The situation without agreement now looks
less threatening and a stringent protocol is pursued with less fervour. However, as
Hoel himself points out, the result may be too pessimistic in that it neglects the
possible psychological effects of a unilateral move onto thus far reluctant
negotiators. Different ways to overcome the free rider problem are discussed in
Barrett (1992b).
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The second, and more prominent way to analyse unilateral action neglects damage
considerations and concentrates on the general equilibrium effects of unilateral
abatement (Manne, 1993a; Pezzey, 1992a; Oliveira-Martins eta l. , 1992; Rutherford,
1993; Manne and Rutherford, 1993; Perroni and Rutherford, 1991). In a multi
country general equilibrium set up with international trade leakage occurs through
two channels: First there is a price effect. The decrease in the demand for carbon
intensive products in the abating countries will lead to a fall in world market prices,
which in turn will boost demand in non-abating countries. Barrett (1992b) and Bohm
(1993) have discussed ways to offset this effect, basically through a parallel
reduction also in the supply of affected goods. Second there is a more direct trade
effect. As a consequence of increased costs, carbon intensive industries in
constrained locations may suffer a loss in competitiveness and the production may
shift from abating to non-abating regions.

Carbon leakage is thus undesirable both from an environmental and economic point
of view. Unilateral action would not only be of little environmental benefit, it would
also excessively punish the abating country on the international market^^. The size
of the leakage effect in absolute terms is still unclear, however. Model predictions
range from very modest to almost 100%. Results depend on several factors, most
importantly on the amount of trade allowed in carbon intensive goods and fossil
fuels. Manne (1993a) points out that models using the Heckscher-Olin assumption
of perfect substitutability between goods from different countries (e.g. Perroni and
Rutherford, 1991; Rutherford, 1993; Pezzey, 1992a) obtain notably higher leakage
rates than those using the "Armington" hypothesis of imperfect substitutability (e.g.
Oliveira-Martins el al, 1992). Other factors playing a role may include the supply
elasticity of fossil fuels (Oliveira-Martins et ah, 1992) and the modelling of the
dynamics (Manne, 1993a). To fully understand this important question and close the
gap between the different model predictions a more careful and thorough model
comparison would however be required.

^ The impact of a carbon tax upon UK competitiveness has been analysed by Pezzey
(1992b).
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From a policy point of view it should be noted that, because of leakage, but also
because of the limited share of OECD emissions on the total, unilateral action from
the developed world alone will in the long run not be sufficient to significantly
reduce global emission rates (Hoeller et a l, 1992).

7. Conclusions

Greenhouse economics is both a recent and quickly evolving field. Little of the
material which currently constitutes the state of the art is more than three or four
years old, and it is unlikely that contributions currently made will have a
significantly longer lifetime. Part I has tried to survey the current level of the
debate.

The discussion has reached a fairly sophisticated level with respect to the costs of
abatement. Open questions mainly concern the gap between top down and bottom
up models, and the discrimination between the different modelling specifications in
general. Model comparison exercises are thus likely to continue. The discussion may
2

ÜS0 move in direction of a more comprehensive approach, which will give more

prominence to non-energy related abatement options and to the contribution of
greenhouse gases other than COj. A wider view should also be adopted with respect
to other existing market distortions and externalities. The double dividend and
secondary benefit arguments deserve more attention. They should however be treated
in a more comprehensive context which considers all distortions equally and
simultaneously. The current discussion suffers somewhat from a primacy of the
greenhouse problem, in that improvements in other areas are greeted as welcome
side effects of a carbon policy, but are not considered or sought in their own right.

The largest research input is probably required to complete the picture on global
warming damage costs, an area which is still in its infancy. In many areas, but far
from all, research will be able to found on a large scientific literature, which will
contain at least a qualitative assessment. Further research is particularly required in
three respects. First, existing estimates have to be improved. The emphasis has to
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shift away from the agriculture and sea level rise sectors, where a comparatively
high level of sophistication has already been achieved, to include other damage
sectors, particularly non-market related damages like climate amenity, health and
morbidity, and ecosystems loss, but also the impacts e.g on the water industry. With
respect to market related damage, efforts will be needed to include indirect damage
effects, i.e. to move from a partial equilibrium to a general equilibrium approach.
Second, more research is needed to assess in more detail the damage in those
regions which are most likely going to be the hardest hit: the developing countries.
There are hardly any valuation studies for non-OECD countries, and such
undertakings could therefore be of general methodological value. Third, we have to
overcome the concentration on the 2x002 benchmark. More research, both scientific
and economic, is needed into the long run effect of global warming and into the
identification of potential thresholds. Economic damage modelling has to be raised
onto the same level of sophistication as achieved in other sectors.

Improvements on the damage side will allow to produce more reliable
recommendations as to what the optimal policy response may be. Policy action will
concern both greenhouse abatement and greenhouse mitigation/adaptation. The
economic community mostly seems to favour an approach based on cost-benefit
considerations with respect to both concerns, and this for compelling reasons. This
is not to say that a pure cost-benefit approach, as it is represented in the current
generation of optimal abatement models, would be sufficient. It would not. The trade
off between costs and benefits also has to account for existing or remaining damage
uncertainties, for irreversibilities, gradual learning, risk aversion and the possibility
of climate surprises and catastrophes. The question of how to hedge against climate
uncertainties, and in particular of how to best deal with low probability/high damage
events will have to be a main topic of future research in the area of optimal policy
response. Another one will have to be the discounting question, given the high
sensitivity of current results to this parameter. The question of intergenerational
equity will also have to be tied with that of intragenerational equity, which
dominates the international debate.
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In terms of instruments, economists more or less in unison favour the use of market
based instruments, for the well known efficiency reasons. The relatively new idea
of joint implementation, which has gained policy relevance through its inclusion in
the Climate Convention, will nevertheless deserve further analytical scrutiny as a
more pragmatic alternative to tradeable emission permits. The policy debate will be
more concerned about distributional questions, however, both domestically and with
respect to international burden sharing.

66

PARTE

THE
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COSTS

OF

CO^

CONCENTRATION

DOUBLING

Part II provides order of magnitude estimates of the damage associated with a
doubling of atmospheric CO2 concentration. It extends on existing studies for the US
by including results for other geopolitical regions as well as for the world as a
whole. The estimates confirm the often used damage cost benchmark of I to 2% of
GNP, at least for developed countries. The estimates for developing countries are
almost twice as high, supporting the view that the poorest countries will suffer most,
even if adequate protection measures are taken. Regional differences may, however,
be considerable, as is exemplified by the estimates for the former Soviet Union and
China.

1. Introduction

Estimating the potential damage of global warming is a daunting task. The extent of
uncertainty is vast in almost every respect, as has been outlined in Part I. On a
purely climatological level there is a fairly broad (but far from unanimous^)
consensus about the expected changes in global mean temperature. Confidence is still
low, however, in predictions of regional and seasonal variations. Difficulties also
exist in predicting the changes in temperature dependent variables such as
precipitation, evaporation, storm frequency, sea level and so on. The uncertainty
continues on the next level. Even if the degree of change was known exactly, the
effect it would have, say, on human health, on ecosystems or on agricultural yields
is far from being clearly understood.

Under these circumstances any attempt towards a monetary damage estimate can not
be more than a rough assessment of the order of magnitude. In addition, to pursue
the task several simplifying assumptions had to be introduced. Most importantly, we
do not aim to estimate a whole damage function, but only analyse one particular

^ See for example the critique on the IPCC findings of the Marshall Institute and others
reported in Cline (1991, 1992a) and Lunde (1991).
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point, the damage occurring with an atmospheric C02-concentration of twice the
preindustrial level (2 XCO2 ).

2

xC 0 2 is the benchmark case of almost every study

dealing with the impacts of global warming. IPCC (1990a) predicts that IxCO; will
lead to an (equilibrium) increase in global mean temperature of 1.5 to 4.5 °C, with
a best guess of 2.5 “C. Recent work by Wigley and Raper (1992), based on the
revised IPCC (1992a) assumptions, calculates that this would induce a rise in sea
level of about 50 cm by the year 2KX), somewhat lower than IPCC’s initial
prediction of 66 cm. The following results will be based on these estimates^.

One of the most difficult and controversial issues of greenhouse damage estimation
is the prediction of future economic development (see Part I, section 3). We
circumvent this problem here by choosing the year 1988 as base period, i.e. we
estimate the damage which

2

xC 0 2 would cause to a world with the economic

structure of 1988. This method is likely to underestimate absolute damage levels and
to overestimate relative damage to developing countries. On the other hand, the
approach is consistent with Cline (1992a), who advocates an initial estimation on the
base of the present economic structure, with subsequent scaling to future levels.

Six different (partly overlapping) "regions" are considered: EC, USA, the countries
of the former USSR, CHINA, the OECD nations (including EC and US) and the
WORLD as a whole. In this respect the analysis goes beyond the studies by Cline
(1992a), Titus (1992) and Nordhaus (1991b, c), which pursue a similar task, but are
restricted to the United States.

Climate change will affect a wide range of activities and sectors. An attempt at a
classification is made in Figure 1. The chapter roughly follows this categorisation
and deals with each of the main aspects separately (section 2). The analysis is thus
partial equilibrium, i.e. we concentrate on the direct impacts of global warming and

^ Note that the 50 cm sea level rise figure is somewhat arbitrary, in that it does not
directly relate to the 2xC02 equilibrium level. The sea level will continue to rise beyond the
year 2100, even if warming stops at 2 xC0 2 .
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Figure 1:

Overview on Global Warming Impacts
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neglect spillover and multiplier effects. For example, we will estimate the impacts
on forests and forestry, but ignore the effects this may have, say, on the furniture
industry. Whenever possible, damage is expressed as the change in producer and
consumer surplus or as the willingness to pay for protection. Total damage is the
sum of the partial equilibrium costs in each sector^. It is evaluated and discussed in
section 3. Section 4 contains concluding remarks.

2. Individual Damage Categories

2.1 Sea Level Rise Protection Costs
The rise in sea level triggered by global warming threatens to inundate vast land

^ For an assessment of this method compared to the "true" general equilibrium welfare
costs see Kokoski and Smith (1987). While the measure is inexact, the sign of the deviation
is unclear.
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areas along low lying coastlines. However, as outlined in Part I, it is quite likely
that at least the more valuable areas will be protected. To make use of the data from
IPCC (1990c) we assume that only undeveloped or sparsely populated regions will
be abandoned, while highly developed areas such as cities or tourist beaches will be
protected (partial retreat scenario). Instead of calculating the full potential land and
capital loss we therefore evaluate the combined costs of capital protection plus
remaining land and capital loss. This section deals with the former aspect. The value
of the unprotected dryland lost will be evaluated in the following section. It should
be noted, though, that the partial retreat assumption, although certainly reasonable
in many cases, is introduced mainly for data reasons and does not necessarily reflect
the cost efficient response for all regions'*. It may also be too optimistic for poorer
countries, which will lack the funds to protect their coasts sufficiently.

A major global study on the costs of coastal defence measures has been carried out
for IPCC by Delft Hydraulics (IPCC, 1990c). The engineers of Delft Hydraulics
estimated the worldwide costs of protecting beaches, cities, harbours and densely
populated coastlines against a sea level rise of 1 meter by the year 2100*. The
measures considered include the building of seawalls, levees and dikes, beach
nourishment and the elevation of islands. They include protection as well as
maintenance costs. The second column of Table 1 shows their estimates of the total
(undiscounted) protection costs arising during a 110 year time horizon.

In the light of the revised IPCC findings (Wigley and Raper, 1992; IPCC, 1992a)
the Delft Hydraulics assumption of a 1 meter rise by 2100 appears too pessimistic,
however. In adjusting the figures we presumed a polynomial relationship between
protection costs and sea level rise (Titus et ah, 1991). The Titus et al. estimates
imply a power factor of 1.28. For a 50 cm rise the figures thus have to be multiplied
by a factor of 1/2*^* = 0.41. In addition, the Delft numbers are estimates of the

^ The question of optimal sea level rise protection will be analysed further in Part IV.
^ A "densely populated" region is defined as an area with a population density of more
than 10 inhabitants/km^.
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Table 1;

Costs of Preventing Capital Loss
1 m rise.
Delft Hydraulics
(bn$)

Annuitised costs
for 50 cm rise
(m$/yr)

EC

65.39

133

USA

86.82

176

EX USSR

24.98

51

CHINA

11.56

24

OECD

242.47

493

WORLD

495.48

1,007

Source: see text

undiscounted total costs of protection, and therefore have to be translated into an
annual expenditure stream. This is done as follows. From column 2 of Table 1 we
deduce that worldwide investment against a 50 cm rise amounts to 495.48*0.41 =
203.15 bn$ over 110 years. That is 1.85 bn$ per year on average. Assuming the
moderate discount rate of 1.5% suggested for such projects by Cline (1992a), the
present value of this annual expenditure stream is 100.67 bn$*. The average annual
protection costs are thus 1,007 m$. Applying the same logic to the other regions

" 1.8468*(1 + X +
+ ... +
discount factor. See also Cline (1992a).

= 100.67, where X = 1/(14-6) = 0.985 is the
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yields the results shown in the last column of Table 1.

2.2 Dryland Loss
In the previous section we introduced the assumption that all densely populated areas
will be protected against the rising sea. Consequently, the loss of dryland due to
climate change will be restricted to undeveloped and sparsely populated areas.

The estimated lengths of sparsely populated, low lying coastlines in each region is
shown in Table 2. The values are partly based on Rijsberman (1991) and partly on
our own calculations. In both cases the estimation method used is that of Delft
Hydraulics (IPCC, 1990c)^. The high figure for the former USSR reflects its vast
undeveloped coastal areas along the north coast of Siberia, while, at the other
extreme, the figure for China is zero because its coastline is either densely populated
or not "low lying" in the sense of the Delft Hydraulics definition. The dryland loss
prediction of Titus et al. (1991) under the "partial protection" scenario implies a loss
of about 0.27 km^ per kilometre of undeveloped coastline. Assuming that this
proportion is comparable to global average figures we can derive the dryland losses
given in column 3 of Table 2.

Valuing coastal lands is rather difficult and figures differ by several orders of
magnitude, depending on use and location of the piece of land in question.
Rijsberman (1991) reports values ranging from 1 to 200 m$/km^. Bearing in mind
that the land under threat is only sparsely populated and in general undeveloped, a
rather low value seems appropriate and we therefore adopt, at least for the OECD
countries, the average value of 2 m$/km^ used in Titus et al. (1991), a value which
has also been advocated by Rijsberman (1991). Such a value would, however, be too
high in the case of the former USSR, where the main area under threat is the almost

^ The length of coastlines with a population density of less than 10 people/km^ and the
100 meter contour less than 25 km away from the coast are measured from the Times Atlas
"as the crow flies", and then multiplied by a coastline factor to allow for near-shore islands,
large estuaries etc. See IPCC (1990c) for details. An exception is the value for the world
as a whole, which was achieved by assuming the same ratio of densely to sparsely populated
coastlines as for OECD, CHINA and EX-USSR.
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Table 2;

Costs of Dryland Loss
Low lying
coasts (km)

Dryland loss
(km?)

Dryland loss
(m$)

Lost benefits
(m$/yr)

3,470

937

1,874

187

USA

23,250

6,278

12,555

1,256

EX USSR

52,000

14,040

7,020

702

EC

CHINA

OECD

WORLD

0

0

0

0

87,870

23,725

47,450

4,745

304,180

82,129

82,129

8,213

Source: see text.

uninhabited north coast. For the former USSR we therefore assume an arbitrarily
chosen price of 0.5 m$/km^. For the world as a whole we use 1 m$/km^, assuming
that this is an acceptable average between the high price in the industrialised world
and the lower prices in less developed countries®. Following Cline (1992a) in
assuming a 10% return on land per year we can derive the annual revenue losses

* As an example for the land price in the less developed world, Ayres and Walter (1991)
report a value of 0.3 m$/km^ for arable land in Bangladesh. Also note their objection on
using lower values for poorer countries, a line which we do not follow in this study.
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reported in the last column of Table 2^.

2.3 Coastal Wetland Loss
Along with dryland and urban structures the predicted rise in sea levels will also
threaten coastal wetlands, important ecosystems which are already heavily
endangered by current coastal development and water drainage schemes. The
possible amount of wetlands loss depends mainly on the possibility of the systems
to migrate inland, and therefore on the amount of coastal protection measures taken.
The more comprehensive the defence measures, the more difficult backward
migration becomes and the more coastal wetlands will be lost. Titus et al. (1991)
estimate that for the United States a complete protection of all coastal zones would
lead to a loss of one half of all remaining wetlands. The number is lowered to one
third with only a partial protection and to 30% under a complete retreat scenario.

We assume that this estimate is comparable to worldwide values and that therefore,
given our assumption of partial protection, 33% of all coastal wetlands will be lost.
An inventory of wetland areas in OECD countries has been provided by Rijsberman
(1991). It was used to calculate the wetland loss figures of column 2 in Table 3. The
figures for the former USSR and China were derived by using the world average of

®Strictly, this measure is inexact. It corresponds to the area ABCE, while the true
welfare loss is ABCD. Compared to our very rough estimate of land prices the error should
be of second order, however.
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Table 3:

Coastal Wetland Loss
Coastal wetlands
lost (km^)

Value of wetlands
lost (bn$)

Foregone benefits
(m$/yr)

EC

9,887

49.43

4,943

USA

11,121

55.61

5,561

EX USSR

9,788

12.24

1,224

CHINA

11,918

5.96

596

OECD

33,862

169.31

16,931

252,985

316.23

31,623

WORLD

Note: OECD excluding Australia, Canada and New Zealand. WORLD excluding
some 60 countries. The Dutch figure was corrected for a typographical error.
Source: see text.

wetland areas per km of low lying, densely populated coast*®. The services and
benefits arising form coastal wetlands are manifold as is shown in the rough
classification of Table 4. Surveys on their monetary value are found in Turner
(1991) and Turner and Jones (1990).

The average was taken excluding the 8 countries Argentina, Brazil, Cuba, Indonesia,
Malaysia, Mexico, Vietnam and Papua New Guinea, which together harbour half of the
world’s coastal wetlands (Rijsberman, 1991). The remaining countries harbour 383’311 km^
of wetlands along a coastline of 282’941 km (Rijsberman, 1991; IPCC, 1990c) or 1.35 km^
per km coastline.
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Table 4:

Benefits from Coastal Wetlands

Direct output
benefits

* Commercial fishery (see section 2.7)
* Recreation (incl. sport fishing and hunting)
* Furs

Indirect
functional
benefits

* Flood protection
* Salinity balance mechanism
* Life support for migratory birds and fish

Non-use (existence and
option) value

* Wildlife habitat
* Landscape value

Source: Turner (1991), Turner and Jones (1990).

Titus et al. (1991) estimate the value of coastal wetlands as 1.5 - 7.5 m$/km^,
including all quantifiable benefits". Rijsberman (1991) quotes a figure of 3 - 13
m$/km^ and thus works with a median 8 m$/km^, while Cline (1992a) prefers a
more cautious 2.5 m$/km^. As an overall average between these estimates we work
with a value of 5 m$/km^ for the OECD countries. It seems reasonable to assume
a different value for non-industrialised nations. In these regions the emphasis will
be mainly on the returns from commercial fisheries and to a lesser extent maybe on
indirect benefits, while recreational benefits are less important. For the countries of
the former USSR we assume benefits of 1.25 m$/km^ and for China 0.5 m$/km^.
1.25 m$/km^ also seems to be an appropriate average for the world as a whole,
given that over 85% of all wetlands are in middle or low income countries
(Rijsberman, 1991)*^

" At least the lower bound figure excludes aesthetic benefits. Also note that the upper
bound figure coincides with rough estimates of the cost of wetland reclamation.
For comparison, the purchasing power parity value of per capita income in middle
income countries like the former USSR is 20-25% of the OECD average, for low income
countries the corresponding figure about 9%, and for all non-OECD nations together 17%.
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Again assuming a rental return on land of 10% per year, yields the annual costs
given in the last column of Table 3. Note that these estimates also include the
damage to coastal fisheries, a category which was listed separately in Figure 1 and
about which more will be said in section 2.7.

2.4 Species and Ecosystems Loss
Most studies on the impacts of global warming predict an increased loss of species
and ecosystems. Specially threatened are, according to IPCC (1990b), geographically
localised and slowly reproducing species as well as poor dispersers and communities
"where climate change adds to existing stress" (p.3).

Unfortunately, more specific information is not available. Naming the species
actually under threat proves difficult, not least due to the wide range of other factors
which in the end determine the destiny of a species. It should be noticed, though,
that some of the more prestigious mammals also fall in the categories described
above (for a survey see Peters and Lovejoy, 1992).

In measuring the total value of a species or an ecosystem, economists distinguish
between use, option and existence value‘s. There are various methods to measure
these, but the only method to capture all three aspects is the contingent valuation
method. Pearce (1993a) reports results from several studies which yield an average
willingness to pay of 9 - 13 $(1990) per person and year for the preservation of
animals ranging from the emerald shiner to the grizzly bear. The perhaps more
relevant figure for the preservation of entire habitats is somewhat higher, 9 - 1 0 7
S/person, or some 50 $ on average. A willingness to pay estimate of about 30
$(1988) per person and year in high income countries does not seem unreasonable,
therefore, bearing in mind the wider, although as yet unspecified, threats from
global warming.

This still rather conservative, less than average value was chosen to account for the

For a further elaboration of these concepts see e.g. Pearce and Turner (1990).
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effect of geographical distance, which will be of some importance in the present
context. Unless an asset is truly unique, people’s willingness to pay tends to
decrease with the distance to the site in question. The effect is less frequently
observed for individual species, where there are no substitutes. The 9 - 1 3 $ estimate
for species can therefore be seen as a lower bound, the 50 $ for habitats
correspondingly as an upper bound. 30 S/person would then seem a reasonable
average. For the middle income countries (e.g. those of the former Soviet Union),
where hardly any valuation studies are available, we assume an arbitrary value of
8 $ per person and year, and for low income countries like China 2 S/person and
year.

The total costs of ecosystems loss was achieved by simply multiplying the above per
capita values by the number of people living in each region. The results are shown
in Table 5. To analyse the figures a bit further, consider the following interpretation
which has been pointed out by a referee. Suppose there are n habitats of comparable
significance to those reported in Pearce (1993a), valued at 30 S/person. Adopting
this value in our analysis is then equivalent to assuming that the probability of their
disappearance due to 2x002 is equal to 1/n. To get a rough impression about the
size of n we can use a statistic from World Resources Institute (1990), which reports
a total of about 5000 protected parks and wildlife areas worldwide. Suppose that
each person has a positive willingness to pay for only one hundredth of these areas,
i.e. n = 50^"^. The probability of climate induced habitat loss implied by our
analysis would be a mere 2%. This then seems to suggest that our estimates are
probably rather conservative.

The figures in Table 5 consist of option, use as well as existence values. Note that
our method then implies that people have use and existence values for the same
number of sights. Evidently, this need not be the case. Existence values, on the one
hand, are more or less independent of geographical locations, and people may value

Note that out of the entire set of 5000 sites each person will have a positive valuation
for a different subset of n=50. As mentioned above, people will have a preference for
unique sites or those in their neighbourhood.
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Table 5:

Value of Lost Ecosystems
Total economic value (m$)

EC

9,750

USA

7,380

EX USSR

2,288

CHINA

2,176

OECD

25,470

WORLD

40,530

Source: see text.

a variety of sites scattered around the globe. People all over the world are for
example willing to pay for the preservation of the blue whale. Use and option values
on the other hand are geographically limited, and only occur to the subset of people
who actually use or profit from a certain habitat. By treating the three value
categories equally, we thus introduce a bias, the size of which is however unknown.

2.5 Agriculture
Together with the costs of sea level rise the effects on agriculture are probably the
most studied aspect of global warming damage. Most of this research concentrates
on productivity or output aspects, though, and does not include the impact of
changing prices. Price effects are crucial, however, for the economic valuation of
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Table 6:

Costs to Agriculture
Range of welfare change
(% GDP“)

Average welfare change
(m$”)

EC

-0.400 . . -0.019

- 9,666

USA

-0.310 . . -H0.005

- 7,392

EX USSR

-0.520 . . +0.032

- 6,185

CHINA

-5.480 . . + 1.280

- 7,812

OECD

-0.316 . . -0.018'

- 23,130

WORLD

-0.470 . . + 0.010

- 39,141

• Range from the two scenarios A and B of Kane et al. (1992).
^ For ex USSR the result is based on GNP rather than GDP.
Average over several subregions.
Source: compiled from Kane et a l (1992).

agricultural damage. Most studies also neglect the, admittedly difficult to estimate,
benefits from an adaptive adjustment of the production technology (e.g. by using
different crops etc.). See also Part I, section 3.

Our estimates are based on a study by Kane et al. (1992), which includes price
effects, but neglects managerial responses as well as the effect of C 0 2 -fertilisation.
Working with two scenarios, labelled A and B, Kane et al. analysed the impact of
climate change on crop yields, data which is then fed into a "world food model” to
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analyse the effects on world agricultural markets. The model distinguishes between
13 regions and contains 22 agricultural commodities. Welfare changes (measured as
changes in producer and consumer surplus) can occur in two ways: Firstly by a
change in a region’s agricultural output due to different climate conditions, and
secondly by a change in world prices.

The welfare effects (as percentage of GDP) for the two scenarios considered in the
study are reproduced in the middle column of Table 6 . Absolute values for the year
1988 are shown in the last column. They are based on average figures from the two
scenarios. The results are significantly negative for all regions, but the discrepancies
between the two scenarios are considerable. This is particularly the case for China,
where impacts range from a loss of more than 5 % to benefits of over 1 %, and to a
lesser extent for the former USSR. It should be emphasised, however, that
particularly the "upper bound" case A is more optimistic than most other studies. It
assumes positive yield effects in most regions. Scenario B, on the other hand, is
roughly within the same range as Cline (1992a). It assumes negative yield effects
even for northern regions such as Canada and the former USSR.

2.6 Forestry
Roughly one third of the world’s land surface is covered by forests or woodlands
(IPCC, 1990b). The extent to which this area will be affected by climate change
depends on various factors like, for example, the species and age of trees,
possibilities for forests to migrate and the quality of forest management. The impact
of global warming on wood production is therefore ambiguous. IPCC (1990b)
assumes that, although stand growth rates may increase in some areas, the overall
net increment (including mortality) will be negative. Regional impacts will be
strongly influenced by the extent to which forest zones can shift northwards.

Sedjo and Solomon (1989) used the Holdridge Life Zone classification to estimate
that as a consequence of 2 xC 0 2 the worldwide forest area could reduce by about
6

%. Temperate and boreal forests would decline more, by about 16%, whereas

tropical forests would expand by some 9%. These figures form the basis of the
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estimates in Table 7. Further underlying assumptions are as follows. Forest and
Woodland area statistics can be found in F AO (1991a). Based on Sedjo and Solomon
and World Resources Institute (1992) it was assumed that 40% of all forest areas are
tropical, and that no tropical forests can be found in the OECD, the ex USSR, and
China. That is, in the five regions EC, US, China, ex USSR and OECD forest areas
uniformly decrease by 16%. For the world as a whole the picture is mixed. 40% of
all forests areas are growing - those in the tropics -, the remaining 60% are
decreasing. Column 2 of Table 7 shows the reduction in forest areas implied by
these assumptions.

The value of forests was estimated by Titus (1992) as 11,000 - 37,000 $/km^, based
on the observed cost difference between forests before and after logging. This figure
is roughly in line with the ratio of income from the forest sector relative to forest
area in countries with comparatively small forest areas like Germany or France. It
is, however, more than an order of magnitude too large for a country with wide
forest areas, such as Canada. Unfortunately most countries do not report forestry
income in their national income statistics. Yet, a very small number of countries do
so, and from there we deduced an average forest value of about

2 ,0 0 0

$/km^

The value in middle income countries is assumed to be 400 $/km^ and in low income
countries 200 $/km^. The resulting forestry loss is reported in column 3 of Table 7.

These figures are inexact in several ways. First, they are based on an equilibrium
assessment of

2

xC 0 2 damage, i.e. after enough time has passed for forests to

migrate or adjust. It has been pointed out by Cline (1992a) that the slow adjustment
speed of forest systems may cause a temporary decline in forested area over

2 0 0

-

300 years, before a new equilibrium is reached. Our estimates would thus be too
optimistic. On the other hand they neglect the managerial response from the forestry
industry, which may help to ease both transitional and equilibrium losses. On a
conceptual level it should be noted that the approach used here is of course only an

Canada, France, Italy and Germany together receive an income of 7.6 bn$ from the
forestry sector (UN, 1990), about 0.25% of their total GDP. They have an area of 3.87
million km^ covered by forests (FAQ, 1991a).
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Table 7;

Damage to the Forestry Sector
Loss in forest area
( 1 0 0 0 km^)

EC

Forestry loss
(m$)

8 8

176

476

952

1,533

613

CHINA

205

41

OECD

1,520

3,040

WORLD

2,142

3,383

3,660
- 1,518

3,855
- 472

USA

EX USSR

temperate
tropical
Source: see text.

approximation of the exact welfare changes to producers and consumers. A more
accurate analysis would have to be based on a general equilibrium assessment which
allows for price changes as well as trade effects*^. Finally, it should be noted that
the valuation is restricted to timber benefits, i.e. it neglects non-timber aspects like
e.g. the aesthetic or recreational value of forests. To some extent these are already
included in the figures on ecosystems loss.

Such an analysis has been carried out by Binkley (1988). Unfortunately the study is
restricted to boreal forests and is based on a rather optimistic damage scenario which
assumes an overall increase in forested area.
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2.7 Fisheries
As one of a few sectors the fishing industry will be affected by both the rise in sea
level and the changing climate itself. Of the coastal infrastructure threatened by sea
level rise (see section

2

. 1 ) a large proportion can be associated to fisheries.

Changing climate patterns will affect the location and quality of fish grounds, as
species move to new grounds or, in the worst case, simply disappear. Of particular
importance for the fishing industry could be the loss of coastal wetlands. Wetlands
serve as habitat or breeding ground for various species, and through the food chain
changes in this area could easily spread. Bigford (1991) estimates that a 50%
reduction in marsh productivity (for whatever reason) would lead to a 15 - 20% loss
in estuarine dependent fish harvests. Given an expected loss of about 33% of all
coastal wetlands (see section 2.3), we can expect a loss of 10 - 13% in estuarine
dependent fish harvests. Bigford also estimates that about

6 8

% (by weight) of all

commercially harvested species in the US are in some way estuarine dependent. This
would then imply a reduction in total catches of 7 to 9% in the US. Assuming that
this average holds worldwide we derive the reductions in annual catches shown in
Table 8 .

Remember, however, that the estimates for wetland loss in section 2.3 already
include the damage to commercial fisheries. The figures of Table

8

are thus only for

illustration. Including them in the total damage costs would lead to double counting.

2.8 Energy
In addition to being the target of most global warming prevention policies, the
energy sector will face a significant shift in the demand for space heating and
cooling^^. The US Environmental Protection Agency (EPA), for example, predicts
a climate induced increase in electricity demand of about 1.4% by 2010 (for 1.2 'C
warming) and 5.2% by 2055 (for 3.7 ”C), or some 1 - 1 . 5 % per “C (see Smith and

There will also be effects on the energy supply, particularly through changes in the
availability of fuelwood and water for hydropower generation. Unfortunately, an estimation
of the former effect is not possible with the present data. The latter is included in the
assessment on water damage in section 2.9.
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Table 8:

Reduction in Fish Harvests
Nominal catches (1988,
1 0 0 0 t)

Reduction
( 8 %, 1 0 0 0 t)

EC

6,977

558

USA

5,656

452

EX USSR

10,171

814

CHINA

5,806

464

OECD

31,288

2,503

WORLD

85,358

6,829

Source: see text; Nominal catches from PAO (1991b).

Tirpak, 1989, and Cline, 1992a).

Adjusted to our assumption of 2.5 ”C warming, the EPA estimates imply an average
increase in US electricity demand of about 3.2% for

2

x0

0 2

- The regional

differences are, however, considerable. The 2055 estimates, for example, range
from a moderate decrease in the northern and north eastern states to increases of up
to 10-15% in the south. Transferring the US average to other regions is therefore
dangerous. Nevertheless, on a rough and ready basis, it can be argued that the US
climate mix may be roughly representative for at least the OECD, the EC and to a
lesser extent also for China and the world as a whole. It is clearly not applicable for
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Table 9:

Costs of Increased Energy Demand
Electricity demand
(1988, TWh)

Electricity price
(1988, m$/TWh)

Increased
Energy Costs (m$)

EC

1,693.7

129

6,992

USA

2,874.8

75

6,900

EX USSR

1,705.0

40

- 682

CHINA

545.2

40

698

OECD

6,601.1

97

20,490

WORLD

11,061.4

n.a.

23,065

Source: see text. Electricity demand from lEA (1991) and OECD (1991). Prices
compiled from lEA (1992) and World Bank (1992).

the ex-USSR, though. For this region we assume a value of -1% (i.e. a reduction
in electricity demand), based on EPA’s regional estimates for the US north and north
east. The approximate increase in energy costs derived from this method is shown
in Table 9.

The approach simplifies in at least two ways. First, the EPA study is restricted to
electricity demand and neglects other forms of energy such as fossil fuels. For the
US it is assumed that the demand for non-electricity energy could fall, since a large
share of fossil fuels are typically used for space heating (Nordhaus, 1991b, c; Cline,
1992a). The limitation to electricity may thus lead to an overestimation of the total
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expenditure increase. Second, we assume constant prices. Thus, we neglect the
capital costs and possible price rises which could occur if the shift in demand
necessitates capacity expansions. This would imply a downward bias in our results.
For the US, for example, Cline (1992a) has estimated capital costs in the order of
500 m$ annually.

It is important to note the strong connection of the costs of increased energy demand
with the amenity value of climate. Heating or cooling expenditures are mere
adjustment or defence measures, similar in character to sea level rise protection
activities. They are made in order to avoid climate disamenities, by adjusting the
(inside) temperature to a more favourable level. Much as in the case of sea level
rise, the total amenity costs then consist of two aspects: The costs of defence considered here - plus the costs of the remaining temperature disamenity, with which
we will deal in section

2 .1 1

below.

2.9 Water
Global warming will affect both the supply and demand for freshwater. Higher
temperatures are likely to cause an increase in water demand. At the same time the
supply of water will be affected mainly through the change in precipitation patterns
and, in coastal areas, through the intrusion of saline water into freshwater reservoirs.
The damage from salt water intrusion is largely unknown. A Dutch study quoted by
Rijsberman (1991) estimates salinity damage for Holland at

6

m$ a year, but wider

studies are not available.

Abstracting from groundwater and other reservoirs, the amount of water available
in a certain period of time is, roughly, the difference between precipitation and
évapotranspiration in that period. Both factors will be influenced by global warming.
Higher temperatures will lead to faster evaporation, which in turn will cause more
precipitation, as the capacity of the atmosphere to store water is only modest. Global
estimates predict an increase in precipitation of 7-15 % and one in évapotranspiration
of 5-10%. The annual run off would thus increase on average (see Schneider et al.,
1990). The confidence in these estimates is, however, low. Further, seasonal and
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regional differences will be considerable and many regions will face a lower run off
during at least some parts of the year. According to Schneider et al. these include
the American Midwest, Mid Europe, South Canada and probably also parts of
Siberia and South China.

Following Cline (1992a) the welfare loss from a reduced water supply is
approximated by the monetary value of the quantity cut back‘®. Based on an EPA
study on Southern California, which predicts a 7-16% reduction in annual water
resources, Cline assumes a 10% reduction in water availability for the United States
as a whole. Bearing in mind that South California is part of a zone which will
probably be hit above average, we prefer to work with the lower bound value of 7%
loss in each region. Figures on annual water withdrawals can be found in the data
tables of World Resources Institute (1990). They are reproduced in Table 10 (latest
available year).

The water prices in each region are derived from The Economist (1991). The short

The relation between the true welfare change and the approximation is shown in the
following graph

SS
SS

DD

The reduction in supply (leftwards shift of the supply schedule from SS to SS’) reduces
welfare (consumer and producer surplus) by the area BEFH. The approximation is CDEG.
The difference between the two values is ABHI, as CDEG = KAEG = AEFI = ABHI +
BEFH. I.e. in the case shown here (with a positive intercept term in the supply function) the
true loss is overestimated.
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Table 10:

Damage to the W ater Sector
Annual water withdrawal
(km^)

Welfare loss in
water sector (m$)

EC

218

14,039

USA

467

13,730

EX USSR

353

2,965

CHINA

460

1,610

OECD

889

34,849

3,296

46,749

WORLD

Source: see text,

statistic given there shows 1991 water prices for 13 OECD countries, with an
average price of 56 cents/m^ (weighted by withdrawal, adjusted to 1988). The EC
average is 92 cents/m^ (based on 7 countries), while the US price is 42 cents/m^.
These values are rather high, compared to Cline (1992a) and Titus (1992) who use
values of 8-20 c e n t s / f o r the US. The discrepancy could be due to differences
between water prices in urban areas and for agricultural uses. Even accounting for
this, the Cline and Titus values appear to be somewhat low, however, as Cline has
himself conceded (personal communication). Our estimates are based on the figures
from The Economist. In addition we assume for the former USSR and other middle
income countries a price of 12 cents/m^ and for low income countries like China
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5 cents/m\

The loss to the water sector under these assumptions is shown in the third column
of Table 10. It should be emphasised again that these are averages. For areas in
which run off will increase and for those with an abundant supply of water the
figures may be too high. For many arid and semi-arid zones, however, a further
decrease in the supply of an already scarce commodity could be disastrous. The fact
that areas of both types can be found in each of the regions considered gives some
credibility to the average values in Table 10. Note, however, that services are not
only taken from water withdrawals, the only aspect considered here. Titus (1992)
has also estimated the costs of increased water pollution. A reduced stream flow
would mean pollutants would be carried away more slowly, requiring additional
cleanup efforts to maintain standards. For the US Titus estimates these to be in the
order of 33 bn$ for a 4 ”C temperature rise. In stream uses, e.g. from recreation or
fishery, may also be significant, albeit difficult to assess*^.

2.10 Other Sectors
Generally, every sector which in some way depends on climate will be affected by
global warming. Abstracting from impacts through second round effects (see section
1

), the areas usually highlighted in addition to those already dealt with are

construction, transport and tourism. Unfortunately, data for a monetary valuation are
not available for either sector.

The construction and transport sectors are both affected by cold weather, snow and
ice, and both sectors might thus profit from a warmer climate, particularly through
reduced disruptions and lower winter maintenance costs (see e.g. UK Climate
Change Impact Review Group, 1991; IPCC, 1990b). On the other hand, as is
pointed out by Cline (1992a), heat waves can be similarly disruptive, in the case of

To give an impression of the order of magnitude, Hervik et al. (1987) estimated the
willingness to pay of Norwegian households to prevent rivers from being subject to
hydroelectric development as 800 - 1600 NOK (ca. 120 - 240 $). Further valuation studies,
mainly on water quality, are reviewed in Pearce et al. (1992).
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transport e.g. through heat stress on railway tracks. Probably more importantly, both
sectors are also negatively affected by rainfall, and precipitation is likely to increase
under

2

xC 0 2 . IPCC (1990b) also predicts disruptions through the melting of

permafrost soils and, due to changes in water levels, for inland shipping. In general,
however, IPCC expects the impacts on the transport sector to be quite modest. The
same is probably true for the construction sector.

For tourism and leisure, IPCC (1990b) expects an expansion of summer recreation
activities mainly at the expense of the skiing industry. It has been estimated, for
example, that as a consequence of a shortened period of snow cover Quebec would
loose 40 to 70% of its skiable days (Canadian Climate Program Board, 1988a). In
Ontario, the shorter skiing season may cause a loss of up to 50 m$ of revenue,
which would however be offset by an increase in the camping season of up to 40
days in some areas (Canadian Climate Program Board, 1988b; Nordhaus, 199Id).
Summer tourism would generally benefit from a longer season, although, as Cline
points out, only to the extent that activities are not hindered by excessive heat or
increased rainfalP. A monetary estimate for the US has been obtained by Cline
(1992a), who predicts a loss from leisure activities in the order of 1.7 b$ per year.
However, the figure is based solely on the costs of forgone skiing days and neglects
possible gains in summer activities. It may therefore be too pessimistic.

2.11 Human Amenity
It is hardly disputed that climate is an important factor of the quality of life. Global
warming will therefore also affect human amenity. It has been claimed that this
effect could be beneficial, given that warmer weather is in general preferred to
cooler. However, warmer weather is not better throughout. There seems to be an
optimal temperature level, beyond which further increases are detrimental. Meams
et al. (1984), for example, predict that for a place like Des Moines the occurrence

® Note that the impacts of the protection or loss of tourist beaches are already included
in the estimates for dryland loss and sea level rise protection. Also, the impacts associated
with coral reef death, emphasised by Cline (1992a), are, as a forgone use value, included
in the figure for ecosystems loss.
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Figure 2:

Global Warming, Energy Demand and Welfare

y
U3
A

B
C

T

Suppose individuals gain utility from two goods, income Y and (inside) temperature
T. The indifference curves are U-shaped, reflecting the fact that there is an optimal
temperature level, after which further temperature increases become a bad.
Individuals are endowed with an initial income and temperature bundle E. Income
can either be consumed or spent on heating and/or cooling. Heating corresponds to
a move downwards-right (a warmer temperature is substituted for income) and
cooling to one downwards-left. The shaded triangle thus represents the feasible set
or budget constraint, with the slopes of the right and left leg determined by the price
of heating and cooling, respectively. The graph shows the case of a temperature
beyond the optimal level, and the individual thus spends yA on cooling (optimal
point O, with utility level U 2 ). Global warming leads to an increase in temperature,
i.e. to a rightwards shift of E to the new endowment E ’. In the new optimum O’
more money is spend on cooling and utility is at the lower level
Global warming
has lead to a welfare loss of U 2 -U 3 , and an increase in cooling expenditure (energy
demand) of AB.
U 3 .

Source: own graph.
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of heat waves - temperatures above 35 “C for at least five consecutive days - may
increase by a factor 2-6 (for 1.7 "C warming and a summer mean of 28 to 31 "C).
Clearly, not everybody will consider such a prospect as beneficial. The overall effect
of global warming on human amenity is thus ambiguous, the impact being positive
in colder and negative in warmer regions.

The case of a warmer area is depicted in Figure 2. An increase in temperature, i.e.
a shift in the endowment from E to E ’, makes people move from equilibrium O to
O ’. In the new optimum O’ utility has decreased from
expenditures have increased by

U 2

to

U 3 ,

cooling

. The willingness to accept such a welfare loss

is yC. In principle it is this distance we are interested in when aiming at a valuation
of the amenity costs (or benefits) of climate change. Note however, that yC can be
split into two parts. First, people are compensated for the additional cooling
expenditures they want to undergo in order to mitigate the most adverse effects - the
distance AB in Figure 2. Second, they are compensated for the remaining,
unmitigated temperature increase DO’. To avoid double counting, we should in this
section only be interested in the second aspect, i.e. the distance yC - AB. The cost
of increased mitigation have already been assessed in section

2

.8 .

Unfortunately, estimating this remaining area proved impossible with the currently
available information. The monetary value of a benign climate is still largely
unknown, although attempts towards a valuation can be found in Hoch and Drake
(1974) and Gyourko and Tracy (1991). A careful distinction between winning and
losing regions would further require fairly accurate information about regional and
seasonal temperature patterns.

2.12 Morbidity and Mortality
Human beings are very capable of adjusting to climatic variations, and, as opposed
to most other species, can live in more or less every climate on earth. Nevertheless,
climate change will have its impacts on human morbidity and mortality. The

Note that if no additional defence measures were taken, utility would fall to an even
lower level U4 (not shown in the graph), going through point F.
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literature on the health effects of global warming (e.g. Haines and Fuchs, 1991;
IPCC, 1990b; Weihe and Mertens, 1991; WHO, 1990) predicts an increase in
climate related illnesses such as cardiovascular, cerebrovascular and respiratory
diseases. Summer mortality from coronary heart disease and strokes may increase
and is likely to offset the reduction in winter mortality. Particularly at risk are
individuals with "immature regulatory systems, such as infants and children, and [..]
those with reduced adaptive regulatory functions, such as the elderly and physically
handicapped " (WHO, 1990, p. 17).

In addition to these direct effects there may be changes in the occurrence of
communicable diseases and an aggravation of air pollution (see section 2.13). The
risk areas of communicable diseases like malaria or yellow fever may shift as their
vectors adjust to new climate conditions. WHO (1990) fears that for example the so
far disease-free highlands of Ethiopia, Indonesia and Kenya may be invaded by
vectors. Although vector-borne diseases occur predominantly in developing
countries, impacts need not be restricted to these areas. A spreading of vector-borne
diseases has for example also been predicted for the United States and Australia (see
e.g. Haines and Fuchs, 1991; and Smith and Tirpak, 1989). Much will of course
depend on adaptation and the precautionary measures taken. Although not cost free,
precautionary action is likely to be a major aspect of the cost efficient response.
Many projects, like improvements in the hygiene standards of poor countries, may
well prove worthwhile even in their own right. For a proper assessment of the
morbidity damage, however, much more research is still required.

Some, albeit controversial, estimates exist on the warming induced change in
mortality. In a case study carried out for EPA, Kalkstein estimated the change in
mortality in 15 American cities (see Smith and Tirpak, 1989; Kalkstein, 1989). He
concluded that without acclimatisation the number of summer deaths in the observed
area would rise by 6,246 in absolute terms, corresponding to a further 294 casualties
per million inhabitants. Winter mortality on the other hand would decrease by 9
deaths/million. The estimates were achieved by feeding 2 xC 0 2 climate data into a
statistical model regressing mortality on climate variables.

94

In a second estimate Kalkstein uses analogues to estimate the impacts under full
acclimatisation^^. With acclimatisation the increase in summer mortality falls to 49
deaths/million, and the decrease in winter mortality becomes 4 deaths/million. Note
that because of the different methods used the two pairs of estimates are not directly
comparable and are partly contradictory (e.g. one would expect the decrease in
winter mortality to be higher with acclimatisation than without). The detailed
Kalkstein figures underline the importance of acclimatisation, showing that cities
already accustomed to a warmer climate are far less affected by a further warming
than cities with a moderate climate^\ Whether, and if so to what extent and how
quickly, a society will acclimatise is, however, a fiercely debated issue. It is mainly
for this matter that the climate impacts on mortality remain a controversial question
(see Kalkstein, 1989; and Cline, 1992a).

Nevertheless,

we will take Kalkstein’s more moderate estimate including

acclimatisation as a basis for a rough mortality estimate. The figures may still be
rather on the high side. Smith (1992), for example, reports an annual average of
about 500 heat related deaths in the US between 1936 and 1975. Following Meams
et al. (1984) in assuming a two to sixfold increase in heat waves, this would imply
an increased mortality of at most 17 deaths/million (assuming an average population
of 180 million between 1936 and 1975; after World Resources Institute, 1990). The
discrepancy may partially be explained by the fact that Kalkstein’s estimates are
entirely based on urban areas, which tend to pose a greater risk (Smith, 1992).
Although the 15 city studies exhibit some differences according to climate zones, the
average net mortality increase of 45 deaths/million is assumed to hold in each
region. The increase in mortality for each region is shown in column 2 of Table 11.

^ Full acclimatisation includes biological and behavioural adjustments as well as changes
in the physical structure of a city (different architectonic style, more reflecting materials,
etc.).
“ This to an extent that some of Kalkstein’s estimates actually show a decrease in
summer mortality, the negative effects from warming being more than offset by the better
acclimatisation in the chosen analogue.
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Table 11;

Damage from Increased Mortality
Increased mortality
(deaths)

Loss from increased mortality
(m$)

EC

14,625

21,938

USA

11,070

16,605

EX USSR

12,870

3,861

CHINA

48,690

4,869

OECD

38,205

57,308

229,545

81,970

WORLD

Source: see text.

Various methods exist to estimate the value of a statistical life^'^. The main
distinction is between the human capital or gross output approach, which values the
net present value of lost future output, and the willingness to pay approach, which
estimates peoples willingness to pay for increased safety, using wage differentials,
avertive expenditures or the contingent valuation method. The resulting values, all
from studies for developed countries, range from about 2 0 0 , 0 0 0 $ up to over

1 0

m$,

with an average of around 3 m$ (see e.g. the survey tables in Pearce et al., 1991,

^ Notice that we evaluate the value of a statistical life. There can be no measure for an
(individual) life as such. What is estimated is merely the amount of money needed to
compensate people for an additional risk of death.
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1992). The results suggest that a statistical life should not be valued at less than
700,000 $ and should plausibly be at least 1.5 m$ (Pearce et ah, 1991). For
developed regions we thus assume 1.5 m$, still a fairly conservative value. A low
value is, however, preferred to counterbalance the rather high quantity estimate.
Unfortunately, no study exists on the value of a statistical life outside the developed
world. We thus use an arbitrary value of 300,0(X) $ for middle income and 1(X),0(X)
$ for low income countries^^. The willingness to pay in each region to prevent an
increase in mortality is given in column 3 of Table 11.

2.13 Air Pollution
Given the wide concern about air quality and air pollution it is surprising how little
attention this aspect has gained in the context of global warming so far. Global
warming will affect the quality of the air in two ways.

The first has to do with secondary benefits (see Part I, section 2). Because no
economical C 0 2 -removal technologies currently exist all attempts to limit CO2
emissions concentrate on cutting down the use of fossil fuels. All CO2 abatement will
therefore also lead to a reduction in the emission of major pollutants such as SO2 ,
CO and NG^ (Ayres and Walter, 1991; Pearce, 1992). Initial estimates suggest that
secondary benefits could be extremely large and may well exceed primary benefits.
Glomsrod et al. (1992), for example, estimate the secondary benefits from CO2
stabilisation in Norway as 19bn NOK, almost 2% of the relevant GDP figure^^.
Pearce (1992) suggests that secondary benefits could exceed the Nordhaus (1991b,
c) and Cline (1992a) damage estimates by more than tenfold. Note, however, that
secondary benefits are related to CO2 emissions rather than concentration, i.e. they
do not depend on climate variables and only occur in connection with CO2
abatement. They should therefore be interpreted as a (negative) part of the abatement

^ This of course does not mean that the life of, say, a Chinese is worth less than that
of an EC citizen. It merely reflects the fact that the willingness to pay for increased safety
(a lower mortality risk) is higher in developed countries.
“ Glomsrod et al. (1992) estimate the effects a stabilisation of CO2 emissions by the
year 2000 would have by 2010. The relevant figure is thus GDP in the year 2010.
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costs. As such they have to play their role in determining the true costs of CO2
abatement. With respect to the 2 xC 0 2 damage evaluated here they are irrelevant.

Many chemical reactions also depend on temperature, and this is the second way in
which global warming will affect air quality. Scientists predict a warming induced
increase in the emissions of hydrocarbons (HC), nitrogen oxides (NOJ and sulphur
oxides (S O j. In addition the formation of acidic materials could increase. The effect
on acid depositions is nevertheless unclear, because of changes in clouds, winds and
precipitation. More certain is an increase in the tropospheric ozone level, brought
about through the increase in NO^ and HC emissions as well as through a higher
reaction rate (see Smith and Tirpak, 1989). Two case studies carried out for the US
EPA predict a change in O3 concentration of -2.4 to 20%. As a consequence the
exposure to concentrations above the US threshold of 120 ppb (measured in peoplehours) would increase by 60 to 210% (Smith and Tirpak, 1989). Adjusted from the
assumed 4 "C warming to 2.5 "C we can thus expect an average increase of 5.5%
in ozone concentration and 80% in exposure.

For simplicity we suppose that the increase in O3 concentration is fully due to the
increase in N0% and HC emissions, i.e. we assume an increase in NO% emissions of
5.5%. This may look as an overestimate, given that part of the O3 increase is caused
by a higher reaction speed. To achieve a monetary estimate the assumption seems
appropriate, however, as the damage from an increased O3 concentration is fully
attributed to NO^ in all available estimates. For SO2 we assume a rise in emissions
of 2%. The emissions increase in absolute terms is shown in columns 2 and 3 of
Table 12, based on the regional estimates of the World Resources Institute (1990).

The monetary value of air pollution damage has been estimated by several authors,
including the Norwegian Central Bureau of Statistics (1991), PACE (1990) and
Pearce (1992) (based on Pearce et a l , 1992). The estimates for NO^ range from
about 1.50 to 15 $ of damage per kg emitted. The figure is exclusive of the damage
from acid rain, which was subtracted because its affectedness by global warming is
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Table 12:

Damage through Increased Air Pollution
Increase in NG^
emissions ( 1 0 0 0
tons)

Increase in SOg
emissions ( 1 0 0 0
tons)

566

285

3,543

USA

1,073

422

6,420

EX USSR

1,584

1 ,1 0 0

2,134

EC

Damage from
increased air
pollution (m$)

CHINA

227

258

178

OECD

1,943

873

11,898

WORLD

4,545

2,737

15,402

Source: see text. Emissions figures are based on World Resources Institute (1990).
Their 1982-1984 estimates for 21 OECD countries, Eastern Europe and China were
taken unadjusted as there hardly is an overall time trend. For non-reporting regions
estimates were derived from the emissions/GNP ratios of reporting countries as
follows: For OECD countries we used the ratio of reporting OECD regions; for the
former USSR and Eastern Europe we used that of reporting Eastern European
countries; all other regions are based on the overall ratio of all reporting regions.

as yet unclear^^. The divergence in the figures mainly stems from differences in the
assessment of health impacts, which account for most of the damage in the high
Norwegian estimate, but are assumed zero in the figure by Pearce. In the following

A clear separation of acid rain and pure NO^ damage was not always possible. It
should also be noted that the estimates are strongly site-dependent.
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we use an average of 5 $/kg for developed countries, 1 $/kg for middle income
countries and 0.5 $/kg in LDC’s.

Again excluding acid deposition, SO2 causes a damage of 2 to 3.5 $/kg, mainly
through health effects and corrosion. We use an average value of 2.5 $/kg in OECD
countries. For middle and low income countries we assume 0.5 $/kg and 0.25 $/kg,
respectively. The estimates resulting under these assumptions are shown in Table 12.

2.14 Migration
Global warming could trigger a large migration stream away from the worst affected
regions. Ayres and Walter (1991), for example, assume that as many as 100 million
people could be displaced worldwide. Cline (1992a) quotes estimates of 72 million
people displaced in China,

8

millions in Egypt and half a million in Poland. Ali and

Huq (1990) estimate 11% of total population could be affected in Bangladesh (ca.
11.4 million people).

However, all these studies, which concentrate on displacements due to the rising sea,
assume a worst case scenario in which no protection measures are taken at all. The
view in this study is that, as a cost efficient response to sea level rise, densely
populated coastlines will be protected (see section 2.1). Under this assumption the
number of people displaced will of course be considerably lower. Climate-induced
migration may nevertheless still occur, e.g. away from unprotected coasts or from
regions where climate became unfavourable for agriculture. The type of migration
will range from voluntary resettlements to the occurrence of actual climate refugees,
where the former group will cause the least (if any) costs and the latter probably the
highest, specially if non-economic disutilities (e.g. from stress and hardship) are
included.

Cline (1992a) guesstimates that global warming will lead to 100,000 additional
immigrants per year for the US. This corresponds to an increase of roughly 17%
compared to 1988 long-term immigration (UN, 1991). For lack of better data we
assume that this percentage is representative for the world as a whole. Immigration
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Table 13:

Migration Costs
Additional immigrants
(in 1 0 0 0 )

Total costs (m$)

EC

229

USA

1 0 0

450

EX USSR

153

153

CHINA

583

583

OECD

455

2,048

2,734

4,327*

WORLD

1,031

* 455,000 immigrants to OECD countries at $4,500, remaining immigration at
$ 1,000.
Source: see text.

figures for the OECD countries were taken from UN (1991)^^ The OECD ratio of
additional immigrants per capita was then used to derive estimates for the remaining
regions. Using the high OECD ratio probably leads to an overestimation of the nonOECD figures. On the other hand we have neglected domestic migration, which may
be significant in regions like China and the former USSR which stretch over
different climate zones. The estimated immigration increases are shown in Table 13.

^ Note that they include short term immigration for some countries.
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The costs of increased migration are estimated in Cline (1992a) and Ayres and
Walter (1991). Despite using completely different methods both studies come up
with an estimate of roughly 4500 S/immigrant for the United States. Although
neither method is fully convincing this value is used to estimate the immigration
costs in OECD countries. For poorer countries Ayres and Walter assume costs of
10(X) $ per person. This value is deduced from the foregone output a person would
have produced, had he or she not migrated. The mere costs of resettlement and
support of a climate refugee are much lower and would only be 72 $ per person and
year {ibid.). This latter figure is based on the average expenditures of the UN High
Commissioner for Refugees and the World Food Programme. The 1,000 $ estimate
is used for all immigrants to non OECD regions.

To these costs would have to be added the costs of hardship and stress suffered by
migrants. As Cline puts it, "peoples have often fought wars to avoid being forced
to leave their homelands" (1992a, p. 119), and it is therefore quite likely that these
costs exceed the pure economic losses. Unfortunately, it seems almost impossible
to assess them properly (for a conceptual discussion see Pearce, 1993b).

2.15 Natural Disasters
Under 2 xC 0 2 extreme events like floods and droughts are likely to become more
frequent. IPCC (1990a) also predicts, albeit with only a low confidence, an increase
in local rainstorms at the expense of gentler but more persistent rainfalls. Tropical
storms (hurricanes, typhoons) may become more frequent and wider spread and
could occur with increased intensity.

Mid latitude winter storms may diminish,

while the Asian summer monsoon could intensify. Such changes in occurrence and
intensity of natural hazards could be connected with considerable costs in terms of
both casualties and destruction. Already today more than 45,000 people die each
year as a consequence of natural disasters, more than half of them in tropical
cyclones^^. As no other estimates exist this section concentrates on the damage
from tropical cyclones. The total damage from increased natural hazards is therefore

^ Bryant (1991). The figure includes casualties from seismic hazards, which will not be
affected by climate change.
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Figure 3:

Occurrence of Tropical Cyclones

Source: after Berz (1990), Bryant (1991) and Smith (1992).

likely to exceed the estimate given below^®.

Cyclones can only form over warm oceans with sea surface temperatures above
26 °C. Consequently, they only occur in certain areas, the most important being the
South West Pacific, Eastern Asia and the Caribbean Sea (see Figure 3). Judging
from the length of coastline affected, and taking into account the different
frequencies of occurrence, we deduced the following rough occurrence estimates.
The United States is affected by 6.6% of all cyclones, some 7.2% affect China, and
28.9% occur in OECD nations (Australia, Japan, New Zealand and the US). 0.4%
of all storms reach as far north as to affect the ex-Soviet Union. Neglecting overseas

^ Note, however, that some of the damage from increased sea-flooding is averted
through the protection measures discussed in section 2.1. (Not prevented is the flooding of
unprotected zones). Also, it is not entirely clear as to how far the EPA study on California,
on which the water damage estimate is based (see section 2.9), includes droughts.
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dominions, tropical storms are unknown in EC countries^\

In an average year, about 70 to 80 tropical cyclones are recorded worldwide. The
annual damages have been estimated at about 1.5 bn$, with a death toll of 15,000
to 23,000 lives (Smith, 1992; Bryant, 1991). The average values are overshadowed
by the disastrous impacts of extreme events, though. In 1970 a cyclone caused more
than half a million deaths in what is now Bangladesh. In 1985 the disaster was
repeated, killing another 100,000 people (Bryant, 1991). In 1988 and 1989 the two
Caribbean hurricanes Gilbert and Hugo caused damages of several billion dollar each
(Cline, 1992a). In the light of these figures the above estimates appear to be rather
on the low side. This view is implicitly supported by Cline (1992a), who estimates
annual damages of 1.5 bn$ for the United States alone. The distress and mental
health effects suffered by survivors remain uncounted in both cases^^.

The impact of global warming on tropical storms has been analysed by Emanuel
(1987). He estimates that 2 xC 0 2 could lead to an increase in the destructive power
of tropical storms of 40 to 50 percent. Accepting the estimates by Smith and Bryant
this would imply an additional 700 m$ in damages and about 9000 more lives lost.

In breaking down the worldwide estimate into regional impacts we have to remember
that damages and casualties are not distributed in equal proportions. The death toll
is far smaller in the developed world, which instead faces higher destruction
damages. Rough country estimates by Smith (1992) suggest that the death toll per
event is at least ten times lower in the developed world, compared to middle and low
income countries^\ This figure, together with the regional distribution of events

The estimates were compiled using the natural hazard map of the German reinsurance
company Miinchener Ruck, reproduced in Berz (1990) and Smith (1992).
In studies with survivors, traumatic neurotic reactions were found in 80% of the cases,
see Haines and Fuchs (1991).
” According to Smith the average number of deaths per event in Japan is 23, compared
to 196 in middle income Philippines. In the extreme (and thus not necessarily representative)
case of low income Bangladesh the average is 1,341.
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Table 14:

Costs from Increased Tropical Storms
Additional
deaths

EC

Value of lost
lives (m$)

Destruction
damage (m$)

Total costs
(m$)

0

0

0

0

USA

80

1 2 0

128

248

EX USSR

49

15

1

CHINA

876

8 8

OECD

352

528

562

1,090

9,000

2,332

700

3,032

WORLD

14

16

1 0 2

Source: see text.

calculated above, can be used to estimate the number of global warming caused
casualties. The results are shown in column 2 of Table 14^. For the monetary

^ The calculations go as follows. Remember that out of 100 events OECD countries are
affected by 28.9 of them, the rest of the world by 71.1. Denoting the total number of
casualties in these regions with
and Xj^, respectively, deaths per event being 10 times
higher in developing countries then means
10*x^d/28.9 = Xd/71.1
In addition we know that
Xoecd + Xdc = 9 ,0 0 0

The two equations can be solved for x ^ j = 352 and Xj<. = 8,648. Regional values are
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valuation (column 3) the value-of-life estimates of section 2.12 were used.

For the destruction estimate of column 4 the assumption on regional distribution was
reversed, i.e. we presumed that the damage per event in the developed world is ten
times the damage from an event in a developing country.

3. Total Damage

In Table 15 the results of the previous section are summarised and added up to
obtain the total damage for each region. With the exception of China and the former
USSR total damage is in the order of about 1.5% of GNP. About two thirds of the
total is non-market damage, i.e. damage which will not be reflected in the national
accounts. Our estimates are slightly higher than those of Cline (1992a; for the US)
and Nordhaus (1991b, c; US extended to the world), which both come up with a
best guess of about 1 % of GNP, but are below Titus (1992), who estimates a 2 xC 0 2
damage of 2.5% of GNP, again for the US. This latter estimate however assumes
a 4"C temperature rise and is thus not directly comparable to our results. The
figures are of course far from exact and one should allow for a range of error of
probably at least ± 5 0 % . We should also remember that several greenhouse impacts
have not been quantified. These are probably predominantly harmful, with the
possible exception of climate amenity. Overall, the results are thus clearly in the
upper quarter of the Nordhaus range of 0.25 to 2% of GNP. A more reasonable
range is probably 1 - 2% of world GNP.

Table 16 provides a detailed comparison of our US results with those from the two
comparable studies by Cline and Nordhaus. Despite the broad agreement in the
overall result the three studies considerably differ for individual damage categories.
Agriculture for example, which constitutes the main damage in Cline (1992a), is far
less important in the present study. This discrepancy is primarily due to different
predictions on the quantitative impacts of 2 xC0 2 (yield effects, see section 2.5) and

calculated as percentages o f either
8,648 * 7 .2 /7 1 .1 = 876 deaths.

or x^^. E .g . the num ber o f casualties in C hina is
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Table 15:

Total Damage due to 2xC02 (bn$)
EC

coastal defence
dryland loss

USA

EX
USSR

CHINA

0 .1

0 .2

0 .0

0 .0

0 .2

1.3

0.7

0 .0

wetland loss
ecosystems loss

4.9
9.8

5.6
7.4

1 .2

0 . 6

2.3

2 .2

agriculture
forestry
fishery*

9.7

7.4

6 .2

7.8

0 .2

1 .0

0 .6

0 .0

energy
water
other sectors

7.0
14.0

amenity
life/morbidity**
air pollution
migration

-

-

-

6.9
13.7

-0 .7
3.0

-

0.7
1 .6

OECD

WORLD

0.5
4.7

8 .2

16.9
25.5

31.6
40.5

23.1
3.0

39.1
3.4

1 .0

-

-

20.5
34.8

23.1
46.7

-

-

-

-

-

-

-

-

-

-

-

-

3.9

4.9

2 .1

0 .2

57.3
11.9

1 .0

16.6
6.4
0.5

0 .2

0 . 6

2 . 0

82.0
15.4
4.3

0 .0

0 .2

0 .0

0 .1

1 .1

3.0

TOTAL (bn$)

72.3

67.2

19.5

18.7

201.3

298.3

(% GNP)

( 1 .6 )

(1.4)

(0 . 8 )

(5.3)

(1.5)

( 1 .6 )

nat. hazards'"

21.9
3.5

‘ fishery loss is included in wetland loss
^ mortality only
hurricane damage only
Source: See text. Negative numbers denote benefits ("negative damage").

thus mainly mirrors the scientific uncertainty still inherent in all impact forecasts.
For other categories the estimated impacts roughly correspond quantitatively, but
differences occur in the valuation of these effects. This is the case for example with
the wetland loss and water estimates and the life/morbidity figures. This illustrates
a point already made in Part I: The current uncertainty about greenhouse damage is
as much due to a lack of information about economic values as it is due to scientific
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Table 16:

US Damage Compared to Cline and Nordhaus (bn$ 1988)
This
study

* coastal defence
* dryland loss
* wetland loss
* ecosystems loss

Cline
(1992a)-

0 .2

1 .0

1.3

1.5

5.6
7.4

3.6
3.5

Nordhaus
(1991b,c)7.5
3.2"

1
1

J
* agriculture
* forestry
* fishery

7.4

* energy
* water
* other sectors

6.9
13.7

*
*
*
*

15.2
2.9

1 .0

-

-

9.0

small
small
1 .0

6 .1

L5=

-

amenity
life/morbidity
air pollution
migration

16.6
6.4
0.5

> 5.0
> 3.0
0.4

* natural hazards

0 .2

0.7

TOTAL (bn$)
(% GNP, 1988)

1 .0

-

-

67.2
(1.4)

53.5
(1 . 1 )

d

48.6
( 1 .0 )

“ transformed to 1988 values based on % GNP estimates
^ total land loss (dry- and wetlands)
tourism, urban infrastructure
**not assessed categories, estimated at % % of GNP
Source: see text.

uncertainty, and improvements are clearly needed in both respects.

Greenhouse impacts are likely to be far more severe in developing countries,
compared to the OECD. Leaving the special case of the former Soviet Union aside,
our results predict a damage of about 80 bn$ in the non-OECD regions. Although
this is only about a quarter of total worldwide damage, it corresponds to about 2 . 6 %
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of GNP in these regions, about 70% higher than the OECD average. The main
causes for this high estimate are health impacts and the high portion of natural
habitats and wetlands found in developing countries. The situation could be further
aggravated by a failure to implement the cost efficient mitigation response (e.g.
coastal protection), something which is quite likely to happen if the necessary funds
are not made available. Although the data are weaker in the case of non-OECD
countries, it seems therefore fair to say that global warming will have its worst
impacts in the developing world, with a damage of at least 2.5% of GNP for
2

xC 0 2 .

Regional differences can, however, be substantial, as is exemplified by the estimates
for the former USSR and China. For the former Soviet Union damage could be as
low as 0.8% of GNP, about half the world average. Even this low level may come
as a surprise to some people, however, as it has often been suggested that northern
regions may benefit from global warming. Clearly, such a hope is fallacious. In the
case of the former Soviet Union possible positive impacts are more than offset by
the costs of sea level rise, the particularly high health costs and the loss in consumer
surplus due to higher world food prices. The extremely high estimate for China is
caused by two factors, agricultural loss and life/morbidity impacts. Both of them are
very volatile, and the probability range of total damage is therefore particularly wide
for this country.

4. Concluding Remarks

Part II has attempted to assess the damage associated with a doubling of atmospheric
CO 2 concentration. Overall, the analysis confirms previous estimates of a 2 xC 0 2
damage of about 1 - 2% of GNP. The analysis is based on an enumerative approach,
and the observations on this method, and damage estimation in general, made in Part
I are therefore also valid for the results presented here (see Part I, section 3). Lack
of data made it sometimes necessary to resort to some fairly ad hoc, and thus
possibly subjective, assumptions. This has in particular affected the results for
developing countries, and the confidence in these results is substantially lower than
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in those for developed regions. On the whole, the 1 - 2% damage range for
industrialised countries and the world as a whole is fairly robust, however, and the
same appears to be true for the relative ranking of the different regions.

A word of caution is required with respect to the policy implications of the results.
While the figures indicate a rather low damage with which at least the industrialised
world should be able to cope, they do not necessarily imply that greenhouse policy
action is unwarranted. The figures concern solely one single point in time, i.e. shed
light on the impacts of 2 xC0 2 only. However, global warming will not stop there.
2

xC 0 2 could be reached as early as 2025-2050, and what happens afterwards is as

yet still unclear. Cline’s work suggests that damage will increase exponentially with
concentration

(Cline,

1992a).

Scientists

speculate about the existence of

discontinuities (see e.g. Nordhaus, 199Id) and crossing certain ecological thresholds
may well lead to unhappy surprises. Not least for these reasons global warming still
deserves our attention (see Part I, section 4).
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Appendix:

The Basic Economic Indicators Used (1988)
Population
(mill.)

GDP
(bn $)

GDP/cap
($)

GNP
(bn $)

GNP/cap
($)

EC"

325

4,614"

14,197

4,400

13,538

USA

246

4,847

19,703

4,864

19,772

EX USSR

286

2,535

8,864

356

327

CHINA

1,088

372

341

OECD

849

13,812"

16,268

5,101

17,018'

WORLD

13,284

15,647

18,938

3,773

• EC excluding GDR
^ GNP value taken for Luxembourg (8.3 bn$) and Iceland (5.0 bn$)
for 121 reporting economies, e.g. excluding ex USSR

Source: World Bank (1990), UK Department of the Environment figures.
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PART m

THE SOCIAL COSTS OF GREENHOUSE GAS EMISSIONS

Part m provides an assessment of the order of magnitude of the marginal social
costs of greenhouse gas emissions. The calculations are based on a stochastic
greenhouse damage model in which all key parameters are random. This, on the one
hand, allows a closer representation of current scientific understanding, on the other
hand it also enables to calculate a damage probability distribution, and thus to
account explicitly for the uncertain nature of the global warming phenomenon. As
a benchmark we estimate that CO2 emissions impose social costs in the order of 2 0
$/tC for emissions between 1991 and 2000, a value which is estimated to rise over
time to reach about 28 $/tC by 2021-2030. Similar figures for CH4 and N2 O are also
provided. As a consequence of the prevailing uncertainty on greenhouse impacts, the
standard deviation of the estimates is rather high. The distribution is positively
skewed, i.e. an extremely disastrous outcome is more likely to occur than a modest
result with a similar deviation from the mean. This implies that the currently
predominant method of using best guess values will lead to an underestimation of the
expected costs of emissions.

1. Introduction

Part II has dealt with the economic costs of greenhouse concentration doubling
(2 XCO2 ). Despite the attention the 2 xC0 2 case enjoys in the literature, it is not
directly relevant for practical purposes, though. For the appraisal of abatement
projects it is more important to know the marginal costs of each additional tonne of
emissions. Such an estimate is provided in Part III. Considerable effort has recently
been put into analysing the social costs of the fuel cycle, with the aim of deriving
externality adders which are to be put onto the price of fossil fuels to internalise the
social costs of fuel consumption (see e.g. Hohmeyer, 1988; PACE, 1990; Pearce et
ah, 1992; Lockwood, 1992). The studies typically concentrate on classic air
pollutants like NO^ and 80%. To complete the picture an additional adder would be
required reflecting the social costs of global warming. A monetary estimate of the
social costs of greenhouse gas emissions is also required to assess individual
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greenhouse gas abatement projects such as those financed by the Global Environment
Facility (GEF).

The aim of this chapter is to fill this gap and provide an order of magnitude
assessment of the social costs, or the shadow value, of greenhouse gas emissions.
Assessing greenhouse damage is not possible without accounting, in one way or
another, for the huge uncertainty prevailing in the global warming debate. Although
scientists have achieved a remarkable consensus with respect to many aspects, our
ignorance of global warming impacts is still vast, particularly with respect to
regional and long term impacts. Most studies allow for uncertainty by working with
different climate scenarios. In this chapter we chose a different approach and
incorporated uncertainty directly by describing uncertain parameters as random.
Using a stochastic model of this type has several advantages. First of all it allows
a better representation of current scientific understanding. Scientific predictions
usually take the form of a best guess value supplemented by a range of possible
outcomes. Concentrating on the best guess value therefore neglects a large part of
the information provided, while, on the other hand, a stochastic model can make full
use of it. Secondly, and probably more importantly, a stochastic model allows the
calculation of an entire damage probability distribution, thereby providing important
additional information on the likelihood of the estimates and the possibility of
extremely adverse events.

Care should nevertheless be exercised when interpreting the figures presented below.
Although, as we believe, based on the best available scientific information, the
figures cannot provide anything better than a rough order of magnitude assessment.
A distinction should also be drawn between the actual marginal costs of greenhouse
gas emissions and the shadow value along the optimal emissions path. Part III is
concerned with the former, as explained in Figure 1. Our results therefore give little
indication about the socially optimal carbon tax on an international level. Its
calculation would require an optimal control model (see Nordhaus, 1992, 1993a, b;
Peck and Teisberg, 1992, 1993a, b). Arguably, a figure on the actual costs may be
more relevant for individual abatement projects, however. As will become clear
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Figure 1:

Present Methodology vs. Optimal Control

marg.
costs

g>
X opt

■MD,low

emissions
em issions range

M arg in a l d am age costs depend on the level o f em issions. In the usual case o f an
u p w a rd s sloping M D cu rv e they are rising with the level o f em issio n s, as show n in
th e F ig u re. O ptim isation m odels calculate m arginal costs at the p o in t w h e re m arginal
d am ag e equals m arginal abatem ent costs - the dashed situation lab elled "o p t". T h e
p re se n t m odel calculates m arginal costs at the em issions level actu ally o b serv ed .
S in c e em issions are uncertain, and so is the exact shape o f the m arg in al d am age
c u rv e , calcu latio n s w ill result in a range o f possible cost fig u re s, each o f w hich is
assig n ed a certain p robability o f occurrence - the p ro b a b ility d istrib u tio n show n to
th e left o f the F ig u re.

Source: ow n g raph.

later, the shadow v alue o f greenhouse gas em issions dep en d s on the am o u n t o f
em issio n s d isch arg ed in the future. O ptim al shadow v alu es w ould th ere fo re be
re le v a n t fo r actual p rojects only if the w orld w as to follow the o p tim al em issions
traje cto ry calculated in the m odel. H ow ever, there is no g u aran tee th at this w ill be
th e case. T h e re fo re ,

the current approach,

w hich treats fu tu re em issions as

u n ce rtain , seem s m ore realistic. A rguably, the resulting ran g e w ill en co m p ass the
o p tim a l path, see F ig u re 1.
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Also note that, for the same reason, the figures are only relevant for small scale
abatement projects, which do not significantly affect the trajectory of future
emissions. The appraisal of large scale abatement policies such as an international
carbon agreement, which affect future emission levels, is somewhat more complex,
and would require an adjustment of the future emission trajectory. Given that, with
the exception of the top four emitters, no country accounts for more than 4% of total
greenhouse gas emissions, large scale abatement in the above sense will however be
the exception, and is arguably confined to internationally concerted efforts.

Part III is structured as follows. Section 2 reviews existing estimates of the shadow
value of carbon. Section 3 then introduces the stochastic model utilised in this
chapter, and section 4 presents the resulting estimates. Section 5 outlines policy
implications and concludes.

2. Existing Damage Estimates

Most studies estimating the social costs of greenhouse gas emissions do so in an
optimal control framework, and primarily aim at calculating the socially optimal
greenhouse emissions trajectory over time. Under such a set up the shadow price of
emissions is equivalent to the pollution tax required to keep emissions on the optimal
path*. The pioneering paper on the social costs of CO 2 emissions is Nordhaus
(1991b, c). Using a simplified approach which does not constitute a fully fledged
optimal control model, he calculates social costs of 7.3 $ per tonne of carbon
emitted. Imposing different assumptions on the rate of discount and the

2

xC 0 2

damage leads to a range of 0.3 $/tC to 65.9 $/tC. Implying that abatement should
only be undertaken as long as costs do not exceed $ 7.3 per tonne of carbon abated,
the estimates formed the backbone of Nordhaus’ claim that global warming may not,
after all, be such a big problem, and may justify only a modest policy response (see

* N ote how ever that, depending on the model, the shadow price o f carbon may be
conceptually different from the actual marginal damage costs o f carbon em issions. U nder
a carbon budget approach, for example, it would be determ ined according to H otelling’s
rule, independent o f dam age considerations (see A nderson and W illiam s, 1993).
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Part I, section 4).

The Nordhaus estimates have been strongly criticised by several authors, including
for example Ayres and Walter (1991), Daily et al. (1991), Cline (1992a) and Grubb
(1993). While the main objection concerned Nordhaus’ 2 xC 0 2 damage estimate, the
more substantial shortcomings are probably those concerning the model itself (see
Cline, 1992a). Particularly questionable is the assumption of a resource steady state,
which inter alia implies a constant level of CO2 emissions over time. Obviously this
is unrealistic. The IPCC for example predicts an increase in annual CO 2 emissions
from about 7 GtC in 1990 to about 9-14 GtC by 2025 (IPCC, 1992a). The simple
(linear) structure of the climate and damage sectors also implies that costs will
remain constant at 7.3 $/tC throughout. Climate processes are clearly non-linear,
and the costs of CO2 emissions will thus depend on future concentration and
warming levels, i.e. they will vary over time. Subsequent estimates suggest that they
may in fact rise over time. That is, a tonne of CO2 added to an already large stock
of atmospheric CO2 is likely to cause a higher damage than a tonne emitted under
a low concentration level.

These objections are also relevant to the study by Ayres and Walter (1991), whose
calculations are based on the Nordhaus model. The paper has additional
shortcomings. In particular their analysis is based on an earlier draft version of the
Nordhaus (1991b, c) papers, which contained a mathematical error. Further, by
considering both the costs of sea level rise protection and the costs of climate
refugees from coastal regions they appear to double count at least some of the sea
level rise impacts. On the whole, their cost estimate of 30-35 $/tC is therefore
questionable.

The shortcomings of the earlier model were recognised and corrected in Nordhaus’
subsequent approach, the DICE (Dynamic Integrated Climate Economy) model
(Nordhaus, 1992, 1993a, b). DICE is an optimal growth model in the Ramsey
tradition, extended to include a climate module and a damage sector which feed
climate changes back to the economy. The shadow values of carbon following from
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Table 1:

Existing Estimates of CO2 Emissions Costs ($/tC)

Study

1991-2000

Nordhaus
(1991b, c)

Peck and
Teisberg (1993b)

2 0 1 1 - 2 0 2 0

2021-2030

7.3
(0.3 - 65.9)

Ayres and Walter
(1991)
Nordhaus
(1992; 1993a, b)

2 0 0 1 - 2 0 1 0

3 0 -3 5
5.3

1 0

-

6 .8

1 2

“

12 - 14“

8

.6 “

14 - 18“

1 0 .0

18 - 2 2 “
(3.4 - 57.6)

* figures measured from graph
Source: as indicated. Figures in brackets denote confidence intervals.

DICE are in the same order as Nordhaus’ previous results, starting at 5.3 $/tC in
1995 and gradually rising to

6 .8

$/tC in 2005 and 10 $/tC in 2025 (see Table 1).

Note that figures for future periods are current value estimates, i.e. they denote the
social costs valued at the time of emission. The DICE model was also used by Cline
(1992b), who concludes that Nordhaus’ choice of parameter values may have lead
to an underestimation of the true costs. Unfortunately, Cline’s paper only reports
alternative emission trajectories, but not the corresponding shadow values.

Figures slightly higher than those by Nordhaus were suggested by Peck and Teisberg
(1992, 1993a, b), who came up with a shadow value of carbon of about 10$/tC in
1990, rising to about 22 $/tC by 2030 (see Table 1). The CET A (Carbon Emission
Trajectory Assessment) model, on which their calculations are based possesses a
similar climate and damage sector as DICE, but is more detailed on the economy
side by incorporating a carefully modelled energy sector^. Differences between the
estimates appear to be mainly due to different assumptions about the size of 2 xC 0 2
damage. Common to both papers is the assumption of a 3 % utility discount rate, a

^ T his latter feature is o f course of less relevance in the present context.
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figure which may be rather high, according to many authors (see Part I, section 4).

3. A Stochastic Greenhouse Damage Model

3.1 General Description
Greenhouse gases are so-called stock pollutants. That is, global warming damage is
not caused by the flow of emissions as such, but by their accumulation in the
atmosphere. Consequently a tonne of emissions has its impact not only in the period
of emission, but over several time periods - as long as the gas, or fractions of it
remain in the atmosphere. The damage costs of a tonne of emission of gas i, Sj, are
thus a present value figure - the discounted sum of future incremental damage,
6D(t)/8E,(0),
s = 'f Æ à . e-O'dt
'

(1)

i dm

where ô is the discount rate. The equation can be further disaggregated, as follows.

A marginal increase in base period emissions will first of all lead to an increase in
the atmospheric concentration of gas i. The impact on concentration at time s > 0,
3Qi(s)/5Ei(0), mainly depends on the removal rate of gas i and on possible
interactions with other gases. The effect of a higher atmospheric concentration in gas
i on global mean temperature (which stands as an index for a whole set of climatic
changes) is dT(t)/5Qi(s), t > s. It depends on a variety of factors, including the
radiative forcing capability of gas i, the atmospheric concentration of other
greenhouse gases, climatic feedback effects and the inertia of the climate system. If,
finally, an increase in global mean temperature causes a marginal damage of
5D(t)/5T(t), the incremental damage at time t from a marginal increase in base
period emissions of gas i is.
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3D(t) ^ 30(0 f‘ dTIt)
ds
dEfi))
dW ) ( [dQ,(s)'dE,(0)j

(2)

see Schmalensee (1993). The marginal costs of an incremental tonne of emissions
are then
d im
m t)

'f ( d n t ) .
ds e -^*dt
[dQ,(s)'dE,(0)

i

(3)

The estimation of the social costs of greenhouse gas emissions thus requires several
pieces of information. First we require a module which represents the world climate
system and transforms an increase in emissions into incremental atmospheric
concentration and then warming. The climate system being a highly complex
process, models aiming at its simulation, such as Global Circulation Models (GCMs)
tend to be quite big. Smaller scale representations are often able to provide a
sufficiently close approximation, though, and our model is based on such an
approximation. Second, we need to know more about the shape of the damage
function. Research has almost uniquely concentrated on ZxCOz, and information
about the damage before and after this benchmark is therefore extremely difficult to
obtain. Assumptions are often rather ad hoc. Long run damage in particular also
depends heavily on the assumed discount rate, the choice of which is a highly
controversial issue (see Part I, section 4). Finally, because the climate process is
non-linear, the shadow value of a tonne of emissions today depends on the level of
emissions in future periods, and we need predictions about these. Contrary to the
optimal control problems introduced in the previous section, future emissions have
to be exogenously determined in the present model. The social costs of emissions
in a certain period are then achieved by increasing emissions by one tonne in this
period and comparing the stream of annual damages before and after the increase.

Future emissions, discount rate, shape of damage function and many of the climatic
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parameters are highly controversial variables about which little is known with
certainty. Uncertainty is explicitly taken into account in our model by modelling all
key parameters as random. In the basic case we assumed triangular distributions for
all variables. The triangular specification appeared to be an obvious choice, given
that most scientific predictions take to form of a lower bound, upper bound and best
guess estimate, values which can directly be used as distribution parameters without
requiring further alterations. Where no upper and lower bounds are available we
usually assume a rather modest range of ±10%. Alternative distributions will later
be introduced for some parameters to incorporate low probability/high impact
events. The full list of random parameter and parameter values is given in the
Appendix. In the remainder of this section the model is introduced in full detail.

3.2 Future Emissions
The model distinguishes between 10 sources of emission, see Appendix (Table a).
Emissions follow an exogenous business-as-usual (BAU) path, where the growth
rates of each emission source were calibrated to mimic the IPCC (1992a) scenarios
(see Appendix for details). The model expands over r = 230 years, and growth rates
may vary over time. For CO2 emissions from fossil fuel combustion the procedure
is slightly more complex in that the rate of growth of emissions at time t, &, consists
of several factors, as follows

s,

=

where c^ is the percentage change in carbon intensity (carbon emitted per energy
unit), ft the increase in energy efficiency (energy used per unit of GNP), yt the
change in per capita income and Pi the rate of population growth. The relationship
follows from taking time derivatives of the following tautological relation (see
Proops et a l , 1993),
,
. .
carbon energy
GNP
, .
carbon emissions = --------- •----- — •---------------'population
energy GNP population
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(5)

Note that, while all growth rates are random, they may not be independent of each
other. For example, a rapid decrease in carbon intensity will not only manifest itself
in a significantly negative value for c^, but may also lead to a lower growth rate of
CH 4 emissions from coal mining and a higher growth rate of CH4 from gas leakage.
The reason for this is that a lower carbon intensity is likely to be achieved through
switching from carbon intensive coal to cleaner gas, which will affect the methane
emissions from these sources. In a similar way CH4 from biomass burning is
correlated to CO2 from deforestation, and growth rates in later periods depend on
those observed previously.

As mentioned above the emission rates determined in this way describe a BAU path.
That is, they do not incorporate measures which might be taken to reduce the
emission of greenhouse gases, although they cover measures to combat air pollution
and ozone layer depletion, which will affect emissions indirectly. There is no reason
to a priori exclude greenhouse gas abatement, and to take this option into account
BAU emissions were weighted against an abatement path. That is, emissions follow
BAU with probability ir, and with probability (1-x) they are reduced through an
abatement strategy. Emissions of gas i at time t, E^', are therefore

E*, ^ n-BAU‘, * {l-i^ySTAB'

where STAB* represents emissions under the abatement policy. For CO2 from fossil
fuels this means stabilisation at 1990 levels, and in the case of emissions from
natural sources, a complete halt of deforestation. No weighting was taken in the case
of N 2 O, CFCs and the "other

C H 4 "

category. For CFCs stringent abatement regimes

are already incorporated in BAU.

Accelerated abatement will not be costless, and weighted future income will
therefore be below BAU income. The costs of a possible emission stabilisation
policy were derived using a back-of-the-envelope method suggested by Cline
(1993a). He estimated an elasticity of income with respect to energy inputs of about
0.06-0.08, based on the share of energy in total production value. He further
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assumed an elasticity of energy availability with respect to carbon of about 0.5.
Carbon abatement of x percent would thus reduce GNP by x*0.5*0.07 percent.
Efforts aiming at halting deforestation were assumed to cost 4 $/tC abated (Cline,
1992a).

3.3 Atmospheric Concentration
The accumulation of emissions in the atmosphere is modelled through a set of
equations of the following form
<?/ =

(7)
<

h

That is, the atmospheric concentration of a gas, Q/, is assumed to depreciate at a
constant rate l/Lj, where L; is the lifetime of gas P. /Jj is a conversion parameter
which transforms emissions (measured in tonnes) into concentrations (measured in
parts per million by volume, ppm). One giga-tonne of emissions corresponds to 5.66
ppm, divided by the atomic weight of the gas, thus in the case of CO2 , for example,
which we measure in tonnes of carbon, 1 GtC = 5.66/12 = 0.47 ppm.

For two gases the concentration equation differs from the generic form given above.
In the case of methane the equation was extended to contain two decay factors, one
representing atmospheric depreciation and the other the accumulation of CH4 in the
soil (Wigley and Raper, 1992). In the case of CO2 the notion of a constant
depreciation rate would be misleading, because CO2 is a very stable compound
which does not easily decay. Rather, CO2 is transferred from the atmosphere into
other reservoirs (e.g. oceans), from where it may return to the atmosphere. To
represent this carbon cycle, Maier-Reimer and Hasselmann (1987) have suggested
that the carbon stock be represented as a series of five boxes, each with a constant,
but different atmospheric lifetime. That is, each box is modelled as in equation (7),
and atmospheric concentration is a weighted sum of all five boxes. Maier-Reimer

^ The atmospheric lifetime of a gas is defined as the time it takes to reduce a given
increase in concentration to 1/e = 36.8% of its initial value (IPCC, 1990a).
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and Hasselmann suggested lifetimes of 1.9 years, 17.3 years, 73.6 years, 362.9
years and infinity, to which they attach weights of 0.1, 0.25, 0.32, 0.2 and 0.13,
respectively (see also Lashof and Ahuja, 1990). The Maier-Reimer and Hasselmann
formulation together with their suggested parameter values is adopted here"^.
Uncertainty is introduced by treating the weights as random variables, while
lifetimes are assumed to be fixed.

3.4 Radiative Forcing
As a next step, increases in concentration have to be transformed into an increase
in radiative forcing, that is into an increased flux of energy re-emitted from the
atmosphere back to the earth. The relevant representations for this were taken from
IPCC (1990a). Because there appears to be relatively little controversy about this
step, the parameter values in the following equations were assumed to be nonrandom. In the case of CO2 the relationship between concentration and radiative
forcing, F, is logarithmic

= nU

where

o

r '

(8)

denotes preindustrial concentration. For CH4 and N 2 O the relationship

is
(9)

F ,‘ =

where

0

*is a relatively complicated overlap term between CH 4 and N 2 O, described

in IPCC (1990a). Finally, for CFCs the relationship is linear

^ T he form ulation was assumed to hold for all em issions since preindustrial tim e.
C oncentration in the base period 1990 is therefore already the w eighted sum o f the 5 boxes,
as introduced above. U sing historic emission rates we derived a CO 2 concentration level o f
349 ppm in 1990, close to IP C C ’s (1990a) estimate o f 353 ppm .
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( 10)

f1 =

The forcing effect of CFCs is diminished through an ozone feedback. Because CFCs
react with stratospheric ozone, which is itself a greenhouse gas, they have an
indirect cooling effect. Wigley and Raper (1992) postulate that the ozone depletion
potential of a CFC is proportional to the number of chlorine atoms it contains and
propose the following approximation
FB, ^ a 'L n ’-Ql

(11)

CFC

where a is a factor of proportion (assumed to be random), and

the number of

chlorine atoms in CFC j .

Total radiative forcing in a period is simply the sum of all individual contributions
F, = E F /- F F ,

(1 2 )

It should be noted that this representation neglects the potential cooling effect from
sulphur emissions. Through an increased back-scattering of incoming solar radiation
sulphur aerosols may cause a noticeable reduction in observed warming (see IPCC,
1992a).

3.5 Temperature Rise
The characterisation of temperature rise was taken from Nordhaus (1992), whose
representation itself draws on Schneider and Thompson (1981). The climate system
is represented by a multi-stratum system consisting of three layers, the atmosphere,
upper oceans and deep oceans. Increased radiative forcing warms up the atmosphere,
which in turn heats the upper oceans, which then warm up the deep oceans. Both
ocean layers impose a certain amount of thermal inertia on the system, which
therefore only adjusts gradually to an increase in forcing. The system is represented
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by two partial adjustment equations
(13)

r; =

t!

(14)

=

T" and T/ are the temperature of the upper and lower layer of oceans, respectively
(relative to the preindustrial level). R" and R' denote the thermal capacity of the
layers, and 6 the transfer rate between upper and deep oceans. X is a climate
feedback parameter, related to the climate sensitivity of the system. That is, it
indicates by how much temperature changes for a given increase in radiative forcing.

3.6 Annual Damage
As mentioned above, most research on global warming damage has focused on
2

xC 0 2 , and the representation of annual damage is consequently centred around this

point. Studies estimating the monetary damage of 2 xC ( > 2 were surveyed in Part I,
section 3. Further estimates were provided in Part II. These studies all perform more
or less the same hypothetical exercise, and estimate the costs of global warming
damage which would occur if a society with the economic structure of today was,
at some point in the future, exposed to a temperature increase of 2.5 to 3°C, the
temperature rise usually associated with 2 xC0 2 . To generalise from this particular
set up, we need to expand the representation in three directions. First, we have to
model how damage changes under temperatures different from that associated with
2

xC 0 2 . Second, we have to capture the impacts of time and the rate of temperature

rise, i.e. we want to know how damage alters if 2 xC0 2 is reached earlier, or later,
than initially assumed. Third, we need to know how damage develops as the
economy changes and population grows. The three components are incorporated in
a damage function of the form
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D, = k,

T‘
U J

•(1

(15)

+*)*'-

where the two parameters A and t* represent two key assumptions of the IxCOz
studies, viz. the amount of warming associated with concentration doubling and the
time at which it is assumed to occur. The values are set at A = 2 .5 ’C and t*=2050.
Note that when T “=A and t=t* annual damage in period t becomes Dt=lq. Iq
therefore represents the 2 xC 0 2 estimates introduced in Parts II and I, adjusted for
economic and population growth. The two parameters y and <f>then determine the
damage outside the 2 xC0 2 benchmark.

Parameter y defines the relationship between temperature and damage. If
temperature rises by 1%, damage rises by
7,

7 %.

although it can reasonably be assumed that

Little is known about the value of

7 >

1

, i.e. that damage is convex in

temperature. The work by Cline (1992a) and a poll of experts by Nordhaus (1993d)
both suggest a value in the order of 1.3. Simulation studies have typically used
values between 1 and 3 (Nordhaus, 1991b, c, 1992, 1993a, b; Peck and Teisberg,
1992, 1993a, b).

A temperature rise of 3 ‘C by 2100 is not the same a s 3 " C obtained in 2025.
Damage may be considerably reduced if the system is given enough time to adapt.
This is particularly the case for ecosystems, for which the rate of temperature
change may be more crucial than the absolute change itself. Under a sufficiently
slow change, natural systems will be able to acclimatise or migrate to more
favourable areas. A rapid change, on the other hand, may lead to the extinction of
some of the more vulnerable species. In the case of economic damage, a slow rise
in temperature may allow a gradual adjustment within the normal process of
depreciation and reinvestment, which will be cheaper than the immediate and
premature replacement of equipment. While such considerations are not directly
modelled, they are on an ûJ hoc basis embodied in the parameter <f>, a factor which
augments impacts if they occur earlier than initially assumed (i.e. before t*), and
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diminishes them if they are delayed. <j>is assumed to be random with a best guess
value of 0.006, a figure derived from the Nordhaus (1993d) poll of experts.

This leaves the third question of how damage changes as a consequence of economic
development and population growth. In Nordhaus (1992; 1993a, b) damage is
growing in proportion to income, while in the CETA model it is scaled with a
labour input index, i.e. it grows in proportion to the labour force (see Peck and
Teisberg, 1992). In the present model we distinguish between market based damage,
affecting the national product, and non-market based damage, such as people’s
valuation of a species or a warmer climate. Total greenhouse damage is simply the
sum of the two elements. The former is then assumed to grow in proportion to GNP,

-p

=

(1 + y / + p, )

(W

where pt denotes the rate of growth of population, as introduced earlier, y^'*' is the
rate of growth of per capita income, taking into account the costs of possible carbon
abatement (see section 3.2), as well as potential warming impacts on growth.

For non-market impacts the formula is slightly more complex. If people’s
willingness to pay for non-market goods was constant over time, non-market damage
would grow at the same rate as population. However, this will not be the case. As
people become richer over time, their willingness to pay will also change. Defining
€y as the income elasticity of people’s willingness to pay to avoid non-market
damage, the growth factor of non-market damage should therefore be written as^

^ T h at is, greenhouse dam age has both an additive and a m ultiplicative com ponent. The
m axim and o f the optim isation problem corresponding to this specification w ould be

(Y(E)

-

-

\

w here N^ denotes population and

GNP, which is a function o f em issions.
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-^

= (1 + €y-y “ + p, )

(17)

K -\

Estimates of ey for environmental goods in general are surveyed by Pearce (1980).
Without finding any conclusive results, the survey seems to suggest an elasticity
value in the order of €y = 1. The initial values for

and

were derived from

the 2 xC 0 2 estimates of Part II. From there we derived that 62% of the damage is
non-market related and 38% income related.

3.7 Discounting
Greenhouse damage spans over an extremely long time horizon of several centuries.
Discounting future impacts is therefore a crucial issue, see the discussion in Part I,
section 4. In our model we follow the consumption equivalent technique developed
by, among others, Arrow (1966), Arrow and Kurz (1970), Bradford (1975), Marglin
(1963a and b), and Dasgupta et a l (1972) (see e.g. Lind, 1982; Hanley, 1992; and
Pearce and Nash, 1981, for surveys). In the context of global warming this method
has been used by e.g. Cline (1992a).

The present model uses consumption as its numeraire. In an ideal world without
distortions, damage flows should therefore be discounted either at the social rate of
time preference, or at the marginal product of capital. In a first best world the two
rates would be equal, see Part I, section 4. However, in reality they will generally
be different, and the appropriate rate of discount will therefore depend on the source
of the funds, or, in the case of greenhouse damage, on whether climate change
affects investment or consumption goods. Consumption based damages should then
be discounted at the social rate of time preference, and investment related damage
at the rate of return on capital. Alternatively, all flows could first be transformed
into either consumption or investment units and then discounted uniformly at the
appropriate rate.

This is the method followed here: All investment related damages are transformed
128

into consumption equivalents by multiplying them with the shadow price of capital.
The relevant discount rate for all flows is then the social rate of time preference. In
modelling this process, two parameters therefore have to be defined, the social rate
of time preference, ô, and the shadow value of capital, v. We deal with them in
turn.

The social rate of time preference, or consumption discount rate, consists of two
elements. The first one, called the pure rate of time preference, deals with the
impatience of consumers and reflects their inborn preference of immediate over
postponed consumption. It is equivalent to the pure rate of time preference or utility
discount rate discussed in Part I, section 4. The second element has to do with
decreasing marginal utility of income. A decreasing marginal utility of income
implies that a dollar of additional income will create less additional utility the higher
the initial income level. Consequently, if income is rising over time, future impacts
should be valued less.

Under the usual assumption of a CRRA (constant relative rate of risk aversion)
utility function the social rate of time preference, 5, can be written as (see Lind,
1982)
(18)

p is the pure rate of time preference, reflecting impatience, and w the income
elasticity of marginal utility or rate of risk aversion. Note that, because the rate of
growth of per capita income, yt'*', may vary over time the rate of discount changes
over time as well. Growth may also be affected by future abatement policies or by
greenhouse impacts. The discount rate is therefore a function of the corrected growth
rate y^'^, rather than the BAU rate y^.

We do not know much about the rate of risk aversion. Mainly for analytical
convenience, w is usually set at 1 , corresponding to a logarithmic utility function,
while empirical evidence seems to suggest a slightly higher value of about w=1.5
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(Cline, 1992a). The size of the pure rate of time preference element is highly
controversial, see Part I, section 4. Many would argue that a positive rate is not
acceptable on ethical grounds, as it implicitly attaches less importance to future
generations. Others point at empirical evidence in favour of a positive rate, and
Nordhaus (1992, 1993a, b) and Peck and Teisberg (1992, 1993a, b), for example
both use a rate of 3%, i.e. p=0.03. In the present model, p is a random variable
with upper and lower bounds of 0 and 0.03, respectively, and a best guess of 0.005.
We will come back to the impatience issue in section 4.3. For a further discussion
see also Part I, section 4.

The second element which we need to define is the shadow value of capital, v. The
shadow price of capital basically represents the present value of the future
consumption stream associated with a

1

$ investment, discounted at the social rate

of time preference (Lind, 1982). An initial value for v was suggested by Bradford
(1975), based on a simple model of one period investment and subsequent partial
reinvestment of the returns in proportion to the savings rate, an approach which has
since been extended by several authors, see the discussion in Lind (1982). Here we
use a simplified method suggested by Cline (1992a), which yields values similar to
Bradford (1975).

Suppose a 1 $ investment project yields an annual payoff of A over a lifetime of N
years. The present value consumption stream is then (omitting the time subscript on
Ô)

V

= E /4(l+ 0)-'
T =1

(19)

If the project has an internal rate of return equal to the rate of return on capital, r,
it will further satisfy the equation,

-1 + E A (l+ r)-' = 0
T =1

(20)
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Solving for A, and substituting back yields, after some further rearranging

=

(21)
l-(l+r)-^

à,

which is the formulation used here. See Cline (1992a) for details. Whether or not
an expenditure has to be transformed primarily depends on its character, as outlined
above. Climate impacts affecting investment have to be transformed, while
reductions in consumption need not, as they are already expressed in the correct
units. Following Cline (1992a) we base our estimate on the currently observed
average savings rate and assume that

2 0

% of market based damage is investment

related, i.e. has to be multiplied by a factor v. 80% of income related damage and
all non-market damage is assumed to be consumption based (see also Part I, section
4 for a discussion of these assumptions). The 2 xCÛ2 damage variable k^ can then be
rewritten as
k, = (k,’’ * O.SJfc/) + 0 . 2 v / /

(22)

4. The Social Costs of Greenhouse Gas Emissions

4.1 The Social Costs of COj
We have used the model of section 3 for Monte Carlo simulations of the social costs
of CO2 emissions over four decades, from 1991 to 2030. The results are shown in
Table 2. As expected, damage per tonne of emission is rising over time, from about
20 $/tC between 1991 and 2000 to about 28 $/tC in the decade 2021-2030. The rise
is mainly due to income and population growth, i.e. the fact that k^ is rising over
time. The impact of higher future concentration levels on the other hand is
ambiguous. In some constellations with a low parameter

7

the logarithmic

relationship between forcing and concentration may dominate over the concavity of
the damage relationship, and a higher concentration may actually lead to a decrease
in marginal damage. If it was not for economic and population growth, the shadow
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Table 2:

The Social Costs of Greenhouse Gas Emissions
1991-2000

C0

2 0 0 1 - 2 0 1 0

2 0 1 1 - 2 0 2 0

2021-2030

2

mean ($/tC)

20.3

5th percentile
95th percentile
standard dev
skewedness

2 2 .8

25.3

27.8

45.2
14.3
2.5

7.4
52.9
16.0
2.5

8.3
58.4
17.5
2.5

9.2
64.2
19.0
2.4

mean (S/tCH^)

108

129

152

176

5th percentile
95th percentile
standard dev
skewedness

48
205
54

58
249
64

79
342
89

1 .6

1 .6

69
293
75
1.7

3,901

4,489

6 .2

CH 4

1 .8

N2 O
mean ($/tN)

2,895

3,379

5th percentile
95th percentile
standard dev
skewedness

805
7,253
2,895

953
8,361
2,595

2 .2

2 .2

1 ,1 2 2

9,681
2,996
2.3

1,277
1 1 ,1 2 1

3,455
2.3

Source: own calculations.

value would fall over time in these cases. The figures for future periods are again
current value estimates and denote the social costs valued at the time of emission.

The expected value figures alone do not of course tell a complete story. The optimal
policy response is likely to differ depending on the confidence in the results, the
distribution of possible outcomes and the probability of high impact events. What is
lacking is thus some information about the probability distribution of greenhouse
damage. Such a probability distribution can be obtained directly from our stochastic
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Figure 2;

The Probability Distribution of CO2 Damage

(a) Emissions between 1991 and 2000 ($/tC)

(b) Emissions between 2001 and 2010 ($/tC)

40
bO
60
70
Actual V a lu es fin Cell A B 25i

133

Figure 2, cont.
(c) Emissions between 2011 and 2020 ($/tC)
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(d) Emissions between 2021 and 2030 ($/tC)
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Source: own graph.
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model, and the relevant statistics are also shown in Table 2. The distributions for
CO2 emissions are depicted in Figure 2. The Figure shows rather wide distributions
with standard errors around 14 to 19, reflecting the generally low level of confidence
in these figures. Not surprisingly the standard error is increasing over time as the
estimates for more distant periods are less certain than that for the decade 19912000. The shape is clearly asymmetric and skewed to the right, with coefficients of
skewedness in the order of 2.5 (see Table 2 f. Loosely, this means that the
probability of an extremely disastrous outcome is higher than that of an extremely
modest result.

Our damage estimates are somewhat higher than those of existing studies like
Nordhaus (1992, 1993a, b) and Peck and Teisberg (1992, 1993a, b). Partly this is
due to different assumptions on the value of some key parameters. The pure rate of
time preference, for example, is set at 3% in DICE and CETA, a value which
constitutes the upper bound for this parameter here. On the other hand we used more
moderate assumptions about the slope of the damage function. Conceptually more
important is a second source of discrepancy, which arises from the fact that our
figures represent expected values, while the other estimates are best guesses. As
shown in Figure 2 global warming damage is not distributed symmetrically but
skewed to the right. Under these circumstances the mean will be greater than the
mode, and expected value figures are therefore bound to be higher than a best guess
estimate which ignores this asymmetry. The higher value of our figures is thus also
a consequence of the incorporation of high impact events. In our model the
difference between the expected value and a non-random best guess is about 25 %.
Encompassing extreme events thus appears to be crucial, and expected value
estimates should be favoured over best guess assessments.

4.2 Other Greenhouse Gases
CO2 is not the only greenhouse gas, albeit by far the most important one, accounting

^ For comparison, the skewedness of a symmetric distribution is zero. Note that a
considerable part of this is explained by the assumed skewedness in the distribution of
parameter p.
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for more than half of the total effect. Other gases contributing to the greenhouse
effect include CH4 , N 2 O and CFCs. The usual way of dealing with greenhouse gases
other than CO2 is to transform them into C0 2 -equivalents by using Global Warming
Potentials (GWPs). According to this index suggested by the IPCC one tonne of CH4
and N 2 O are equivalent t o l l and 270 tonnes of CO2 , respectively (IPCC, 1992a).
However, it has repeatedly been pointed out in the literature that GWPs are not an
adequate index if we are concerned with the damage caused by each gas (Reilly,
1992; Schmalensee, 1993; Hoel and Isaksen, 1993). GWPs are a measure of the
relative radiative forcing capability of gases. Relative forcing, however corresponds
to the relative damage potential only if the latter is a linear function of the former.
As section 3 showed, this is clearly not the case. The incremental damage caused
by a marginal increase in radiative forcing will therefore depend on factors like
previous levels of forcing and the degree of warming already encountered. The
relative damage contribution of a gas will thus vary over time and in general be
different from its relative forcing capacity.

To exemplify this point, we have computed the social costs of other greenhouse
gases directly by calculating the present value marginal damage caused by a
marginal increase in other greenhouse emissions. Table 2 shows the results for
methane and nitrous oxide. Again the figures are rising over time, in the case of
methane from 108 S/tCH^ in 1991-2000 to 176 S/tCH^ in 2021-2030. The damage
from nitrous oxide rises from 2,895 $/tN in 1991-2000 to 4,489 $/tN. In terms of
CO 2 equivalents or "Greenhouse Damage Potentials" this corresponds to values of
20-23 for CH4 and 333-377 for N 2 O, depending on the time of emission^. They are
roughly in line with the estimates of Hoel and Isaksen (1993), but, for the reasons
given above, are considerably different from GWPs. The fact that they are higher
than GWPs mainly reflects the impact of discounting, which lessens the long run
impacts of long-lived gases like CO2 . The figures are restricted to the direct impacts

^ As with Global Warming Potentials the figures compare the impact of one tonne of
each gas, i.e. they compare a tonne of CH4 or NjO with of a tonne of COj. The figures in
Table 2 on the other hand use the more common measures of tCH^ for methane, tN for NgO,
and tC for COj.
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of a gas and neglect indirect effects such as the impact of methane on water vapour
and tropospheric ozone. Indirect effects would be particularly important for CFCs,
for which it has been estimated that as much as 80% of the initial contribution may
be offset through the indirect cooling effect from ozone depletion (IPCC, 1992a;
Wigley and Raper, 1992; see also section 3.4). This recent finding has considerably
downgraded the importance of CFCs as greenhouse gases. For this reason, and
because their phasing out has by and large already been agreed upon in the Montreal
protocol, CFCs are not considered here*. Also note that the figures only refer to the
social costs from global warming, i.e. they do not include costs from other
environmental problems. Again these would be most important in the case of CFCs.

4.3 Sensitivity Analysis I: Discounting
One of the key parameters in the above estimates is the discount rate, not only
because of the ongoing controversy about its appropriate level, but also because of
the high sensitivity of the results with respect to it. Our preferred way of discounting
has been introduced in section 3.7. It involves the transformation of all damage into
consumption equivalents by multiplying with the shadow price of capital, as
appropriate. The relevant discount rate is then the consumption rate, d.

Recall the distinction between the pure rate of time preference (parameter p), the
social rate of time preference, 5, and the rate of return on capital, r. As outlined in
Part I, section 4, the main controversy is about the value of p, and in particular
whether p should be greater than or equal to zero. The sensitivity analysis concerns
this parameter.

As indicated earlier, our results were obtained assuming a probability distribution
for the pure rate of time preference which is triangular with upper and lower bounds
of 0% and 3%, respectively, and a best guess value of 0.5%. To illustrate the
impacts of different discount rates we have re-run the model for p held fixed at

* Figures for CFCs can be found in Hoel and Isaksen (1993)
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Table 3:

The Social Costs of CO2 Emissions - The Impact of Discounting
1991-2000

Random Case
- > p = (0, 0.005, 0.03)
- > w = (0.5, 1, 1.5)

Low Discounting
-> p =
-> w =

0
1

High Discounting
-> p — 0.03
-> w = 1

2021-2030

mean ($/tC)

20.3

5th percentile
95th percentile
standard dev.
skewedness

45.2
14.3
2.5

9.2
64.2
19.0
2.4

mean ($/tC)

48.8

62.9

5th percentile
95 th percentile
standard dev.
skewedness

27.6
80.1
15.6
0.9

34.9
104.6
22.4
1.3

mean ($/tC)

5.5

8.3

5th percentile
95th percentile
standard dev.
skewedness

3.7
7.6

1 2 .0

6 .2

27.8

5.3

1 .2

2 .1

0.5

0 .8

Source: own calculations.

different values^. The results are summarised in Table 3. If p is set at 3% the
expected shadow value of 1990 CO2 emissions falls from 20$/tC to a mere 5.5 $/tC.
By 2030 the figure has risen only slightly to 8.3 $/tC. Interestingly, this is almost
exactly the Nordhaus (1992; 1993a, b) result. Assuming a pure rate of time
preference of 0 on the other hand yields an expected value of 48.8 $/tC in 1990, and
62.9 $/tC in 2030, about eight times more than under the high rate. Using a higher
rate also leads to a considerable reduction in the standard deviation, and thus the
confidence interval. This is because more uncertain future impacts are weighted less
under a higher discount rate. The lower skewedness, on the other hand, is mainly
due to the fact that parameter p, which had a skewed distribution in the random
case, is now fixed.

®The rate of risk aversion, w was also kept fixed in this exercise, at co= 1.
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The high sensitivity of the results with respect to discounting should come as no
surprise. It is a direct consequence of the long term character of global warming and
the fact that damages will only occur several decades into the future. The results
clearly underline the importance of the discounting question and the crucial role that
ethical issues ought to play in the future debate on global warming.

4.4 Sensitivity Analysis II: Greenhouse Angst
Although the parameter values underlying the above results broadly reflect the
current understanding of global warming, there is still an element of subjectivity
inherent in them. In particular, by assuming a triangular distribution for random
parameters they neglect the possibility of a climate catastrophe. It has often been
noted that, given the complexity of the climatic system and the unprecedented stress
imposed on it, surprises cannot be fully excluded, particularly in the long run
(beyond 2 XCO2 ). Catastrophic scenarios implied in the literature include the melting
of the antarctic ice-sheet, a redirection of the gulf stream and the release of methane
from previously frozen materials through the melting of permafrost soils. Clearly,
the probability of a catastrophic outcome is greater than zero.

The easiest way to incorporate such instances of greenhouse angst is by using
probability distributions with a domain greater than zero, i.e. to assume that
parameter values are bounded from below but not from above. Even extremely high
parameter values then still occur with a positive probability. A distribution with this
property is the lognormal, and as a sensitivity test we have run the model assuming
a lognormal distribution for three key parameters: Climate sensitivity,

2

xC 0 2

damage and the slope of the damage function, thus allowing for catastrophic
outcomes with respect to climate, with respect to impacts and with respect to the
existence of thresholds^®. The distributions were calibrated such that the lower
bound remains unchanged and the most likely value equals the scientific best guess,
as before, while the probability of extremely high outcomes was gradually increased.
The results of this exercise are summarised in Figure 3.

An extremely steep damage function can be seen as an approximation of a threshold
atT=A*C.
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Figure 3;

CO; Damage Distribution and the Threat of Catastrophe
($/tC, 1991-2000 emissions)

$/tc

90
96th PERCENTILE
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MEAN

6th PERCENTILE
A

C

B

D

Legend
Scenarios A to D are associated with the 99th percentiles given below. That is, for
each of the three parameters considered, there is a 1 % probability that the actual
parameter value will exceed the values given in the table below. Scenario A roughly
corresponds to the no-catastrophe case of Figure 2 and Table 2.
Climate Sensitivity

2

x0

0

; damage

Power of damage
function

Scenario A

3.5'C

1.75 % GNP

1.5

Scenario B

5.5'C

3.00 % GNP

2.5

Scenario C

6.0'C

3.50 % GNP

3.0

Scenario D

7.0'C

4.25 % GNP

3.5

Source: own calculations.

140

The Figure shows the mean and 90% confidence interval of the marginal social costs
of CO2 emissions between 1991 and 2000, under the different scenarios considered.
With respect to the mean the difference between the lowest scenario A, which
roughly corresponds to the triangular case used before and the most extreme scenario
considered is about 60%. If, for example, we allow a 1% chance (in each case) that
2

xC 0 2 rises temperature by more than 7 'C , that a 2.5 *C rise causes damage of

more than 4.25% of GNP, and that the damage function rises steeper than to the
power 3.5, the social costs of CO2 emissions will rise to about 33 $/tC. As expected
the 95th percentile rises stronger than the mean, by about 80%, thus further
increasing the skewedness of the distribution. Although illustrative, the analysis
therefore clearly underlines the importance of low probability/high impact events.

5. Policy Implications and Conclusions

Part III provides estimates of the monetary costs of greenhouse gas emissions. As
a rough benchmark figure we suggest a value of 20 $/tC for emissions between 1991
and 2000. In subsequent decades the value rises to 23 $/tC, 25 $/tC and finally 28
$/tC for emissions in the third decade of the next century. Like all greenhouse
damage estimates these results are highly uncertain and the confidence intervals
attached to them are correspondingly wide. The stochastic character of our model
allowed the explicit calculation of a damage probability distribution. It was shown
that the distribution is skewed to the right, even for the runs neglecting the
possibility of a climate catastrophe. That is, even when abstracting from actual
extremes, an extremely disastrous outcome is still more likely to occur than a
correspondingly modest result. Incorporating the possibility of a future climate
catastrophe considerably increases both the mean and the skewedness of the
distribution. In the most extreme case considered expected damage rose to about 33
$/tC. It was also confirmed that the results crucially depend on the choice of the
discount rate, and ethical considerations will therefore have to stage prominently in
the future debate.

The main application for the estimates is probably project appraisal. For small
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projects the interpretation of the figures is straightforward. For a reforestation
project sequestering 1 mtC per year over 30 years, for example, we can expect
benefits of 20 m$/yr in the first decade, 23 m$/yr in the second and 25 m$/yr in the
third. Total (undiscounted) benefits are therefore 200+230+250=680 m$.
Investment decisions can then be made in the usual way by comparing the relative
net benefits of rival projects. The analysis is more complicated with respect to large
scale abatement policies big enough to affect the future emissions trajectory. Because
the shadow value of carbon depends on future emissions the social costs of CO2
emissions will change with the implementation of the policy and would have to be
re-calculated for the new emissions trajectory. In this way Cline (1992a) has found
favourable benefit-cost ratios for a suggested freeze of carbon emissions at 4
GtC/year. For policies affecting the trajectory only slightly the above estimates may
suffice as a rough assessment, though. The procedure is then the same as above.

The appraisal of individual abatement projects also has to be distinguished from the
task of designing an optimal policy response to global warming. Our model does not
deal with this latter question, and the figures provided therefore give only little, if
any indication of the socially optimal carbon tax. Calculating a socially optimal
emissions trajectory would require the use of an optimal control model like CETA
or DICE, and both models provide a first assessment as to what the optimal
emissions trajectory might be (see Peck and Teisberg, 1992, 1993a, b; Nordhaus,
1992, 1993a, b; Cline, 1992b). However, not least because they are based on nonrandom parameters, neither model offers a fully satisfactory approach to the
uncertainty issue, particularly with respect to low risk/high impact outcomes. This
is underlined by the fact that optimal trajectories differ considerably between
scenarios. What is needed is a model which directly incorporates uncertainty, rather
than working with scenarios. To our knowledge no such model exists at present.
Further research efforts should thus be made in two directions: Firstly into projects
aiming at reducing existing greenhouse uncertainties, and secondly into projects
evaluating the optimal policy in the light of them.
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Appendix: Overview on Param eters and Param eter Values

(a) Initial Values (1990)

Parameter

lower
bound

best
guess

upper
bound

Comment / Source

Emissions
CO 2 fossil fuels, GtC
CO2 deforestation, GtC

5.6
1.3

IPCC (1992a; non-random)
IPCC (1992a)

CH4 from coal mining, MtCH^
CH4 from gas leakage, MtCH4
CH4 from biomass, MtCH4
other CH4 emissions, MtCH4

45
55
40
375

IPCC
IPCC
IPCC
IPCC

N 2O emissions, MtN

12.9

IPCC (1992a)

CFC-11 emissions, kt
CFC-12 emissions, kt
HCFCs and HFCs, kt

298
363
143

IPCC (1992a)
IPCC (1992a)
IPCC (1992a)

(1992a)
(1992a)
(1992a)
(1992a)

Concentrations
CO2, ppm
CH4, ppb
N 2O, ppb
CFC-11, ppb
CFC-12, ppb
HCFCs, HFCs, ppb

Other
GNP/capita, $
population, million

1,550
279
0.250
0.436

349
1,710
310
0.280
0.484

0.110

0.122

4,200
5,252
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1,890
341
0.310
0.532
0.134

see section 3.3
IPCC (1990a)
IPCC (1990a)
IPCC (1990a)
IPCC (1990a)
IPCC (1990a)

World Bank (1992)
IPCC (1992a)

(b) Emission Parameters

Param.

Description

y1990-2100
y2I01-2220

GNP/capita growth, %

P199O-2025
P2026-2IOO
P21OI-223O

lower
bound

best
guess

upper
bound

Comment / Source

1.00
0.70

1.60
1.60

2.30
2.10

after IPCC (1992a)

population growth, %

1.05
-0 .2 0
-0 .1 0

1.35
0.40
0.10

1.68
0.80
0.40

after IPCC (1992a)

^1990-2025
^2026-2100
^2101-2220

carbon intensity
growth, %

-0 .9
- 0.7
- 0.6

- 0.4
- 0.2
- 0.1

- 0.20
- 0.10
-0 .0 5

after IPCC (1992a)

f1990-2220

energy efficiency
improvement, %

- 1.38

- 0.7

- 0.2

Manne/Richels
(1993b)

^1990-2100**“^”
„
defor
62101-2220

CO; from deforestation,
growth rate in %

- 4.3
- 3.0

- 1.3
- 0.8

- 0.8
- 0.3

after IPCC (1992a)

81990-2025^"^
82026-2100
0
CH4
82101-2220

CH4 from all sources,
growth rate in %

0.4
0 .0
- 0.1

0.7
0.4
0.3

0.9
0.7
0.7

IPCC (1992a),
diff. correlation
with CO;

81990-2025"''°
82026-2100"^
n
N20
82101-2220

N ;0

0.4
- 0.1
- 0 .2

0 .6
0.1
0.1

0.7

after IPCC (1992a)

- 12.0
-5 .7
- 1.1

- 10.0
- 4.8
-0 .7

- 5.0
- 4.2

- 12.0
- 5.7

- 10.0
- 4.8
- 0.7

- 5.0
- 4.2
- 0 .2

after IPCC (1992a)

5.8
0.5
-0 .3

6 .2
1.1

6.8

after IPCC (1992a)

0.3

0 .8

emission weight, fos. fuels
emission weight, deforest.

0
0

0 .2
0 .2

0 .6
0 .8

see section 3.2

elast of output wrt energy
elast of energy wrt carbon
costs of halting deforest.

0.06
0.45

0.08
0.5
4

0.088
0.55

Cline (1993a)
Cline (1993a)
Cline (1992a)

81990-2025° ' ' ° "
82026-2100°''°"
g
CFCll
82101-2220

81990-2025° ' ' ° "
8 2 0 2 /^ 2 1 0 0 °''°"
g
CFC12
82101-2220

81990-2025° ° ' ' °
82026-2100°°''°
g
OCFC
82101-2220

^ d efo re st

€ y“

e

c defore»l

emission growth, %

CFC-11 emissions,
growth rate in %

CFC-12 emissions,
growth rate in %

-

HCFC, HFC emissions,
growth rate in %

1.1

0
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0 .2

0.3

-

after IPCC (1992a)

0 .2

1.4

6

(c) Concentration Parameters

Param.

1-CH4-A
1-CH4-S

Ln20
L c f c ii

LcFC12
1-O C FC

w.
W 74
W ,7
W j

Description

lower
bound

Atmos. lifetime CH4, yrs
CH4 deposition in soil
Atmospheric lifetime NjO
Atmos, lifetime CFCll
Atmos, lifetime CFC12
Lifetime HCFCs, HFCs

CO2 weight,
CO; weight,
CO; weight,
CO; weight,
CO; weight,

00 lifetime
L=363 yrs
L = 74 yrs
L = 17 yrs
L = 2 yrs

best
guess

upper
bound

10.0

11.0

12.0

135.0
119.0
50.0
104.0
14.1

150.0
132.0
55.0
116.0
15.7

165.0
145.0
60.0
128.0
17.3

0.12

0.13

0.14

0.18
-

0.2 0

0 .2 2

0.22

0.25

0.27

0.09

0 .1 0

0.11

Comment / Source
IPCC (1992a)
Wigley/Raper (1992)
IPCC (1992a)
IPCC (1992a)
IPCC (1992a)
IPCC (1992a),
HCFC22, HFC134a
Lashof/Ahuja (1990)
Lashof/Ahuja (1990)
endog, s.t. Lw;=l
Lashof/Ahuja (1990)
Lashof/Ahuja (1990)

(d) Radiative Forcing Parameters

Param.

Description

/A

CO; forcing, Wm Vppm
CH4 forcing, Wm^/ppb
N ;0 forcing, Wm ^/ppb
C FC ll, Wm-2/ppb
CFC 12, Wm-2/ppb
HCFCs etc., Wm'^/ppb

<^N20
y C F C Il
yCFC12
yO C FC

a

ozone feedback param.

lower
bound

best
guess

upper
bound

Comment / Source
IPCC (1990a)
IPCC (1990a)
IPCC (1990a)
IPCC (1990a)
IPCC (1990a)
HCFC22, HFC 134a

6.3
0.036
0.14
0.22

0.28
0.18
0.069

0.076

0.084

Wigley/Raper (1992)

lower
bound

best
guess

upper
bound

Comment / Source

(e) Temperature Parameters

Param.

Description

R'

201.3

223.7

246.1

Nordhaus (1992)

0.048

0.065

0.075

Nordhaus (1992)

X

thermal capacity lower
layer
1/(thermal capacity
upper layer)
climate sensitivity

0.97

1.46

2.90

e

rate of thermal transfer

450

500

550

1/R“
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corresponds to 1.5,
3, 4.5 *C warming
Nordhaus (1992)

(f) Damage Parameters

Param.

Description

lower
bound

best
guess

upper
bound

Comment / Source

ko

ZxCOj damage, %
GNP
power of damage fiinct
rate of change param.
income elast. of WTP

1.0

1.5

2.0

see Part II

1.0
1.0045
0.8

1.3
1.0060
1.0

2.0
1.0075
1.2

Cline (1992a)
Nordhaus (1993d)
Pearce (1980)

lower
bound

best
guess

upper
bound

Comment / Source

0.5
0.0

1.0
0.5

1.5
3.0

5.0

8.0
15.0

10.0

7
1 +<)>

(g) Discounting Parameters

Param.

Description

CÜ

rate of risk aversion
pure rate of time
preference., %
return on capital, %
lifetime of capital, yrs

P
r
N
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Cline (1992a)
Cline (1992a),
Nordhaus (1992)
Cline (1992a)
Cline (1992a)

PART IV

PROTECTION VS. RETREAT: THE COSTS OF SEA LEVEL
RISE

In Part IV we analyse the relative role of protection and mitigation expenditures
within the total costs of climate change induced sea level rise. We derive a rule of
thumb to approximate the optimal level of protection. Economic efficiency requires
that protection expenditures are designed such that the sum of protection costs plus
remaining land loss damage is minimised. We derive that the optimal protection
level depends on the relative importance of dryland loss compared to the costs of
accelerated wetland loss plus protection expenditures. This framework is then used
to estimate sea level rise damage cost functions for the countries of the OECD.

1. Introduction

In Part IV of the thesis we sketch out the damage costs from a climate induced
increase in sea level. The case of sea level rise (SLR) is of interest for at least two
reasons. First, SLR appears to be one of the most crucial and harmful impacts of
global warming, see Part II and also Cline (1992a), Nordhaus (1991b, c), Titus
(1992). Second, SLR well illustrates the fact that parts of greenhouse costs will not
actually be damage costs as such, but will arise from the implementation of damage
mitigation strategies, such as the erection or modification of sea defences.

A first concern of the chapter is thus the question of the optimal degree of SLR
damage mitigation. In general, mitigation should take place as long as the benefits
from avoided damage exceed the incremental costs of additional action. In the case
of SLR the trade off is between the costs of SLR protection and the benefits from
land loss avoided, but it should also take into account that protection walls lead to
a reduction in the damage from storm surges, while on the other hand they increase
the stress on wetlands by inhibiting them from migrating inland.

Most damage studies do not explicitly model this trade off and instead assume an
exogenously given rule about the optimal level of protection, usually a partial retreat
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scenario in which developed areas are protected, while sparsely populated or low
value land is abandoned (see e.g. IPCC, 1990c). While this seems a reasonable rule
of thumb, there is no guarantee that it will hold in general. The optimal degree of
protection may differ between regions as well as for different degrees of SLR. For
example, we may find lower optimal protection levels in poorer countries, where the
costs of protection may be relatively high compared to the value of land at threat^
At first sight we may also expect that a high SLR will lead to a higher degree of
protection, since a larger part of the hinterland is now at threat and the potential land
loss damage is higher. But then, mitigation costs per kilometre of coast will also
increase, since higher protection measures are now required, and this would point
towards a lower degree of protection. The net effect here thus seems unclear. To
shed further light on such aspects, the optimal degree of protection is determined
endogenously in this chapter.

The second concern of the chapter is with an overall assessment of SLR damage.
Designing the optimal policy response to SLR is mainly a problem of regional
coastal zone management, and the optimal protection strategy will generally be
different for different coastlines. Ideally the global picture would thus emerge from
the aggregation of the many existing local assessments (see e.g. Turner et al. , 1993,
on East Anglia; Gleick and Maurer, 1990, on the San Francisco Bay; Milliman et
al., 1989, on the Nile and Bengal deltas; den Elzen and Rotmans, 1992, and
Rijkswaterstaat, 1991 on the Netherlands; IPCC, 1992b, on several regions).
However, it is evidently not feasible to study all vulnerable coastlines in the required
detail, and a global assessment of SLR damage will therefore necessarily have to be
based on a "top down" approximation^. Several attempts to such a "top down"
assessment have already been made, e.g. IPCC (1990c, 1992b), Rijsberman (1991),

^ It is often, and correctly, pointed out that poor countries may lack the funding to
implement sufficient protection measures and, as a consequence, will be underprotected.
Note that this is not the point made here. Here we argue that even if funds were available
it would not be efficient to achieve the same degree of protection as in a rich country.
^ The ongoing attempts to derive a global picture from local case studies are summarised
in IPCC (1992b).
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Titus et al. (1991). These studies typically concentrate on just one or two scenarios,
e.g. on the benchmark case of a 1 metre rise by the year 2100. The analysis here
goes further in that it provides an entire SLR damage function, which enables us to
analyse how damage costs will react to changes in SLR. The chapter also explicitly
pays attention to the gradual character of SLR, which will occur slowly over time.

The structure of Part IV is as follows. Section 2 provides a general outline of the
role of damage, mitigation and abatement costs within a cost-benefit framework. The
special case of SLR is then analysed in the subsequent sections. In section 3 we set
up a model of optimal SLR mitigation, as seen from the point of view of coastal
zone managers. The model is solved in section 4, which also derives a simple
formula for calculating the optimal mitigation strategy. Section 5 turns the attention
to applied aspects, and contains illustrative cost estimates of SLR damage for the
countries of the OECD. Conclusions are drawn in section 6 .

2. Greenhouse Gas Abatement vs. Damage Mitigation: The General Context
Loosely, policy makers have two sets of options to moderate the impacts of
greenhouse warming. They can either limit the amount of greenhouse gases emitted the well known abatement option, leading to a lower degree of warming - or, they
can ease the impacts of a given change through appropriate protection/adaptation
measures. Although we concentrate on the example of SLR here, mitigation is in no
way limited to SLR protection, but may play an important role for other damage
aspects as well. Mitigation activities may for example include the development of
heat resistant crops, a change in forest management, the construction of water
storage and irrigation systems, the adaptation of houses, and the like. Both sets of
options, abatement and mitigation, have to be taken into account when drafting the
greenhouse policy response. Analytically, the optimal combination of abatement and
mitigation can be found by minimising the total costs of climate change, consisting
of the costs of emissions abatement AC^, the costs of mitigation measures P and the
costs of greenhouse damage D, i.e.
^ Climate change prevention policies may also include geo-engineering (see e.g.
Nordhaus, 1991a). We abstract from this option here.
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min^ ^

AC{é) +P{m) ^ D{T,m)

(1)

subject to
T ^fie)

(2 )

where e denotes the level of abatement, and m the degree of mitigation. Climate
change is symbolised by the variable T (for temperature change), and depends
negatively on the amount of abatement e, f < 0. The higher the abatement effort,
the lower the temperature increase. Further we have AC', P ', D j > 0 and

<

0. All functions are assumed to be convex so that first order conditions are both
necessary and sufficient for an optimum.

The optimal abatement and protection levels e* and m* are then determined by the
two first order conditions
a)

b)

(3)

P'

=

Marginal abatement costs (AC') and marginal mitigation costs (? ') equal the
marginal benefits from increased abatement (-D jf) and mitigation (-D^^),
respectively. The point to note is that the optimal value for each of the options, e*
and m*, depends on the value chosen for the other. Consequently, e* and m* should
in principle be determined simultaneously.

In the real world this is hardly ever the case. Decisions about e* and m* are usually
taken at different political levels. The question of optimal emissions is in general
addressed globally, in international negotiations between countries or at international
conferences such as UNCED 1992. The composition of optimal mitigation strategies,
on the other hand, is often left to local authorities, in the case of coastal protection
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for example to the regional coastal zone managers'*. The same division is also
reflected in the literature, where studies typically either deal with the optimal
abatement question (Nordhaus, 1991b, c; 1992; 1993a, b; Peck and Teisberg, 1992;
1993a, b; Cline, 1992a, b) or with the optimal level of mitigation, usually in the
context of sea level rise protection (e.g. Turner et a l , 1993; Gleick and Maurer,
1990). The following analysis will show that this two step process of decision
making will lead to the same result as a simultaneous optimisation, provided that the
damage function in the second, global, step is appropriately defined.

To analyse the local problem of optimal mitigation then, it is easiest to interpret
regions as climate takers. The greenhouse gas emissions of an individual region or
country are in most cases so small that they have virtually no influence on world
climate (Adger and Fankhauser, 1993). Climate, and climate change, is therefore
exogenously given, and the regional decision problem is merely concerned with
finding the optimal degree of protection against this change,
min^

P(m) +D(m | T=fie))

(4)

Again the first order condition will require that marginal protection costs (?') equal
the marginal benefit from damage avoided (-D J. Because

is a function of the

exogenous climate change, the optimal mitigation level will also be a function of T,
and thus ultimately of e, m* = m(T), with T = f(e). We can now define a function
F(7) = min„[i>(m)+Z)(»i|7)]

V(T) denotes the combined mitigation and damage costs o f climate change caused
by a level o f change T, given that the optimal policy response has been taken with

Note however that the Global Environment Facility (GEF) is now considering financing
mitigation projects.
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respect to mitigation. Note that V(T) is also a convex function^.

Let us now turn to the global problem of optimal abatement. Intuitively it should be
clear that it is this function V, or its aggregation over all regions, which is relevant
to the global problem and that the correct way of deciding the optimal abatement
level is to trade off the costs of abatement AC with the minimal combined damage
costs V. That is, the global problem is
min^

AC(e) + V(T)

(6)

where again T =f(e). It is easily shown that problem (6 ) indeed yields the same
solution as problem ( 1 ), i.e. that its solution is described by the optimal conditions
(3). From the definition of V we know that condition (3b) will always hold.
Optimisation of (6 ) yields the first order condition
A C ' = - V 'f ' = - D j( m ') f'

(7)

where the second equality follows from the envelope theorem*. Condition (3a) is
thus also satisfied. The two step process in which mitigation decisions are taken
locally, while the optimal abatement level is determined at a global level thus
provides the same solution as a simultaneous optimisation. There is nothing terribly
new about this finding. The analysis was mainly carried out to underline a different
point, which is the characteristic of the global warming damage function as a
minimum function like V(T).

Most damage studies acknowledge this property or at least pay lip service to it.

^ If f(x, a) is convex in (x, a) then F (a) = max^ f(x, a) is convex in a (Mangasarian and
Rosen, 1964).
®The envelope theorem states that, if F (a) = max^^ f(x, a), then

da

da

where x’ denotes the choice of x which maximises f(.) (see e.g. Varian, 1984).

152

However, when it comes to actual damage calculations, data limitations do not
always allow its careful implementation. The failure to capture managerial responses
in most of the agricultural damage literature may serve as a prime example here (see
Part I, section 3). Existing estimates would then overestimate the true damage.
However, definition (5) also points out potential sources for an underestimation. The
picture is only complete if both damage and protection costs are considered, and for
many estimates this is not the case. Assessments of human amenity impacts, for
example, are usually limited to the defence costs P, which occur in the form of a
higher electricity demand from air cooling, but are unable to capture the remaining
amenity damage D (see Part II, section 2).

In the case of SLR, as mentioned above, the assumption usually is that m*
corresponds to a partial retreat strategy. In the remainder of this chapter we attempt
to derive a minimum function like V(T) for SLR. To do this we first analyse the
local problem of optimal mitigation for the case of SLR.

3. A Model of Optimal Sea Level Rise Mitigation

3.1 General Description
Finding the optimal SLR mitigation strategy is not as easy as may have been
suggested in the previous section. Instead of the single and continuous variable m
decision makers will be confronted with a host of alternative strategies. In its 1990
report the coastal zone management subgroup of the IPCC divided available SLR
response options into three groups, with the following definitions (IPCC, 1992b,
p . 8 ; see also IPCC, 1990c):
"Retreat - abandon structures in currently developed areas, resettle
the inhabitants, and require that any new development be set back
specific distances from the shore, as appropriate".
"Accommodate - continue to occupy vulnerable areas, but accept the
greater degree of flooding (e.g convert farms to fish ponds)".
"Protect - defend vulnerable areas, especially population centres,
economic activities, and natural resources".
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In addition, authorities will be confronted with a multitude of protection options,
including beach nourishment, island rising and the building of dams, dikes and sea
walls. Several simplifying assumptions had thus to be introduced to make the
problem tractable.

As a major simplification the model abstracts from the "accommodate" option. That
is, coastlines are either protected, or, if this is not done, they will eventually have
to be abandoned and will be lost to the rising sea. We assume that only one
protection measure is available per region, or, which is equivalent, that the same
measure is cost-effective throughout a region^. For illustrative purposes we can
think of the optimal measure as a sea wall.

Two kinds of land are distinguished, dryland and wetland, and we assume that coasts
are protected in accordance to their dryland value, i.e. more valuable dryland is
protected first. Wetlands, on the other hand, cannot be protected directly. There is
nevertheless an indirect link to the amount of coastal protection, in that the ability
of wetlands to adjust and migrate inland will be reduced by the existence of obstacles
such as a sea wall. The loss in wetlands is therefore inversely related to the degree
of coastal protection. The more comprehensive the defence measures, the more
coastal wetlands will be lost. For lack of data we abstract from the impacts of salt
water intrusion and the costs of increased storm and flood damage. We also assume
that the amount of SLR is known with certainty (for a treatment of uncertainty see
Yohe, 1991).

The main problem faced by policy makers is then to determine the proportion of
coastlines worth protecting, denoted by the variable L, 0 < L < 1. SLR will occur
gradually over time. Local authorities are therefore faced with a second problem,
which is to find the optimal intertemporal protection path, i.e. the question of when

^ To allow for different measures within a region, e.g. for different types of coastline,
we could further subdivide a region according to coastal types, e.g. into beaches, open
coasts, etc. The same analysis would then have to be carried out for each of them. This will
be the method used in section 5.
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a sea wall should optimally be build. This problem will be of less interest here, and,
given our model assumptions, the optimal construction path will follow trivially. A
more detailed analysis of this problem can be found in den Elzen and Rotmans
(1992).

The costs of sea level rise in each year thus consist of three elements, protection
costs, dryland loss and wetland loss. In the following three subsections they are
analysed in more detail, before we come back to the total picture in section 3.5.

3.2 Protection Costs
Although there are no studies which provide an entire protection cost function, we
can infer from existing estimates (IPCC, 1990c, Titus et a l , 1991) that costs may
rise exponentially with height, but will be linear in the length of coastline protected.
The protection cost function may therefore be of the form

W

C(G,L) = L K tfG ''

where K denotes the length of threatened coastline^ and LK therefore the length of
coastlines protected. G is the height of the defence measure, y

^ are two cost

parameters. Note that the expression does not contain a fixed cost term, clearly a
simplifying assumption.

Expression ( 8 ) gives the total (undiscounted) costs of protection, that would occur
if measures of height G were installed at once. If sea level is rising only gradually
over time, the full height G may not be needed immediately, however, and
construction may be spread over several periods. What we are therefore interested
in is a stream of annual costs, PC. PC is represented by the following formulation

W

PC{L,h^G,) - L K < f G y ' h ,

Loosely, K denotes the length of coasts not protected by hard rock cliffs.
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where

denotes the change in sea wall height obtained at time t, and

its final

height. We thus require o ( % = G^. Also note that PC(L,G^,GJ = C(G^,L), i.e.
if the wall is built at once annual and total costs coincide. Underlying expression (9)
is the assumption that "a brick is a brick". Equation (8 ) is exponential basically
because a higher sea wall will, for stability reasons, also have to be more massive.
However, once the final height of the wall is determined, it makes no difference
whether an additional layer of bricks is added today or tomorrow, as long as we
abstract from discounting effects. Recall that for simplicity we neglect fixed costs
(e.g. hiring and firing costs).

Note that we assume protection costs not to rise over time. To the extent that the
economy is growing, the costs of protection relative to GNP will therefore fall over
time.

3.3 Dryland Loss
SLR damage from dryland loss depends on two aspects: on the amount of land lost
and on its value. For the former we specify a linear relationship with SLR and
length of coast, and assume that a land area of

will be lost per cm of SLR and km

of coastline. The situation is depicted in Figure 1 which also shows the connection
between \J/ and the slope of the coastline’. Given that a fraction L of all coastlines
will be protected, a SLR of S will inundate an area of (l-L)K^St. To get the
monetary damage this value has to be multiplied by the annual return on land, R^.
Rt is the opportunity cost of lost land, i.e. it denotes the return the lost area would
have yielded in period t, had it not been inundated. The dryland loss at time t is
therefore
DL^(L,S) =

(10)

’ Note that, strictly, the linearity assumption only applies to flat coasts. In the special
case of soft rock cliffs, which are threatened from increased erosion, the underlying
processes are more complex than shown in Figure 1. In most cases, though, soft cliffs are
preceded by beaches (created through previous erosion) for which the linearity assumption
holds.
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Figure 1:

SLR and the Loss of Unprotected Land

Suppose the sea level is rising by the amount S. We are interested in the resulting
loss of unprotected land 1. Suppose further that the coastline has a slope of 1/z. The
loss in land 1 will then be 1 = (S^ -tThe loss of unprotected land is
therefore proportional to the rise in sea level, \ = \j/S, where the factor of proportion
is defined as i/' = (1 +

Source: own graph.

The return on land,

is simply the value of lost land multiplied by the rate of

return on capital r. It is specified as a function of L. Since more valuable areas will
by assumption be protected with priority, the average return on unprotected land, R^,
will decrease with increasing protection efforts. By increasing protection, we
truncate the top end of the value distribution for unprotected land, and the mean will
therefore decrease. The situation is depicted in Figure 2. For simplicity we assume
a uniform distribution for the value of dryland, with an expected value of \ and a
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Figure 2:

Land Value Distribution and the Value of Protected and
Unprotected Land

2

x+a

Suppose dryland has an average value of x. The maximum value observed is 2x, the
minimum is 0, and all values are equally likely. Suppose all land with a value
greater than a is protected. The expected value of protected land then is (2x+a)/2,
that of unprotected land a/2. Note that the more land protected, i.e. the lower a, the
lower will be the average value of the remaining unprotected land. The value of the
last protected zone, a, is a function of L, a = a(L), with the properties a(0) = 2x
(the first zone protected has the maximum value 2x) and a(l) = 0 (the last area
protected has value zero). A functional form with the desired properties is a = 2x(lL), which implies average land values of x(2-L) for protected areas and x(l-L) for
coasts without defence.

Source: own graph.

minimum value of zero‘d. As is shown in Figure 2 this implies a linear relationship
between R, and L, as follows,

In principle x^ should cover both market and non-market aspects. The simulations
below will however be based on market values alone.
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RIJL) = r‘X^{\-L)

( 11)

For L = 0 , i.e. if no protection takes place, the average value of unprotected coasts
equals the overall expected value for land, x^, and the annual return is consequently
rxj. As 1 increases the value of unprotected areas decreases and approaches zero for
the last unprotected coastal strip. Note that we do not assume changes in r over
time. The value of land on the other hand will increase over time as the economy
grows and land becomes more scarce relative to income. We assume a proportional
relationship
( 12)

where g is the exogenously given rate of economic growth. Note that x^ does not
depend on the amount of land lost. The underlying assumption is that land losses
will be too marginal to affect prices. For large countries, or those with short
coastlines this seems reasonable. For extremely small countries it may lead to an
underestimation of true damage.

3.4 Wetland Loss
SLR will increase the already existing pressure on coastal wetland areas. As with
many ecosystems, it is not so much the absolute level of climate change (or SLR)
as the rate of change which poses a threat. Wetlands are in principle able to adjust
to SLR by migrating inland, but may be too slow if the rate of SLR is too high. In
addition, backward migration is only possible if there are no obstacles in the way,
and it may therefore be limited to unprotected areas.

SLR induced wetland losses can therefore be expressed as follows. Suppose wetlands
are able to migrate at a speed of a, but only along the unprotected coast. At time
t coastal wetlands will have migrated by ai and will have grown by an area of
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atW (l-L), where W denotes the length of coastal wetlands” . At the same time,
however, some land will have been lost through inundation. The expression for this
latter part can be taken from equation (10) above. Wetland loss is thus defined as”
WL,(L,S) =

[T|rS, -

(13)

(1 -D atW -R^^

Note that, as opposed to the dryland case, the return on wetlands, R^, does not
depend on the degree of protection. To see why, remember that the relationship
outlined in equation ( 1 1 ) was driven by the assumption that high value dryland will
be protected first. If an additional coastline is protected, we know that the land
secured is the area worth most, and that the average value of remaining zones will
thus decrease. No similar assumption holds for wetlands, which are affected only
indirectly. Assuming that there is no correlation between dryland and wetland
values, the expected value of the affected wetlands is therefore equal to the mean
value of coastal wetlands, Xt'*'. Similarly, the expected value of remaining wetlands
is Xt'*' as well. Again we assume that land values rise in proportion to economic
growth. Hence
rT

= r-x ^ -e^

(14)

3.5 The Sea Level Rise Protection Problem
We are now in a position to derive a formulation for the local problem of optimal
SLR protection. To recapitulate: For each region (or type of coast) considered, the
costs of SLR consist of the three cost elements protection cost, dryland loss and
wetland loss, and we seek to minimise the present value of these three cost streams
over time. Costs are minimised with respect to the percentage of coasts protected.

" Strictly, W denotes the length of marsh wetlands. Freshwater wetlands such as e.g.
the Norfolk Broads cannot migrate and will be lost. We can think of the loss of freshwater
wetlands as being included in dryland loss.
Note that the rate of inland migration cannot exceed the rate of inundation (wetlands
do not expand into dryland areas). Neither can the wetland loss exceed the total amount of
wetlands. Equation (13) thus only holds for 0 < (i^S^ - at) < 1. The condition will hold for
all the numerical specifications we consider below.
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denoted by the variable L, 0 < L < 1. A second decision variable is the additional
height added to the protection measures in each period, h^ The problem is thus a
combination of a static optimisation (with respect to variable L), and a dynamic
optimisation (in the case of hj. It can be expressed as follows
T

Z = /[/>C(L,ApG,)+ OL,(Z,S,)+ »X,(L,S,)]«-“<*

(15)

0

subject to

G, = h,
G, i S,
\
0

i 0
^ L ^

Gq given,

(15)
1

free

with PC, DLi and WL^ as defined in equations (9) to (14). St is the exogenously
given SLR path. The requirement Gt > St reflects the fact that for the sea wall to
be effective it has to be at least as high as the sea levePL

It may beworthwhile tounderlineagain

thedifference in the decision variables L

and ht. The length of protection,L, is a static variable which isdetermined at the
outset and remains constant thereafter, while the value of ht, on the other hand, may
vary from period to period. For example, if a certain coastline is not threatened
immediately, but will be towards the end of the time horizon, the general decision
of whether or not to protect it will have to be taken at the outset. The erection of
measures, however, may then be delayed until later, i.e. h^ will take values greater
than zero only at the end of the time horizon. We will later see that, while the

In a model allowing for storm surges, i.e. where St fluctuates over time, the optimal
height would be determined in a trade off between the costs of construction and the expected
value benefits of flooding damage avoided, calculated as the damage per flood event times
the frequency of occurrence. In the present formulation St is known with certainty, whence
we can simply impose Gt > St.
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optimal value for L, L*, depends on h^, h* does not depend on L.

4. Solving the Model

4.1 The Optimal Height of Protection Measures
Section 3 described the problem of optimal protection faced by local coastal zone
managers. In this section we will attempt to find a solution for the two decision
parameters L and h^. This then forms the basis for defining the sea level rise cost
function at the end of the section.

Let us start with the intertemporal decision variable h^. Given the assumptions of our
model, the optimisation with respect to h^ is fairly straightforward, h^ and G* only
occur in the expression on protection costs, PC. The question is thus how to raise
the sea wall at minimum costs without violating the constraints. In principle, the
lower the height of the wall, the better. However, in the terminal period the state
space constraint will require G,. > S,.. Since less height is better it will be strictly
binding, G,. = S^. Increasing the wall height further would only raise costs without
incurring benefits. The ultimate height of the wall is thus set by the amount of SLR
expected in the terminal period. This leaves the question of the optimal timing of
construction work. In the absence of fixed costs, and under the assumption that "a
brick is a brick”, which characterises equation (9), construction tomorrow is a
perfect substitute for construction today, i.e. there are no gains connected with a
one-off erection of measures (see section 3,2). The discounting effect will therefore
see to it that construction is carried out as late as possible, constrained only by the
requirement G^ > St.

The optimal strategy with respect to the height of defence measures will therefore
be not to raise the installations as long as they are higher than the current sea level
or if the sea level is falling, and to increase them at the same pace as the sea is
rising otherwise. Raising defence structures in earlier periods in anticipation of a
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future SLR would be inefficient. Or, in formal notation^^
0

if

S,

otherwise

(17)

h* =

where

denotes the rate of SLR. Note that the optimal strategy for hj does not

depend on the value of the other decision variable, L.

This result is mainly an artefact of the simple protection cost formulation (9). In
reality sea walls may be altered less frequently than implied by the model, due to
fixed costs. The occurrence of storm surges, i.e. the possibility that the sea level
may fluctuate and occasionally rise above its trend level St, may give rise to a
further increase in the height of sea walls^^. However, for our purpose the gradual
representation ignoring storms and fixed costs will suffice^®. The concern in this
chapter is less about the optimal height of protection measures than about the optimal
degree of protection and the overall costs of SLR. To these aspects we turn next.

4.2 The Optim al Length of Coastal Protection
With respect to variable L, the proportion of coastlines to be protected, the dynamic
character of the optimisation problem is of no relevance. To simplify the notation
we therefore introduce four variables, which will help to transform the dynamic
problem (15) into its static equivalent.

First we define a variable PO*'', which denotes the present value protection costs

The same result could also be obtained using control theory. Because of the linearity
of the Hamiltonian in the control variable, the optimal control would yield a bang bang
solution and h^ would be set at its lower bound value.
For a more detailed analysis of flood probabilities, security and the optimal height of
defence measures, see e.g. den Elzen and Rotmans (1992).
As a sensitivity test the simulations have been run assuming an immediate build up
of defence measures, i.e. using equation (8) rather than (9). The results deviated only
slightly from those reported here.
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under the assumption that all coasts are defended, i.e. for L = l . The annual
protection expenditures were derived in section 3.2. The corresponding present value
is then (from equations (9) and (15))
T
PC’"(h,,G^) = fP C (l,h^G ,)e-'“dt
®

(18)

Similarly, we can introduce a variable DL’’'" which denotes the present value of
dryland loss damage if no coasts were protected at all, i.e. if L = 0 . From equations
(10) and (15) we derive

=

fD L ,(0 ,S y-^'d t
“

=

(19)

K ^ r X g jS /e ^ '^ ^ d t

The impact on wetlands is split in two parts. We define WG^"' as the present value
gain from the inland migration of wetlands under L = 0 , i.e. if full backward
migration is possible. Alternatively, WG’’"' can be interpreted as the forgone gain in
wetland growth under full protection. Further, WL’’"' is defined as the present value
damage from wetland loss. Net (present value) damage to wetlands under no
protection is then
(20)

WL'^(S,)-WG'" = fWL(P,S,)e-'"dt

From section 3.4 we derive
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WGi^ = Warx^fte^-’^^dt

(21)

Using the definitions (18) to (22), equation (15) now reduces to
m in^. Z = [L P C "* (1 - L fD L ’^*

- (1 -L) WG^]

(23)

subject to (16). The equivalence of (23) and (15) can easily be checked by
substituting equations (18) to (22) into (15). The dynamic aspects from the second
decision variable hj are now all incorporated in PC*’'', the only variable depending on
hj. To derive the optimal value for L we assume that hj is set at its optimal level, i.e.
ht=ht*. Notice that since ht* does not depend on L, i.e.

= 0, we need not

worry about indirect effects.

The expression for the optimal solution of L is then easily derived as
j^ opt =

1

_

1

+ WG^

(24)

D L^

Finally, we have to remember that L is bounded from below and above. The upper
bound condition,

< 1, presents no problem. It will never be violated as long as

the three present value terms are positive. To secure the lower bound condition,
>

0

, we rewrite the optimal solution as

0

if

(25)

otherwise
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The interpretation of equation (24) is straightforward. The numerator of the term in
brackets denotes the present value costs under full protection. They consist of the
costs of raising the protection wall (PC’"') plus the opportunity costs of forgone
wetland gains (WG**''). There is no dryland loss, since protection is complete.
Conversely, the denominator represents the present value costs in the absence of any
protection measures, consisting solely of land loss damage

The optimal level o f protection is therefore determined by the relative size o f the
costs o f fu ll protection compared to those under fu ll retreat. The lower the costs o f
fu ll protection, the larger will be the share o f protected coasts. On the other hand,
if the (present value) damage from dryland loss is only modest, the degree o f
protection will be low. We get a corner solution if the costs of full protection are
more than twice as high as the costs under full retreat.

4.3 Costs as a Function of Sea Level
We are now in a position to define a cost function for the damage from sea level
rise. As explained in section 2, we seek the cost minimising combination of
mitigation costs (protection costs) and damage per se (dry- and wetland loss). That
is, the costs of SLR, denoted as V(SJ, correspond to the minimal value for Z
resulting from the optimisation problem described in section 3 and solved above. We
get V(SJ by substituting the optimal values L* and h / back into problem (23).
V(S) = L 'PC’^{h,\G,) + (1 -L 'fDL<^(S) +

-L ') WG<^

(26)

Where L*, h/, PCT, DL*’'', WL’’'' and WG’’'' are as defined in equations (17) to (25).
V depends both directly and indirectly, via L* and ht*, on the exogenous SLR
trajectory, S^. Note that because St is a path, rather than a real number, V(St) is not
a function but a functional: a mapping from a curve (St) to a real number (V), rather
than the usual mapping from real numbers to real numbers which characterises a
function (see e.g. Chiang, 1992).

A more sophisticated representation may include increased costs from storm damage
and salination here, which are neglected in the present formulation.
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In the policy debate different SLR scenarios are usually characterised by the rise
expected at a certain benchmark date (e.g. 1 metre by 2100). It would therefore be
preferable to express the costs of SLR as a function of such a benchmark figure,
rather than using the less accessible notion of a functional. To achieve this, the range
of possible SLR paths is limited to one particular form, viz. it is assumed that the
sea level rises linearly over time, and reaches a height of S,. at the end of the time
horizon. Normalising the initial levels at Gq = So = 0, this implies
S, =

(27)

Thanks to this assumption the costs of SLR can now be expressed as a function of
S,., compatible with the custom in the policy debate.

It is now also possible to undertake comparative static analysis. It is relatively easily
shown that both h^ and V depend positively on S^, i.e. 3h/8S^, 6 V/ 6 S,. > 0. More
interesting is the sign of ÔL75S,.. By substituting for h^ and

in (18) and (24) we

can eliminate these two variables and L* becomes a function of S^ alone.
Differentiating and rearranging yields (for an interior solution)

as.

(28)

= ( 1 - L ‘)
DLPv

PCP^ + WQf^

where PC^% WG’*'" and DL**^' denote the first order derivatives of P C '', WG^'' and
DLP", respectively, with respect to S^. It is easily shown that the sign of P C ' and
DLP"' is positive, while WG’’'" is equal to zero. The sign of dLVaS,. is therefore
ambiguous. However, equation (28) has an easy interpretation, as follows.

A high SLR will lead to a higher (lower) level o f protection than a modest rise i f the
percentage rise in costs under fu ll protection - the second term in equation (28) - is
smaller (greater) than the percentage rise in costs without any protection - the first
term in equation (28).
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5. Simulation Results for OECD Countries

Several data sources are available to calibrate the model on real data, most notably
IPCC (1990c), but also Titus et al. (1991) and Rijsberman (1991). It should however
be emphasised that, as with all estimates on global warming damage, the reliability
of many of these figures is rather low, and this will also affect the quality of the
simulation results. A considerable range of error has therefore to be accounted for.
Simulations will be carried out for the countries of the OECD, for a time horizon
of

1 1 0

years, i.e. until the year

2 1 0 0

.

When estimating the costs of SLR we have to be aware of the fact that different
types of coasts will warrant different measures of protection. IPCC (1990c) has
distinguished between 4 coastal types, cities, harbours, beaches, and open coasts.
We will follow this and calculate the costs for each of these categories in each
country. The total costs of SLR in a country will then be the sum of these four
categories. Following IPCC (1990c) we assume that beaches will be conserved
through beach nourishment, while all other types will be protected by sea dikes.

5.1 Estimation of Parameters
Parameters were estimated using the work of IPCC (1990c), Rijsberman (1991) and
Titus et al. (1991). Appendix 1 contains a full list of all relevant values. Some
values could be taken directly from these sources, some had to be adjusted for the
present purpose.

The length of threatened coastlines was taken from IPCC (1990c). In the case of
open coasts the data were supplemented with figures from Rijsberman (1991) on
sparsely populated coasts. Estimates for coastal wetland areas were taken from the
same source^*. It was assumed that such wetlands only occur along open coasts. To
convert Rijsberman’s area estimates into lengths of coastline, equation (13) was
calibrated to match the US data from Titus et a l.. We found that 1 km^ of wetlands

Unfortunately, no figures were available for Australia, Canada and New Zealand.
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roughly corresponds to 1 km of wetland coastline. That is, wetlands are about 1 km
wide. The same procedure simultaneously also determined the wetland migration rate
a. The dryland loss and protection cost parameters ^ and
similar way. For all three parameters - a, ^ and

7

7

were calibrated in a

- the US value was assumed to

hold in all countries.

Differences in protection costs between countries manifest themselves in parameter
V?, which was determined from the IPCC (1990c) data. It contains construction as
well as maintenance costs. Countries also differ with respect to land prices
(parameters Xq and Xg^). OECD wide average values were set at 2 m$/km^ for open
coasts and beaches, and 5 m$/km^ for wetlands, as in Part II. The land value for
cities and harbours was set at 200 m$/km^, the highest value reported in Rijsberman
(1991). This was sufficient to guarantee an almost complete level of protection of
these two coastal types. For lack of country specific data, regional land values were
then compiled by multiplying the OECD average with a series of indicators*’.
These included relative wealth (GNP/capita relative to OECD average) for cities and
beaches; GNP/land mass (net of wilderness areas) and percentage of urban
population in coastal cities for open coasts - the former an indicator of the scarcity
of land, the later an indication of the relative importance of coastal zones; and
international tourist revenues per km of coast for beaches to measure the relative
importance of tourist beaches^®.

Predictions of income and population growth were taken from IPCC (1992a), whose
estimates are themselves based on World Bank and UN data. Country estimates were
then achieved by weighing the OECD average with indicators of past economic
performance, and short term predictions on future population growth.

All indicators were normalised to the OECD average, i.e. the OECD value of each
indicator is one.
^ The indicator is not ideal because (a) it neglects domestic tourism and (b) it also
encompasses tourist activities other than beach recreation. It will thus underestimate beach
values in countries where domestic tourism is important, such as the US, and overestimate
the value in countries where non-beach tourism dominates.
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The discount rate was determined in same way as described in Part III, section 3.
Non consumption based costs - all protection costs, 20% of dryland loss and 10%
of wetland loss^^ - are transformed into consumption units by multiplication with
the shadow value of capital, and then discounted at the rate

Ôj = p + w

(29)

where p is the utility discount rate or social rate of time preference; w is the income
elasticity of marginal utility, and y^ the rate of growth of per capita income. See the
discussion in Part III. Although w = l, a logarithmic utility function, appears to be
the most popular case in the literature, we assume w=1.5 here, based on empirical
evidence cited in Cline (1992a). Estimates of income growth were taken from IPCC
(1992a), as mentioned above (note that these are business as usual figures).

The controversial parameter in this equation is p, see e.g Cline (1992a, 1993b),
Broome (1992), and Birdsall and Steer (1993). The main results here are based on
a value of p = 0 . As a sensitivity test we also calculated figures for p =0.03. The first
case follows the argumentation of Cline (1992a, 1993b) and Broome (1992), among
others, who reject a positive rate as individually irrational and ethically unjustifiable
since it gives a lower weight to future generations. The second scenario is along the
lines of e.g. Nordhaus (1992), who observed that only a positive rate is compatible
with historically observed savings and interest rate data. To be consistent with
Nordhaus we assumed w = l in the high discounting case. A third scenario considers
p = 0 and w = l. For a further discussion on discounting see Part I, section 4.

5.2 The Optimal Level of Protection
The results with respect to the optimal degree of coastal protection are summarised

As in Part III, it is assumed that 20% of market damage is investment related, and that
all other damage concerns consumption. 50% of the wetland loss and all dryland loss are
then assumed to be market damage. Protection costs are fully investment related.
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in Figures 3 and 4. The detailed set of results is given in Appendix 2^^. Not
surprisingly the highest degree of protection is achieved in cities and harbours,
where the protection rate is nearly 100% in all countries and for all SLR scenarios.
The value of the land at threat is sufficiently high to justify full protection. The
picture is somewhat more dispersed in the case of open coasts and beaches, where
the optimal level of OECD-wide protection varies between about 75% - 80% and
50% - 60%, respectively (see Figure 3).

How will the optimal degree of protection change for different assumptions about
SLR? Section 4.3 showed that the sign of the first order derivative of L* with respect
to the expected SLR, 6 LV6 S,., is ambiguous and depends on the relative costs of full
retreat vis à vis the costs of full protection (see equation (28)). The numerical
simulations now show that in the case of cities and harbours the protection cost
element tends to dominate. That is, the optimal level of protection decreases as
predictions about SLR increase, although, to be sure, the figures are still not
significantly different from 100% even in the worst case. Interestingly this trend is
reversed in the case of beaches. Here the potential land loss damage dominates and
the optimal level of protection increases as expectations of SLR become more
pessimistic. In a majority of countries the same seems to be true for open coasts (see
Appendix 2). The aggregate picture over the whole OECD (Figure 3), on the other
hand, shows a decreasing level of protection at least for higher degrees of SLR. This
may however be an artefact of the poor data quality. The aggregate seems to be
heavily influenced by the three countries Australia, Canada and New Zealand, for
which wetland figures are missing, and for which the cost of protection element is
therefore strongly dominant.

The regional picture can deviate considerably from the OECD average. Figure 4
shows countrywise estimates of the optimal protection of beaches and open coasts
against a 1 metre SLR. The values for cities and harbours are not reported in the

^ We only report estimates for SLR scenarios of more than 20 cm. For low enough
scenarios the function will exhibit a discontinuity at the point where equation (13) ceases to
hold (see footnote 12).
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Figure 3:

Optimal Coastal Protection in the OECD
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Figure 4:

Optimal Protection in OECD Countries against a 1 Metre SLR
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Figure. They exhibit less variation and are close to 100% for all countries (see
Appendix 2 for details). Regional differences are mainly driven by differences in the
value of dry- and wetland. Poorer nations such as Turkey and large countries such
as Australia and Canada tend to have lower protection levels, caused by lower land
values^^. The same is true for countries with a low population density such as
Iceland and Norway. In the case of Canada low land values are further coupled with
comparatively high protection costs which leads to optimal protection levels clearly
below 50%. Densely populated countries like the Netherlands, on the other hand,
have protection values close to 100% even for a low SLR (see Appendix 2). Low
land values are offset by comparatively low costs of protection in relatively poor
Portugal and Ireland. In the case of beaches the protection is increased in countries
like Greece and Spain because of the importance of summer tourism in these
countries. The low figure for the US on the other hand is mainly due to the
inaccuracy of the utilised index of beach tourism (see footnote

2 0

).

It should be recalled that these figures are only indicative of the optimal protection
levels. As emphasised in the beginning, the design of the optimal SLR mitigation
strategy is genuinely a regional problem which will and should be solved at a local
level.

5.3 The Costs of Sea Level Rise
The results of the numerical simulations of equation (26) are depicted in Figure 5,
for the OECD as a whole, and Figure 6 , for individual countries. Detailed results
are given in Appendix 3. The Figures show the costs of SLR as a function of the
rise expected by the year 2100. Costs are expressed as the present value of a stream
of expenditures over the next 110 years. They differ widely between countries,
ranging from less than 10 bn$ to over 400 bn$ for a 1 metre rise, although the
values are below 100 bn$ for all but two countries (see Figure 7). Consistent with
the results from Part II the bulk of damage stems from wetland loss. Dryland losses

^ Recall that for Australia, Canada and New Zealand no wetland figures were available.
The reported figures thus overestimate the optimal protection level for these regions (see
equation (24)).
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Figure 5:

The Costs of Sea Level Rise in the OECD
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Figure 6:

The Costs of Sea Level Rise in Individual OECD Countries
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high discounting

tend to be comparatively moderate and are restricted to low value areas, due to the
generally rather high protection levels.

Estimates strongly depend on the choice of the discount rate, as is shown in Figure
7. All results presented so far were based on the assumption of zero utility
discounting, and an income elasticity of marginal utility of 1.5, consistent with Cline
(1992a), see section 5.1. Alternatively if we use the Nordhaus (1992, 1993a, b)
assumption of a 3% utility discount rate, coupled with an elasticity of marginal
utility of 1, costs are reduced by as much as a factor of 3 on average (see Appendix
3 for details, which also reports the results of the low discounting case).

Damage raises rather rapidly as SLR predictions increase. Figures 5 and

6

show

SLR damage functions which are only slightly convex and almost linear. Although
it is usually assumed that damage is a convex function of climate change this should
not surprise us. Recall that the functions in Figures 5 and

6

are minimum functions.

As such they necessarily have to be less convex than the fixed-policy-response
functions which they envelop, and on which convexity predictions are usually based.
Further, the main source of non-linearity is typically the construction costs of sea
walls, which rise more than linearly with the required height, and thus with SLR.
With respect to land loss, the relationship is more likely to be linear (see Figure 1),
and these costs, particularly wetland damage, dominate the total.

Because the figures presented here are in present value terms, they are not directly
comparable to those of most other studies, which typically only assess the one off
costs of protection and/or the value of assets at threat. To the extent that a
comparison is possible, results appear to be within the same order of magnitude,
however.

6. Summary and Conclusions

The aim of Part IV has been twofold. First we wanted to exemplify the relative role
of mitigation expenditures within the costs of greenhouse damage in general, and for
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SLR in particular. We derived a rule of thumb to estimate the socially optimal
degree of coastal protection. It was shown that the optimal level of protection is
determined by the ratio of costs under full protection against those under full retreat
(see equation (24)). The larger the costs of protection, or the lower the damage
under full retreat, the lower will be the degree of protection.

In our numerical simulations we found that the optimal degree of protection will
vary between about 50% to 80% for open coasts and beaches, depending on the
underlying SLR scenario. Cities and harbours are almost invariably protected to the
full. A higher SLR will generally lead to a higher degree of protection for beaches,
and probably open coasts, but to a lower protection of cities and harbours. Large
and sparsely populated, as well as poorer nations tend to require a lower degree of
protection. The overall picture, however, appears to be that for the wealthy nations
of the OECD it will probably pay off to protect most of their coasts.

The second aim of Part IV was to estimate the costs of SLR. The aim was to
introduce a model which can provide a rough global assessment of SLR damage, to
complement the growing number of more accurate, but geographically limited local
case studies. We found that, provided the cost efficient solution is implemented, the
costs of SLR will probably not be catastrophically high, at least for OECD
countries. Damage costs rise steeply, and almost linearly with the degree of SLR
predicted for the end of the planning horizon. By far the most important damage
category is the loss of wetlands. It should be clear, however, that SLR costs to the
countries of the OECD are only a fraction of total worldwide greenhouse damage.
No conclusions can therefore be drawn on the optimal level of greenhouse gas
abatement.

A high level of aggregation allowed, and indeed was necessary for, a global
assessment of SLR damage. However, it may also be the main weakness of the
model. Reducing the set of available policy options and neglecting differences in
geographical and socio-economic structures may have biased the result. Recall from
Part II, section 2 that the value of land is only an imperfect indicator of the true
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welfare loss to consumers, and for many people their homeland may be worth more
than just its market value. Further, the resettlement of people from abandoned areas
may not take place without friction and may be subject to considerable adjustment
costs (see Pearce, 1993b). The costs of resettlement of a climate refugee (excluding
the disutility from hardship) have been assessed at about $ 4,500 per person (Cline,
1992a; Ayres and Walter, 1991; see Part II, section 2). These were neglected here,
and the figures presented are therefore likely to underestimate the true costs. The
model would then also underestimate the optimal level of protection.
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Appendix 1: Model Parameters - (a) Basic Indicators
GNP
(1990 bn$)

GNP/Cap
(1990. $V

Area
(km21

Population
(1990. ml

Fut. Inc
Growth (%)

Fut. Pop
Growth (%)

GNP/area
Index

GNPAVL
Index

Coastal
Pop. Index

Tourism
Index

15504

18847

31934

823

1.63

0.07

1.00

1.00

1.00

1.00

AUS

291

17000

7687

17

1.29

0.21

0.12

N.A.

2.31

1.13

BEL

155

15540

31

10

1.77

0.00

10.33

483.76

0.47

2.73

CAN

542

20470

9976

27

1.90

0.16

0.32

N.A.

0.35

0.96

DEN

113

22080

43

5

1.43

0.00

5.39

0.13

2.21

2.52

FIN

130

26040

338

5

2.17

0.00

0.87

1.78

1.60

0.86

FRA

1099

19490

552

56

1.63

0.08

4.10

1.48

0.45

1.90

FRG

1417

22320

249

64

1.63

-0.01

11,72

1.86

0.31

0.78

GRE

60

5990

132

10

1.90

0.00

0.94

0.58

1.88

3.88

0.14

OECD

ICE
IRE

5
33

20160
9550

103

0.25

2.04

0.00

0.01

2.36

2.39

70

4

2.04

0.00

0.98

0.24

2.36

4.00

-0.04

6.65

4.26

0.90

1.48

ITA

971

16830

301

58

2.04

JAP

3141

25430

378

124

2.78

0.02

17,11

0.70

1.22

0.12

NET

258

17320

37

15

1.22

0.04

14.37

0.44

1.22

1.52

NZL

43

12680

269

3

0.75

0.20

0.33

N.A,

2.21

2.62

NOR

97

23120

324

4

2.31

0.15

0.74

0.86

2.00

1.59

FOR

51

4900

92

10

2.04

0.06

1,14

0.37

1.67

5.77

SPA

430

11020

505

39

1.63

0.02

1.75

0.63

1.27

4.10

SWE

203

23660

450

9

1.29

0.00

0.98

7.32

1.81

1.43

TUR

91

1630

779

56

1.77

0.33

0.24

1.00

1.13

3,01

UK

924

16100

245

57

1.36

0.05

7.77

1.66

0.92

1.36

US

5448

21790

9373

250

1.15

0.14

1.20

1.01

0.97

0.72
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(b) Open Coast Parameters
DL coasts
K fkm)
OECD

WL coasts
Wrkm^

DL value
Xn fm$/km2'l

WL value
X „ fm$/km21

PC param.
(P ('m$/km21

PC param.
y(-)

DL param.
r/' (km/cm)

WL migrât
a (km/vr)

196729

96.526

2

5.0

AUS

52310

N.A.

0.54

N.A.

0.90

as OECD

as OECD

as OECD

BEL

170

2

9.73

50.0

0.66

as OECD

as OECD

as OECD

CAN

13660

N.A.

0.23

N.A.

1.20

as OECD

as OECD

as OECD

DEN

10800

5450

23.88

1.4

0.78

as OECD

as OECD

as OECD

FIN

11825

455

2.79

14.3

0.78

as OECD

as OECD

as OECD

FRA

5190

4619

3.67

3.3

0.72

as OECD

as OECD

as OECD

FRG

2210

2210

7.18

2.9

0.66

as OECD

as OECD

as OECD

GRE

1230

650

3.56

5.5

0.78

as OECD

as OECD

as OECD

ICE

1990

1990

0.67

0.1

0.90

as OECD

as OECD

as OECD

IRE

160

160

4.63

2.9

0.66

as OECD

as OECD

as OECD

ITA

3120

1420

11.90

19.0

1.20

as OECD

as OECD

as OECD

JAP

3920

3920

41.92

4.3

1.20

as OECD

as OECD

as OECD

NET

2585

2585

35.19

2.7

0.60

as OECD

as OECD

as OECD

NZL

14975

N.A.

1.46

N.A.

0.90

as OECD

as OECD

as OECD

NOR

165

165

2.98

8.7

0.78

as OECD

as OECD

as OECD

POR

750

750

3.82

3.1

0.66

as OECD

as OECD

as OECD

SPA

705

705

4.46

4.0

0.78

as OECD

as OECD

as OECD

SWE

12700

173

3.56

50.0

0.78

as OECD

as OECD

as OECD

TUR

750

570

0.55

5.6

0.90

as OECD

as OECD

as OECD

as OECD

as OECD

as OECD

as OECD

as OECD

as OECD

1.28

UK

6690

3473

14.27

7.6

0.66

US

50824

33700

2.31

4.9

1.20

182

0.005

0.0005

(c) Beach Parameters
Beach Length
K fkml

WL coasts
W rtcm)

value
X « tm$/km21

Beach value
x« tm$/km21

PC param.
iD tmS/km21

PC param.
y (A

DL param.
yl/ fkm/cml

0.0005

8380

0

2

5.0

AUS

500

0

2.03

N.A.

6JS

as OECD

as OECD

as OECD

BEL

65

0

56.28

50.0

5.11

as OECD

as OECD

as OECD

CAN

150

0

2.08

N.A.

9.00

as OECD

as OECD

as OECD

DEN

300

0

27.15

1.4

5.85

as OECD

as OECD

as OECD

FIN

100

0

1.50

14.3

6.75

as OECD

as OECD

as OECD

FRA

800

0

15.57

3.3

5.40

as OECD

as OECD

as OECD

FRG

300

0

18.22

2.9

4.95

as OECD

as OECD

as OECD

GRE

600

0

7.33

5.5

5.85

as OECD

as OECD

as OECD

ICE

0

0

0.68

0.1

N.A.

as OECD

as OECD

as OECD

IRE

0

0

7.87

2.9

N.A.

as OECD

as OECD

as OECD

ITA

800

0

19.63

19.1

9.00

as OECD

as OECD

as OECD

JAP

100

0

4.03

4.3

9.00

as OECD

as OECD

as OECD

NET

225

0

43.76

2.7

4.50

as OECD

as OECD

as OECD

NZL

100

0

1.73

N.A.

6.75

as OECD

as OECD

as OECD

NOR

20

0

2.37

8.7

9.00

as OECD

as OECD

as OECD

POR

150

0

13.17

3.1

4.95

as OECD

as OECD

as OECD

SPA

500

0

14.37

4.0

5.85

as OECD

as OECD

as OECD

SWE

200

0

2.80

50.0

6.75

as OECD

as OECD

as OECD

TUR

100

0

1.45

5.7

6.75

as OECD

as OECD

as OECD

UK

400

0

21.14

7.6

4.95

as OECD

as OECD

as OECD

US

2970

0

1.73

4.9

9.00

as OECD

as OECD

as OECD

OECD
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0.92

0.005

WL migrât.
a (Icm/vrl

(d) Parameters, Cities and Harbours
City Coasts
K dcm)
OECD

City Land val.
X/, (m$/km2)

3850

200

AUS

254

416.42

BEL

31

CAN

City prot.
<p fm)/km21

Harb. Coasts
K fkm)

Harbour val.
Xn fm$/km21

Harb. prot.
(£> fm$/km2)

DL param.
\l/ fkm/cm)

PC param.
y(-S

891.9

200.0

15.0

75.6

416.4

22.50

as OECD

as OECD

77.68

11.0

25.3

77.7

16.52

as OECD

as OECD

94

76.75

20.0

32.0

76.8

30.00

as OECD

as OECD

DEN

78

518.78

13.0

10.2

518.8

19.51

as OECD

as OECD

FIN

36

442.59

13.0

12.0

442.6

19.51

as OECD

as OECD

FRA

146

92.56

12.0

44.7

92.6

18.10

as OECD

as OECD

FRG

94

72.53

11.0

38.1

72.5

16.51

as OECD

as OECD

GRE

60

119.78

13.0

16.2

119.8

19.51

as OECD

as OECD

ICE

10

503.90

45.0

0.7

503.9

21.43

as OECD

as OECD

IRE

52

238.70

11.0

4.1

238.7

16.34

as OECD

as OECD

ITA

264

159.85

20.0

42.9

159.8

29.98

as OECD

as OECD

JAP

543

330.52

20.0

199.1

330.5

30.00

as OECD

as OECD

NET

51

225.11

10.0

75.9

225.1

14.99

as OECD

as OECD

NZL

151

297.92

15.0

4.6

297.9

22.61

as OECD

as OECD

NOR

48

491.20

13.0

14.7

491.2

19.46

as OECD

as OECD

POR

37

86.96

11.0

5.3

87.0

16.60

as OECD

as OECD

SPA

134

148.74

13.0

39.7

148.7

19.50

as OECD

as OECD

SWE

151

455.36

13.0

21.9

455.4

19.45

as OECD

as OECD

TUR

82

19.56

15.0

25.8

19.6

22.56

as OECD

as OECD

UK

392

156.94

11.0

64.4

156.9

16.49

as OECD

as OECD

US

1142

223.30

20.0

138.7

223.3

30.00

as OECD

as OECD
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1.28

0.005

(e) Discounting Parameters (main, high, low scenario)
Future Income
Growth y (%)

Rate of Risk
Aversion oj

Return on
Can., r f%)

Rate of Time
Preference o (%)

Shadow Price of
Canital fmainl

Shadow Price of
Can. fhieh/lowl

Disc. Rate, à
fmain case. %)

Discount Rate, 8
fhi eh/low. %)

OECD

1.63

1.5, n , n

10

0, f3, 01

1.63

1.32 / 1.74

2.45

4.63 / 1.63

AUS

1.29

1.5, (1, 1)

10

0, f3, 01

1.70

1.37 / 1.78

1.94

4.29 / 1.29

BEL

1.77

1.5, (1, n

10

0. f3. 01

1.61

1.31 / 1.72

2.65

4.77 / 1.77

CAN

1.90

1.5. (\. I)

10

0, f3, 01

1.59

1.29 / 1.70

2.85

4.90 / 1.90

DEN

1.43

1.5, (1, 1)

10

0, f3, 01

1.67

1.35 / 1.76

2.14

4.43 / 1.43

FIN

2.17

1.5, (1, n

10

0. f3. 01

1.54

1.26 / 1.67

3.26

5.17 / 2.17

FRA

1.63

1.5. n . n

10

0. f3. 01

1.63

1.32 / 1.74

2.45

4.63 / 1.63

FRG

1.63

1.5. n . n

10

0, f3, 01

1.63

1.32 / 1.74

2.45

4.63 / 1.63

GRE

1.90

1.5. f i. n

10

0. f3. 01

1.59

1.29 / 1.70

2.85

4.90 / 1.90

ICE

2.04

1.5, (1, n

10

0. f3. 01

1.56

1.27 / 1.68

3.06

5.04 / 2.04

IRE

2.04

1.5, n , 1)

10

0, f3, 01

1.56

1.27 / 1.68

3.06

5.04 / 2.04

ITA

2.04

1.5. f i. n

10

0, f3, 01

1.56

1.27 / 1.68

3.06

5.04 / 2.04

JAP

2.78

1.5. fi. n

10

0, f3, 01

1.44

1.18 / 1.59

4.18

5.78 / 2.78

NET

1.22

1.5. f i. n

10

0, f3, 01

1.71

1.38 / 1.79

1.83

4.22 / 1.22

NZL

0.75

1.5, f l, 1)

10

0, f3, 01

1.81

1.45 / 1.86

1.12

3.75 / 0.75

NOR

2.31

1.5, fl, 1)

10

0, f3, 01

1.52

1.24 / 1.65

3.46

5.31 /2 .3 1

POR

2.04

1.5. f l. n

10

0, f3, 01

1.56

1.27 / 1.68

3.06

5.04 / 2.04

SPA

1.63

1.5. f l. n

10

0. f3. 01

1.63

1.32 / 1.74

2.45

4.63 / 1.63

SWE

1.29

1.5. f l. n

10

0, f3, 01

1.70

1.37 / 1.78

1.94

4.29 / 1.29

TUR

1.77

1.5. f l. I)

10

0. f3. 01

1.61

1.31 / 1.72

2.65

4.77 / 1.77

UK

1.36

1.5. f l. n

10

0, f3, 01

1.68

1.36 / 1.77

2.04

4.36 / 1.36

US

1.15

1.5, f l, n

10

0, f3. 01

1.72

1.39 / 1.80

1.73

4 .1 5 / 1.15
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Appendix 2; Optimal Degree of Coastal Protection - (a) Open Coasts (% protected)
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(b) Beaches (% protected)
20 cm

40 cm

60 cm

80 cm

100 cm

120 cm

140 cm

160 cm

200 cm

180 cm

OECD

52

55

56

57

58

59

59

60

60

60

AUS

42

45

47

48

49

50

50

51

51

52

BEL

98

98

99

99

99

99

99

99

99

99

CAN

32

36

38

39

41

41

42

43

43

44

DEN

96

96

96

96

96

96

96

96

96

97

FIN

25

29

31

33

34

35

36

37

37

38

FRA

94

94

94

95

95

95

95

95

95

95

FRG

95

95

95

95

96

96

96

96

96

96

86

87

87

88

88

88

88

88

GRE
ICE

_

IRE

_

.

88
_

88
.

.

.

ITA

92

92

93

93

93

93

93

93

93

93

JAP

66

68

69

70

70

71

71

71

72

72

NET

98

98

98

98

98

98

98

98

98

98

NZL

18

22

25

27

28

29

30

31

31

32

NOR

44

47

49

50

51

52

52

53

53

53

POR

94

94

94

95

95

95

95

95

95

95

SPA

93

93

93

93

93

94

94

94

94

94

SWE

51

54

55

56

57

58

58

59

59

60

TUR

34

37

39

41

42

42

43

44

44

45

UK

96

96

96

96

96

96

96

96

96

96

US

1

6

9

11

13

14

15

16

17

17
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(c) Cities (% protected)
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200 cm

99

99

99

99

99

98

98

98

98

98

AUS

100

100

100

99

99

99

99

99

99

99

BEL

99

98

98

98

98

98

98

97

97

97

CAN

98

97

97

97

96

96

96

96

96

96

DEN

100

100

100

100

100

100

100

100

99

99

FIN

100

100

100

100

100

100

100

100

99

99

FRA

99

98

98

98

98

98

98

98

98

98

FRG

98

98

98

98

98

97

97

97

97

97

GRE

99

99

99

98

98

98

98

98

98

98

ICE

99

99

99

99

99

99

99

98

98

98

IRE

100

99

99

99

99

99

99

99

99

99

ITA

99

99

98

98

98

98

98

98

98

98

JAP

99

99

99

99

99

99

99

99

99

99

NET

100

99

99

99

99

99

99

99

99

99

NZL

99

99

99

99

99

99

99

99

99

99

NOR

100

100

100

100

100

100

100

100

100

100

POR

99

99

98

98

98

98

98

98

98

98

SPA

99

99

99

99

99

99

98

98

98

98

SWE

100

100

100

100

99

99

99

99

99

99

TUR

94

93

92

91

90

90

89

89

89

88

UK

99

99

99

99

99

99

99

99

99

99

US

99

99

99

99

99

98

98

98

98

98
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(d) Harbours

(%

protected)
20 cm

60 cm

40 cm

80 cm

100 cm

120 cm

140 cm

180 cm

160 cm

200 cm

OECD

99

98

98

98

98

98

97

97

97

97

AUS

99

99

99

99

99

99

99

99

99

99

BEL

98

97

97

97

97

96

96

96

96

96

CAN

97

96

95

95

95

94

94

94

94

93

DEN

100

100

99

99

99

99

99

99

99

99

FIN

100

100

99

99

99

99

99

99

99

99

FRA

98

98

97

97

97

97

97

97

96

96

FRG

98

97

97

97

96

96

96

96

96

95

GRE

98

98

98

98

98

97

97

97

97

97

ICE

100

100

99

99

99

99

99

99

99

99

IRE

99

99

99

99

99

99

99

99

99

99

ITA

98

98

98

97

97

97

97

97

97

97

JAP

99

99

99

99

99

99

99

99

99

99

NET

99

99

99

99

99

99

99

99

99

99

NZL

99

99

99

99

99

99

98

98

98

98

NOR

100

100

100

100

99

99

99

99

99

99

POR

98

98

98

97

97

97

97

97

97

97

SPA

99

98

98

98

98

98

98

98

98

97

SWE

100

99

99

99

99

99

99

99

99

99

TUR

91

89

87

86

86

85

84

83

83

82

UK

99

99

98

98

98

98

98

98

98

98

US

99

98

98

98

98

98

98

97

97

97
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Appendix 3: The Costs of Protection
20 cm

40 cm

- (a) Total Costs V(S,) (main case:
60 cm

80 cm

p=

O, w = 1.5; bn$)
120 cm

100 cm

140 cm

200 cm

180 cm

160 cm

164.9

353.6

544.0

737.1

932.5

1129.9

1329.2

1530.1

1732.5

1936.3

AUS

4.8

11.2

18.4

26.3

34.5

43.2

52.2

61.4

71.0

80.7

BEL

0.1

0.3

0.4

0.6

0.8

1.0

1.1

1.3

1.5

1.7

CAN

1.1

2.4

3.8

5.4

6.9

8.5

10.1

11.7

13.4

15.0

DEN

3.8

7.9

12.1

16.5

21.0

25.6

30.2

35.0

39.7

44.6

FIN

2.3

4.8

7.5

10.2

13.1

15.9

18.8

21.8

24.8

27.8

FRA

6.0

12.5

19.1

25.7

32.4

39.1

45.8

52.5

59.3

66.1

FRG

4.8

9.7

14.7

19.6

24.7

29.7

34.7

39.8

44,9

50.0

GRE

1.5

3.1

4.7

6.2

7.9

9.5

111

12.7

14.4

16.0

ICE

0.2

0.5

0.8

1.1

1.4

1.8

2.1

2.5

2.9

3.3

IRE

0.7

1.5

2.3

3.0

3.8

4.6

5.4

6.2

7.0

7.8

ITA

8.4

17.6

26.8

36.0

45.3

54.6

64.0

73.4

82.8

92.3

JAP

27.8

56.0

84.3

112.9

141.5

170.2

199.0

227.8

256.8

285.8

NET

4.3

8.8

13.3

17.8

22.4

27.0

31.7

36.3

41.0

45.7

NZL

2.1

5.1

8.5

12.3

16.2

20.4

24.7

29.2

33.9

38.7

NOR

1.7

3.6

5.4

7.3

9.1

11.0

12.8

14.7

16.6

18,5

POR

0.9

1.8

2.8

3.7

4.7

5.7

6.6

7.6

8.6

9.6

SPA

6.2

12.5

18.9

25.2

31.6

38.1

44.5

50.9

57.4

63.9

SWE

4.4

9.3

14.5

19.8

25.2

30.8

36.5

42.3

48.1

54.1

TUR

0.9

2.6

4.2

5.9

7.5

9.1

10.8

12.5

14.1

15.8

UK

10.8

22.3

33.8

45.5

57.3

69.1

81.1

93.1

105.1

117.3

US

72.3

160.2

247.7

336.0

425.2

515.1

605.8

697.2

789.1

881.7

OECD
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(b) Sensitivity Analysis: Total Costs V(S^) for high discounting (p = 0.03, co = 1; bn$)
20 cm
OECD

40 cm

60 cm

100 cm

80 cm

120 cm

140 cm

160 cm

200 cm

180 cm

48.2

103.8

160.5

218.4

277.3

337.0

397.4

458.4

520.0

582.2

AUS

1.8

4.3

7.0

9.9

12.9

16.0

19.2

22.5

25.8

29.2

BEL

0.1

0.1

0.2

0.3

0.4

0.4

0.5

0.6

0.7

0.8

CAN

0.4

0.9

1.4

1.9

2.4

2.9

3.5

4.0

4.5

5.1

DEN

1.1

2.4

3.8

5.2

6.7

8.2

9.7

11.3

12.9

14.5

FIN

0.9

1.9

2.9

4.0

5.2

6.3

7.5

8.8

10.0

11.3

FRA

1.8

3.7

5.7

7.8

9.8

11.8

13.9

16.0

18.1

20.2

FRG

1.4

2.8

4.2

5.7

7.2

8.6

10.1

11.6

13.1

14.6

GRE

0.5

1.1

1.7

2.3

2.9

3.4

4.0

4.6

5.2

5.9

ICE

0.1

0.2

0.3

0.5

0.6

0.8

0.9

1.1

1.3

1.4

IRE

0.2

0.5

0.7

1.0

1.3

1.5

1.8

2.1

2.3

2.6

ITA

2.9

6.1

9.3

12.5

15.8

19.1

22.4

25.7

29.1

32.5

JAP

11.2

22.6

34.1

45.7

57.4

69.2

81.0

92.9

104.8

116.7

NET

1.1

2.2

3.4

4.6

5.7

6.9

8.2

9.4

10.6

11.9

NZL

0.7

1.7

2.8

4.0

5.2

6.6

7.9

9.4

10.9

12.4

NOR

0.6

1.2

1.8

2.5

3.1

3.8

4.4

5.1

5.7

6.4

POR

0.3

0.6

0.9

1.3

1.6

1.9

2.3

2.6

3.0

3.3

SPA

1.8

3.6

5.4

7.3

9.1

11.0

12.9

14.8

16.7

18.6

SWE

1.3

2.7

4.3

5.9

7.6

9.4

11.2

13.0

14.9

16.8

TUR

0.3

0.7

1.2

1.7

2.2

2.7

3.2

3.7

4.2

4.8

18.6

21.9

25.2

28.6

31.9

127.6

150.7

174.0

197.6

221.4

UK

2.8

5.9

9.0

12.2

15.4

US

17.0

38.5

60.2

82.3

104.8
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(c) Sensitivity Analysis: Total Costs V(S^) for low discounting (p = 0, o) = 1; bn$)
20 cm
OECD

40 cm

60 cm

80 cm

100 cm

120 cm

140 cm

200 cm

180 cm

160 cm

292.0

619.5

948.9

1281.6

1617.6

1956.4

2297.8

2641.4

2987.2

3334.9

AUS

6.6

15.5

25.5

36.4

47.9

60.0

72.5

85.5

98.8

112.5

BEL

0.2

0.4

0.7

0.9

1.2

1.5

1.8

2.0

2.3

2.6

CAN

1.7

3.9

6.3

8.8

11.5

14.2

17.0

19.9

22.8

25.8

DEN

6.0

12.5

19.2

26.1

33.1

40.2

47.4

54.7

62.1

69.6

FIN

4.6

9.6

14.8

20.1

25.5

31.0

36.6

42.2

47.9

53.7

FRA

10.4

21.8

33.2

44.7

56.2

67.7

79.3

91.0

102.7

114.4

FRG

8.4

17.1

25.8

34.5

43.3

52.1

60.9

69.7

78.6

87.5

GRE

2.7

5.6

8.4

11.3

14.2

17.1

20.1

23.0

25.9

28.9

ICE

0.4

0.9

1.4

1.9

2.5

3.1

3.7

4.3

4.9

5.6

IRE

1.5

3.0

4.6

6.1

7.7

9.3

10.8

12.4

14.0

15.6

ITA

16.6

34.7

52.6

70.7

88.8

106.9

125.2

143.5

161.8

180.3

JAP

72.3

145.2

218.4

291.9

365.5

439.3

513.2

587.2

661.3

735.5

NET

6.6

13.4

20.3

27.3

34.3

41.3

48.4

55.5

62.6

69.8

NZL

2.6

6.3

10.5

15.1

19.9

25.0

30.4

35.9

41.7

47.6

NOR

3.9

8.1

12.2

16.3

20.5

24.6

28.8

33.0

37.1

41.3

POR

1.7

3.6

5.5

7.4

9.3

11.2

13.1

15.0

16.9

18.9

SPA

10.9

22.0

33.2

44.4

55.6

66.8

78.1

89.4

100.7

112.1

SWE

6.7

14.2

22.0

30.0

38.1

46.5

55.0

63.6

72.3

81.2

TUR

1.7

4.8

7.8

10.9

13.8

16.8

19.9

22.9

25.9

28.9

UK

17.4

35.7

54.2

72.9

91.6

110.5

129.5

148.6

167.8

187.1

US

109.3

241.2

372.2

504.1

637.1

771.1

906.1

1042.0

1178.7

1316.1
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PART V

THE GLOBAL WARMING GAME: SIMULATIONS OF A CO^
REDUCTION AGREEMENT*

Part V analyses the incentives for, and the possible benefits of an international
cooperation to reduce CO2 emissions. The negotiations are modelled as a (static)
reciprocal-extemality-game in COj-emissions between 5 world regions. CO 2
emissions affect the players in two ways: First, each country’s income depends (via
energy inputs) on the amount of CO2 emitted. Second, emissions may cause future
damage due to climate change. Without cooperation, each player maximises its net
benefits in setting marginal income equal to its marginal damage costs (Nash
equilibrium). Under full cooperation marginal income equals the sum of the marginal
damages (social optimum). The chapter calculates illustrative estimates of these two
equilibria. It shows that the currently observed differences in countries’ attitudes
towards a C 0 2 -reduction-agreement can largely be explained by economic factors.
An efficient international agreement involving all countries will not be feasible
unless side payments are provided to non-OECD countries.

1. Introduction

International cooperation towards a global warming treaty is high on the political
agenda. The UN Framework Convention on Climate Change, now signed by over
160 countries, was a first step in this direction. It states as the final aim the
stabilisation of greenhouse gas concentrations "at a level that would prevent
dangerous anthropogenic interference with the climate system" and this "within a
time frame sufficient to allow ecosystems to adapt naturally to climate change"
(Article 2; see Part I, section 1). Without containing a binding commitment, the
Convention calls on developed country parties to reduce their CO2 emissions to 1990
levels by the year 2000. Despite the modest character of this target, compared to the
rigorous measures demanded by scientists, it has since become the benchmark of
international policy action, and most OECD countries have now committed

^ Written jointly with Snorre Kverndokk (Statistics Norway, Oslo).
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themselves in one form or another to emissions stabilisation at 1990 levels. The
stage is thus set for an emissions pattern in which emissions from developed
countries have steadied, while those from developing nations continue to grow
unconstrained. The aim of Part V is to contrast this, the politically most likely
outcome, with the solution suggested by economic theory.

Welfare economics would recommend that the optimal level of greenhouse gas
abatement be evaluated in a trade off between the costs of abatement and the benefits
from reduced emissions, which occur in the form of greenhouse damage avoided.
Papers applying this cost-benefit concept to climate change have been reviewed in
Part I, section 4, which also contains an assessment of this approach in general (see
also Part III, section 2). Cost-benefit studies include the pioneering analysis by
Nordhaus (1991b, c), as well as Cline (1992a) and the optimal control models DICE
(Nordhaus, 1992, 1993a, b) and CET A (Peck and Teisberg, 1992, 1993a, b). All
these studies remain at an aggregate, worldwide level. In this chapter we introduce
cost-benefit aspects on a more disaggregated level, i.e. to a world divided into
different regions.

Regional disaggregation raises the additional question of how greenhouse gas
abatement should be spread between regions. Cost effectiveness would require that
marginal abatement costs be equal in each region. The abatement pattern implied by
this principle has been analysed e.g. by Kverndokk (1993) and Martin et al. (1992).
Regional disaggregation also gives rise to various strategic considerations. The
socially optimal abatement policy need not be optimal from an individual country’s
point of view, and this may cause it to pursue a different strategy unless the
incentive structure is changed in its favour, e.g. through compensatory side
payments. An early paper dealing with such game theoretic issues in the global
warming context is Kosobud and Daly (1984), which analyses a game in CO2
emissions between North and South America. Barrett (1992c) has analysed a game
between EC countries. Global games considering the entire world include Eyckmans
et al. (1992) and Tahvonen (1993). Most of these studies work with linearised
climate and damage functions, however, a simplifying assumption which is dropped
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in the present analysis.

Part V introduces a stylized carbon cost-benefit model which illustrates the above
issues. The process of a CO2 reduction agreement is analysed as a numerical global
game, where the different players, i.e. the different countries and regions, take into
account both the costs and benefits from CO2 abatement. The game is static, since
we are only interested in the outcome in the benchmark year

2 0 0 0

, the year set in

the Climate Convention as the date when developed countries should have stabilised
their emissions. The game is played by five regions: The United States (USA), all
other OECD countries (GOECD), the countries of the former Soviet Union (EXUSSR), China (CHINA) and the rest of the world (ROW). The only greenhouse gas
emissions analysed are CO2 emissions from the combustion of fossil fuels, by far the
most important source of greenhouse gases (IPCC, 1990a; 1992a).

It should be emphasised at the outset that we make no claim as to the accuracy of
our numerical results. Due to the great uncertainty prevailing, particularly with
respect to greenhouse impacts, and because of the simple character of our model,
figures should be seen as indicative only. We do however suggest that they may
offer some insights into general tendencies and may help in understanding the
economic incentives for greenhouse gas abatement and the willingness to cooperate
in different geographical regions.

Part V is structured as follows: Section 2 introduces the model and derives the
important equilibria. The relevant functions are specified and calibrated. The results
from the simulations under different scenarios are then given in section 3. Section
4 concludes.

2. The Model

2.1 General Description
From an economist’s point of view global warming is a typical open access resource
problem. The atmosphere is used jointly by all countries of the world to dispose of.
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among other substances, CO2 , which is emitted as a by-product of GNP-producing
activities. However, the accumulation of CO2 in the atmosphere may have negative
effects in the form of future climate change, and this not only for the emitting
country but for the world as a whole. That is, each emitter imposes a negative
externality on the rest of the world. These features can be formalised in a reciprocal
externality game, as described below (see also Maler, 1990).

Greenhouse gases are also typical examples of stock pollutants, since it is only the
atmospheric concentration (the stock) which affects the climate, while the flow of
emissions as such would be harmless, at least with respect to climate change.
Problems of stock pollutants are usually analysed in a dynamic framework, see the
examples cited in Part I, section 4. In the case of CO2 this would imply a model in
which each player i is maximising a net benefit function of the form

max NB, = Y , [ % ) '

(D

r=0

subject to
T,

Ê y

(2 )

;= 1

where Yjt(.) is a concave income function for player i at time t, with CO 2 emissions
being the only input factor. D;t(.) is a convex function denoting the damage from
climate change in period t. As in earlier chapters the various aspects of a chgmging
climate (sea level rise, changes in precipitation, etc.) are represented by a single
variable, viz. the incremental temperature since preindustrial time (1750-1800), T^.
The link between emissions and temperature rise is described in the side constraint
( ly .

finally is the discount factor for country i. Models of this kind can be solved

theoretically using dynamic game theory. Examples of differential games in the

^ Equation (2) corresponds to the voluminous set of n transportation constraints (one for
each country) in asymmetric pollution games such as Maler (1989b). Due to symmetry this
reduces to a single constraint (valid for each country) here.
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context of environmental problems include Hoel (1992b), van der Ploeg and de
Zeeuw (1992), and on a more applied level Tahvonen (1993).

In the present context we are only interested in the outcome in one period, the year
2000. The game presented here is thus static. Each player maximises income in the
base period, but is also considering the warming bequest he is causing with his
action. To highlight the connection to the dynamic problem, consider the following
thought experiment: Suppose that countries have already agreed on a CO2 reduction
treaty which will come into force in period 1. The treaty specifies all CO2 emissions
from period 1 onwards. The maximising agent in period 0 is thus left with only one
decision variable, viz. the optimal emission level in period 0. All other emissions are
determined by the treaty. The analysis has become static, i.e. instead of defining an
optimal emissions path over time we now calculate the optimal emissions for only
one point in time.

A static game of this sort can be described as follows. Without cooperation each
player i maximises its own net benefits, NBj, with respect to own emissions in
period 0, e^. That is
T

T

max NB, = r,(e,) +Ey;,(?;)(l+0,)-'-Ei),,(r,)(l+6,)-'
f=l

(3)

f=0

where êjt are the exogenously determined CO2 emissions for player i at time t, t >
0. Note that EtYiXëJ(l

- the present value of future income - is therefore

exogenous as well, i.e. future income is fully determined by the treaty. The climate
constraint now takes the form

(4)

=//Ee.;Ee.^,...,Eêp
y=l

y=l

y=l

Incremental temperature is a function of the total emissions of all players at time 0,
Ejej. Emissions in subsequent periods, while influencing T^, are by assumption
exogenous and therefore only enter as parameters.
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The non-cooperative outcome is compared to the cooperative problem

max JlNB. = ^ r,(e,) +È%
i =l

i=i

) (1

+Ô,.)-'- èDJ.T,)(l * ô;)-'

f=l

(5)

f=0

Mathematically, moving from problem (1) to problems (3) and (5) corresponds to
adding n • t constraints to the optimisation problem. The extent to which a static
model reflects the true process thus depends on how consistent these constraints are
with the dynamically optimal path^. To mimic the dynamics as closely as possible
the exogenous emissions fixed in the treaty were linked to the static optimum, viz.
future relative reduction levels are assumed to be the same as those found socially
optimal for period 0. For example, if the social optimum from the static game (see
equation (7) below) prescribes an optimal reduction level of, say, 10%, we assume
future emissions to be 10% below the business as usual (BAU) path'*. The social
optimum calculated in the game can thus be interpreted as a static approximation of
a dynamic optimum. Alternatively, the analysis can be seen as one of optimal
timing: what is the effect of implementing an agreement today instead of waiting
until the next period. Other assumptions about future emissions could of course be
used. However, as we will see later the results are fairly insensitive with respect to
the exogenous emissions path (see section 3.4).

The optimisation problems (3) and (5), subject to (4), yield two well-known results
of public sector economics, often referred to as the Samuelson conditions (after
Samuelson, 1954): Without cooperation, each agent sets marginal income equal to
own marginal damage, while a social optimum would require that the marginal
income of each agent equals the sum of all marginal damages, i.e. that the

^ On the positive side a static game allows a more accurate (non-linear) representation
of the climate and damage functions. Dynamic games, e.g. Tahvonen (1993) are usually
based on linear functions, in order to keep the problem tractable.

* The social optimum is thus calculated in an iterative process: Exogenous future
reduction levels are altered until they correspond to the socially optimal reduction level
calculated for period 0. The so defined exogenous emission path is then substituted into the
non-cooperative problem to calculate the non-cooperative equilibrium.
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externalities caused by each player are taken into account.

For the model outlined here, the Samuelson conditions take the following form. The
non-cooperative case leads to a Nash equilibrium, and the first order conditions are

(6)

y! =
f=0

for all i; a dash denotes first order derivatives, i.e. f^' = dTJd'LjCj etc. The product
D j/f/ is hence the additional damage at time t, caused by an increase in today’s
emissions, and total marginal damage is the discounted sum of the additional future
damage, which is depicted on the right-hand side of equation (6 ).

The first order conditions for problem (5), i.e. for the social optimum, are
correspondingly^
y!

=

(7)
y=lf=0

for all i.

In many studies (e.g. Maler, 1989b) parameters are calibrated such that the noncooperative situation corresponds to the present state of the world. In the context of
global warming this assumption would probably be less appropriate. Instead we
assume that, at the moment, countries are still in a business as usual (BAU)
situation, characterised by Y/ = 0. Y/ = 0 was perceived optimal either because
countries were unaware of the greenhouse effect (i.e. they assumed

= 0 ), ignored

its subsequent impacts (i.e. had a high discount rate ôj or assumed them to be

^ Note that equation (7) is also the optimal condition for a Nash bargaining problem, as
long as we allow for side payments. I.e. the social optimum describes the only efficient
cooperative outcome, independently of countries’ bargaining powers.
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negligible (i.e.

= 0)^. Recent scientific evidence, however, and an increased

awareness of environmental problems is now leading to a shift away from BAU to
a new optimum. This new equilibrium could either be the cooperative solution (7)
or, if countries fail to agree on a treaty, the Nash outcome (6 ). Of course the world
could also agree on a suboptimal treaty. However, issues of suboptimality and gains
from cost effectiveness have already been analysed elsewhere (see e.g. Kvemdokk,
1993), and will therefore not be considered here.

In the remainder of section 2 the general functional forms used so far are specified
in more detail. We start with a description of the climatological mechanisms leading
to global warming, that is with the side constraint (4).

2.2 The Climate Module
The climate module of Part V has been significantly simplified compared to the
version of Part III, the most important simplification being that, instead of working
with several greenhouse gases, all emissions are directly transformed into CO2 equivalents. This was done using the relative greenhouse damage contributions
calculated in Part III, zmd, for CFCs, in Hoel and Isaksen (1993)^. Each emission
(of whichever gas) is therefore treated as if it was CO2 . The climate module then
consists of a set of only three equations: a temperature constraint, a stock constraint
and an emissions equation^

The temperature constraint describes the reaction of temperature to a change in
atmospheric CO2 concentration. According to IPCC (1990a) the relation between

®Note that under these assumptions Y/ = 0 satisfies both optimal conditions, (6) and
(7). In the absence of an externality individual and social optimum coincide.
^ Recall from Part III, section 4, that the more usual Global Warming Potentials
proposed by the IPCC (see IPCC, 1990a; 1992a) are less suitable, because they measure
relative radiative forcing, rather than relative damage (see also Reilly, 1992; Schmalensee,
1993; Hoel and Isaksen, 1993).
* As in Part III, the scientific aspects are based on IPCC (1990a, 1992a). For a similar
representation see Nordhaus (1991b, c; 1992; 1993a, b) and Peck and Teisberg (1992,
1993a, b).
2 00

concentration and the equilibrium change in global mean temperature (i.e. the
change which will occur after full adjustment) can be approximated by the
logarithmic function

t;

= win

(8)

where T \ denotes the difference in global mean temperature between the new and
the preindustrial equilibrium. Qt is the atmospheric greenhouse gas concentration at
time t (in CO2 equivalents) and

the preindustrial CO2 concentration^. Because of

the thermal inertia of oceans, however, the equilibrium will only be reached
gradually. The temperature constraint is thus represented as a partial adjustment
equation.

r, = a*mln

Q.)
QPj

where ot is the delay parameter which determines the speed of adjustment,

0

< a

< 1.

The stock constraint is a basic representation of the carbon cycle and determines the
level of atmospheric CO2 concentration. CO2 is assumed to dissipate at a constant
rate a, thus

0 ,=

where

(1-0 )0 ,

(

10)

denotes total emissions in period t-1 (measured in CO2 equivalents). The

parameter X translates emission units (GtC) into concentration units (ppm).

Total emissions

are determined in the emissions equation.

is basically the sum

^ The ratio
= 2 would thus correspond to a doubling of CO2 equivalent
concentration, compared to preindustrial CO2 levels ("CO2 equivalent doubling", see
Schneider er û/., 1990).
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of all greenhouse gases emitted in period t,
( 11)

where the emission levels, s^t, are exogenously given in all periods and for all gases
k (see section 2 . 1 ), except for CO; emissions from fossil fuels in period

0

, which

are endogenous, i.e. SFo=^jCj (the subscript F stands for fossil fuels). 4 denotes the
airborne fraction of gas k, i.e. the fraction of the emissions which is deposed in the
atmosphere.

The climate parameters are calibrated to match the findings of IPCC (1990a; 1992a).
To simplify matters we only distinguish between three different greenhouse gases:
CO; from fossil fuel combustion, CO; from other sources (like deforestation and
cement manufacturing) and other greenhouse gases (CH4 , N ;0 and CFCs)*°. We
assume a constant growth rate for each type, which is derived from the predictions
of IPCC (1992a) and the US Environmental Protection Agency (Lashof, 1991). A
list with all parameter values is given in Table 1.

2.3 The Income Function
The income function expresses the maximum income a country can achieve under
different emission constraints of CO;. If a more stringent CO; constraint leads to
lower income, this income reduction may be called the CO; abatement cost.

To further understand the connection between income and CO; emissions, we can
write the income function for a country in the following way (region subscripts are
left out for simplicity).

The importance of CFCs as greenhouse gases has been reconsidered in IPCC (1992a).
It is now believed that most of the direct radiative effect of CFCs is offset by their indirect
impact on the ozone layer. Stratospheric ozone, which is also a greenhouse gas, is destroyed
through CFCs (see also Part III, section 3).
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Table 1:
Param.

Climate Parameters
Value

Comments

a

0 .1 0

delay parameter, for lag of 30 to 50 years

m

3.61

climate parameter, for climate sensitivity of 2.5 *C

Q>

280

preindustrial C 0 2 -concentration, in ppm

X

0.47

conversion factor GtC to ppm

a

0.005

dissipation rate, for atmospheric lifetime of
years

SoC02t

1.300
- 1 .0 %

other C0 2 -emissions in base year 2000 (GtC)
annual growth rate from base year emissions*

SoGHGt

5.990
0.3%

other GHG-emissions in year 2000 (GtC-equiv)
annual growth rate from base year emissions

as soc. opt.
1 .1 %

Spt

2 0 0

emissions from fossil fuels in year 2000 (GtC)
annual growth rate of exog. fossil fuel emissions’’

^OGHG

1 .0

airborne fraction of other greenhouse gases

^0C 02

0.5

airborne fraction of other CO2 , see IPCC (1990a)

0F

0.5

airborne fraction of CO2 from fossil fuels

‘ soco2t = 1.300 * (1 - o.oiy
CO 2 emissions are less than BAU by the same percentage as was found socially
optimal for period 0 (see section 2.1). It is easily seen that this corresponds to a
growth in emissions at BAU rates from the socially optimal level at time 0.
Source: see text.

(12)

F(e) = max[<|)(v) - pv \ av ^ e]

where the symbols are defined as follows:
V=
p =
a =
e =

column vector of energy inputs,
row vector of energy prices,
row vector of coefficients transforming energy use into CO2 emissions,
CO2 emission constraint.
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Recall that the emissions constraint e, while defined as an exogenous parameter in
the context of the income function, is determined endogenously in the larger context
of the game: its value is the result of agents’ optimisation, i.e. the result of solving
problem (3) or (5), subject to (4).

Let <j)(y) - pv express the gross domestic product (GDP) in a country, where <^(v)
is the output value of goods and services at market prices. Energy is assumed to be
the production input and hence the intermediate product. It can be shown (see
Kvemdokk, 1993) that if the GDP function is concave in energy inputs, the income
function will be concave in the emission constraint.

Define ê as the emission level which maximises GDP, i.e. the level for which
= p™, for all inputs m. ê can be interpreted as the optimal emission level
in the absence of any CO; constraints, in a scenario where the greenhouse effect is
not taken into consideration at all. In other words, ê denotes BAU emissions (see
section 2.1). We see that for e < ê the income function is an increasing function in
actual emissions, av, and v will therefore always be chosen such that av = e.

The specific functional form used in this study is taken from Kvemdokk (1993), and
is expressed in equation (13).
y(e) = r -

b

(13)

‘

where ê and Ÿ denote emissions and GDP in the BAU scenario, i.e. Ÿ = Y(e). q
is defined as
n

=

(14)
de

i.e. q can be interpreted as the tax on CO2 emissions necessary for a complete switch
from fossil fuels to a non-fossil backstop technology (the switch price of CO2). At
this specified tax rate, no carbonous energy inputs will be consumed, and hence no
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Table 2;

The Parameters of the Income Function

USA

OOECD

EX-USSR

CHINA

ROW

b

2.12949

2.20324

1.77381

1.76923

1.81899

technol.
parameter

q

1016.06

1016.06

1016.06

1016.06

1143.80

switch price
of CO2 ($/tC)

ê

1.649

1.640

1.184

0.754

1.743

BAU CO2
emiss. (GtC)

Ÿ

7,117

13,322

3,384

1,706

4,757

BAU GDP
(bn 1990$)

Source: after Manne and Richels (1992), Manne (1993b).

emissions due to fossil fuel use will occur.

b is a technology parameter, which together with q, ê and Ÿ describes the
technology of the country. It can be interpreted as the (constant) elasticity of
abatement costs” . We assume b > 1 and q > 0, to assure concavity for e < ê.
Further we require b > qê/Ÿ, which implies Y(0) > 0, i.e. GDP is always non
negative. For further characteristics of the income function see Kvemdokk (1993).

The costs of COj abatement have gained considerable attention in the literature and
several global studies exist which could serve to calibrate the income parameters (see
Part I, section 2; for more detailed surveys see e.g. Hoeller et al. , 1992; UNEP,
1992; Boero et a l , 1991). We used the data from Manne (1993b) and Manne and
Richels (1992). The resulting parameter values are shown in Table 2.

2.4 The Damage Function
As with the climate module, the description of the damage function draws on section

Define abatement costs as C = Ÿ - Y and emissions reductions as A = ê - e. From
equation (13) it follows immediately that the reduction elasticity of abatement costs is equal
to b.
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3 of Part III. The structure here is again slightly simpler than that of Part III,
though, and also follows examples found elsewhere in the literature. Explicit,
although somewhat arbitrary specifications of damage functions are found in Peck
and Teisberg (1992, 1993a, b) and Nordhaus (1992, 1993a, b). Based on these
studies we assume a convex function of the form

(15)

D^iT) = k,i\ +g,)

All damage is assumed to grow in proportion to income, where the rate of economic
growth in country i is gj throughout the time horizon. The distinction between
market and non-market related damage of Part III is dropped here, kj denotes the
damage for country i caused by a hypothetical temperature increase of A ”C in period
0, i.e. of the damage caused to an economy with the structure of period 0. That is,
for a temperature rise of Tq = A, damage becomes D;o(To) = kj.

7

again determines

the degree of convexity, as in Part III. Also recall that T^, the temperature rise since
preindustrial time, only serves as an index of the complex pattern of climatic
changes sea level rise and precipitation changes. The formulation also neglects the
impact of the rate of temperature change.

Uncertainty about greenhouse damage is taken into account by working with three
different damage scenarios, denoted as lower case (I), medium case (II) and a rather
pessimistic upper case (III). For parameter
7

= 1 (case I),

7

= 2 (case II) and

7

7

we work with the three assumptions

= 3 (case III). Because of data restrictions,

the same 7 -values are used for all countries.

Parameter Iq is connected to the estimates of

2

xC 0 2 damage discussed earlier

(Nordhaus, 1991b, c; Cline, 1992a; our own estimates of Part II). They establish a
damage range of 1 - 2 percent of Gross World Product (GWP), see Parts I and II.
In the following we assume a damage of 1 % of GWP in the lower scenario (I) and
2% in the medium case (II). In case III damage amounts to 3% of GWP, probably
an upper bound, given the estimates of Parts I and II. The distribution pattern of
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Table 3;

Damage from a Hypothetical 2,5 °C Temperature Rise
(year 2 0 0 0 , bn$)
Low
Case I

Medium
Case II

Upper
Case III

%

USA

67.6

135.1

2 0 2 .6

22.3

OOECD

134.5

268.9

403.4

44.4

EX-USSR

2 0 .0

40.0

60.0

6 .6

CHINA

18.8

37.6

56.4

6 .2

ROW

62.1

124.2

186.3

20.5

WORLD

302.9

605.7

908.6

1 0 0

(% GWP)

( 1 %)

(2 %)

(3%)

Source: own estimates. See also Part II.

regional damages can also be derived from Part II. The estimates obtained there
imply the k-values shown in Table 3.

The remaining parameters have the same value in all scenarios. Parameter A is again
set at A = 2.5 “C, the temperature associated with

2

xC 0 2 and the assumption

underlying the estimates of Table 3 (see Part II). The estimates for the rates of
economic growth gj are based on Manne and Richels (1992). We assume a rate of
1% for USA, OOECD and EX-USSR, 3% for CHINA, and 2.3% for ROW^l

2.5. Discounting
The question of the correct discounting practice has also already been dealt with in
previous chapters. The method introduced in Part III, section 3 was again used here.
Damage was translated into consumption equivalents using the shadow value of

Note that conceptually gj is inclusive of damage and abatment impacts on economic
growth, something which is not incorporated in the Manne and Richels figures. They may
thus be too high. This was accounted for by using the lower 2100 estimates throughout the
time horizon.

207

capital, and was then discounted at the consumer rate of discount, see Part III for
details. Recall the expression for the consumer rate of discount

Ô. = p + 0) 7 .

(16)

with p denoting the pure rate of time preference, w the rate of risk aversion or
income elasticity of marginal utility, and y^ the rate of growth of per capita income
(variable & introduced above minus population growth). As in Part IV we assume
w = 1.5. The more controversial parameter p is set equal to zero, thus accepting the
concerns about intergenerational equity (in the absence of intergenerational transfers,
see Part I, section 4). The values will later be changed to p = 0.03 and w = 1 for
sensitivity analysis. The shadow value of capital was calculated in the manner
described in Part III, section 3.

3. Simulation Results

3.1 The Non-Cooperative Nash Equilibrium
The optimal emission levels in a non-cooperative Nash equilibrium, compared to the
emissions from the BAU scenario are shown in Table 4. The largest changes are
faced by the two OECD regions, especially by OOECD, where optimal emissions
may be 2 - 11 % lower compared to BAU. For the non-OECD countries (EX-USSR,
CHINA and ROW), the changes in emissions are almost negligible in all scenarios.
This may be surprising at first sight, since greenhouse damage in developing nations
is expected to be substantially higher than world average, relative to GNP (see Part
II). However, recall that the figures result from the simultaneous consideration of
both damage and abatement costs. The costs of CO2 abatement are in general also
higher in developing countries, compared to the industrialised world, and this effect
appears to dominate over the damage side. In a world without cooperation there is
thus little reason to expect significant deviations from BAU emissions in the
developing world.

It is interesting to contrast the non-cooperative emission levels with the Rio call for
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Table 4:

Non-Cooperative Nash Equilibrium
(% emissions reduction from BAU)
USA

OOECD

EX-USSR

CHINA

ROW

Total

Case I

0.7

1 .6

0 .0

0 . 0

0 .1

0 .6

Case II

2.3

5.1

0 .1

0 . 0

0.5

1.9

Case III

5.2

1 1 .0

0.3

0 .1

1 .8

4.3

Source: own calculations.

Table 5:
USA
13

The Rio Stabilisation Target (% emissions reduction from BAU)
OOECD
16

EX-USSR
0

CHINA

-1 1 “

0

ROW

Total

"

7-9“

0

“ The stabilisation call in principle includes Central and Eastern Europe and the
former USSR, but these countries are allowed "a certain degree of flexibility" (see
Grubb et a l , 1993)
^ Neglecting Central and Eastern Europe
Source: own calculations, after Manne and Richels (1992).

Table 6 :

The Social Optimum (% emissions reduction from BAU)
USA

OOECD

EX-USSR

CHINA

ROW

Total

Case I

2 .6

3.2

0.5

0.5

0 .6

1 .6

Case II

8 .8

1 0 .2

2.9

2 .8

3.0

6 .1

2 0 .2

22.3

9.7

9.6

9.5

15.1

Case III

Source: own calculations.
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emissions stabilisation in developed countries at 1990 levels^^. The estimated
abatement requirements, derived from the Manne and Richels (1992) emissions
scenarios, are reproduced in Table 5. A comparison of Tables 4 and 5 shows that
a considerable share, in some cases almost half, of the abatement required under the
Rio target will be in countries’ self-interest, and would probably be undertaken
anyway. It should therefore not be surprising that most OECD countries have
committed themselves to the stabilisation target, although in some cases rather
reluctantly so. High emissions reductions in the Nash equilibrium can in this way
also be understood as high incentives for unilateral abatement efforts. It would then
seem that the Climate Convention, often criticised as being too modest, is even less
of an achievement than it may initially appear.

In interpreting the absolute reduction values we should, however, bear in mind that,
by assuming cost efficiency in each region, we implicitly assume full cooperation
within regions. That is, we assume that there already exist optimal agreements
between the countries of a region.

3.2 The Social Optimum
The optimal reduction rate in the social optimum varies quite a lot depending on the
different damage cost scenarios, the highest rate being about 15% from the BAU
baseline (see Table 6 ). Our results are roughly within the range of the two Nordhaus
studies (1991b, c) and (1992; 1993a, b). In these well known studies, which have
been discussed earlier (see Parts I and III), the optimal reduction of CO2 emissions
varies from 22% to almost zero. The results are, however, not directly comparable
due to the different assumptions made. Our results also support Peck and Teisberg’s
(1993b) conclusion, that the optimal reduction level is very sensitive to the form of
the damage function (i.e. the value of

7 ).

The socially optimal reduction rates can again be compared to the Rio targets of
Table 5. Emissions stabilisation is roughly consistent with the social optimum for the

N ote that according to the Clim ate Convention stabilisation extends to all greenhouse
gases. H ere we only consider C O 2 from fossil fuel com bustion.
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two OECD regions and the world as a whole, except in the low damage scenario.
This may cause surprise, given the perceived modesty of the Rio target. A caveat
is however required, in that the results do not necessarily imply that more stringent
measures would not be warranted. Recall the discussion of the cost-benefit approach
to global warming in Part I, section 4. The model presented here is a typical
example of this genre, and therefore also shares its shortcomings. In particular, the
model is deterministic, neglecting the fact that, in reality, global warming impacts
are still highly uncertain. Climate catastrophes and surprises cannot be excluded. In
the international debate the possibility of surprises has given rise, quite rightly so,
to insurance and precautionary arguments (e.g. Schelling, 1992; see Part I, section
4), which may justify additional abatement efforts. The Convention itself also
explicitly states the need for precautionary measures "[wjhere there are threats of
serious or irreversible damage" (Article 3, see Grubb et a l , 1993)

Remember further that the present study is restricted to CO2 emissions from fossil
fuels combustion alone. Including other emission sources may also lead to further
greenhouse gas reductions, depending on the marginal abatement costs for these
sources. This could particularly affect the abatement level of developing countries,
as one of the major options excluded is to halt deforestation. On the whole, it then
seems that the Rio stabilisation target may mainly represent a lower bound, and that
further steps may potentially be justifiable. The question also remains as to what the
desirable level of abatement would be beyond the year 2000. Nevertheless it is
reassuring that the currently planned measures appear to be desirable on cost-benefit
grounds.

Table

6

also gives the cost efficient allocation of the abatement burden. As the

relevant marginal damage is the same in each region the distribution is fully
determined by the relative abatement costs. Under the Manne-Richels assumptions
used here, by far the most abatement has to be carried out by the OECD nations.
The other three regions abate considerably lower proportions of approximately equal
size. The Rio proposal, which exempts ROW and CHINA, but not EX USSR (see
Grubb et a l , 1993), thus seems to impose too heavy a burden on the countries of
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the former USSR, to the benefit of the developing world. The distributional results
are very sensitive, however, and in section 3.4 we will present a case in which some
of the results are reversed. Issues of cost effectiveness were already shortly
discussed in Part I, section

6

. See also OECD (1993), Martin et al. (1992) and

Kvemdokk (1993), who uses the same abatement cost specification as utilised here.

3.3 The Gains from Cooperation
The welfare gain from cooperation for a country is simply the difference between
the net benefits in the cooperative and non-cooperative equilibria. Given our
assumptions about future emission paths (see section 2 . 1 ), the welfare gain actually
shows the benefit of implementing the cooperative solution now instead of waiting
until the next period, i.e. the gain from accelerated action. The simulated welfare
gains are given in Table 7.

With less than 0.15% of GWP, the overall welfare gains from cooperating seem
rather modest, although at 7 - 45 bn$ (for cases 11 and 111) they are quite substantial
in absolute terms. However, note that this is only the gain from cooperating in one
year. Further, remember that our assumption of cost efficiency within regions
implies a high level of cooperation already in the non-cooperative solution (see
section 3.1).

More important than the absolute values are the directions of the welfare gains,
which can give an indication about a region’s v/illingness to cooperate. The highest
gains occur in OOECD and ROW. These are also the only regions for which the
welfare gains are positive in all scenarios. For CHINA the gains are mostly
negative, while for EX USSR and USA the picture is mixed, both regions being
more or less the same off, except for the most pessimistic case 111. This would then
imply that only OOECD and ROW, and to a lesser extent perhaps USA, have an
incentive to sign an international agreement, while CHINA and probably also EXUSSR will be reluctant to do so without side payments. It is clear however that,
contrary to common belief, the main paymaster should be OOECD rather than USA.
Perversely, there may even be a case for side payments to the US. As for ROW it
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Table 7:

Welfare Gains from Cooperation (% of BAU GNP)
USA

OOECD

EX-USSR

Case I

-

0 .0 0 1

0 .0 0 2

0 .0 0 1

Case II

-

0 .0 0 1

0.032

0 .0 0 2

0.031

0.237

Case III

- 0.050

CHINA

ROW

Total

0.004

0 .0 0 2

- 0.004

0.059

0.023

-0.153

0.360

0.154

0 .0 0 1

Source: own calculations.

is important to remember that it is merely a residual category, which consists of
regions as different as Eastern Europe, OPEC, Asia and Africa. Hence it is not
possible to outline an overall uniform strategy which is optimal for all these
countries.

Somewhat different results to those reported here have been obtained by Tahvonen
(1993), who sees China as the main beneficiary from an agreement, the main losers
being the former USSR, and, to a larger extent than here, also the US. His results
are however dominated by the effects of later abatement efforts and are therefore not
necessarily comparable to the picture for the year

2 0 0 0

drawn here.

Our welfare results again roughly correspond to the situation in the real world, and
reflect the conclusions of the Climate Convention. During the negotiations to the
Convention, the United States has consistently been more reluctant to endorse a
greenhouse gas abatement target than most other OECD nations, and has announced
its stabilisation target only recently. Most developing countries are even now only
willing to take action if appropriate compensation is offered. The Convention states
that developed country parties will have to provide the financial resources to cover
the "agreed full incremental cost" of abatement action in developing countries
(Article 4, paragraph 3, see Grubb et a l, 1993).
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Table 8:

Results For Income Parameter b Based on GREEN
(medium damage case II)
USA

Non
coop,
% red.
Coop,
% red.
Welfare
gain,
% GDP

OOECD

EX-USSR

CHINA

ROW*

Total

3.5

3.3

7.6

8 . 0

8 . 2

5.8

1 1 . 6

7.4

27.0

31.5

18.7

17.2

- 0.087

-0.152

0.116

0.083

0.085

0.143

“ The results for ROW are not directly comparable, as the GREEN study does not
include all countries.
Source: own calculations.

3.4 Sensitivity of the Results
As a sensitivity test the income parameter b was also calibrated for the estimates of
the GREEN model developed by the OECD. We used the data from Bumiaux et al.
(1991a, b; an updated version of the model is described in OECD, 1992c; see also
Part 1, section 2y^. GREEN is in general more optimistic than Manne and Richels,
and this leads to significantly higher abatement levels. The GREEN assumptions also
lead to a shift of the abatement burden away from the OECD regions to CHINA and
EX-USSR (see Table 8 ). The need for side payments to these two regions is thus
even greater in the GREEN scenario. The results of Table

8

are directly comparable

to those of Eyckmans et a l (1992), which are also based on GREEN data. The
picture here is rather mixed, but on the whole the two sets of figures tend to be
within the same broad range. Their worldwide cooperative and non-cooperative
reduction levels, for example, are 16.9% and 2.2%, respectively.

Unfortunately the GREEN study does not provide enough information to calculate the
q parameters as well.

214

Table 9:

Sensitivity to Climate Parameters (medium damage case II)
Noncooperative
equilibrium*

Cooperative
equilibrium*

Welfare
change**

Reference case
( 7
= 2 , 2 % damage)

1.9

6 .1

Climate Sensitivity
2 "C (-> m = 2.89)
5 ‘C (-> m = 7.21)

1.3
6.4

4.0
23.1

1.3

4.1

0 . 0 1 1

2 .1

6 . 8

0.029

1.9

6 .1

0.023

1 .8

5.6

0 . 0 2 0

2.9

10.5

0.077

0 . 6

1 .8

0 . 0 0 2

Atmospheric lifetime
1 0 0 yrs (-> O
' = 0 .0 1 0 )
300 yrs (-> a = 0.003)
Exogenous Emissions
BAU (-> Spo = 6.970)
0 GtC (-> Spt = 0 V t)
Rate of discount
low (-> w = 1 , p = 0 )
high (-> w = 1, p = 3)

0.023

0 . 0 1 0

0.370

* % emissions reduction from BAU
% of BAU Gross World Product
Source: own calculations.

With respect to the climate parameters, the results are most sensitive to changes in
the temperature parameter m, while the sensitivity with respect to the atmospheric
lifetime of CO2 is comparatively low, see Table 9. The same is true for the
sensitivity with respect to the exogenous path of future emissions, a fact which
strengthens our claim of the static game being an approximation of the dynamic
equilibrium. Again more important (and more controversial) are changes in the
discount rate, as encountered before (see Part III). The sensitivity test involved on
the one hand a reduction in factor of risk aversion (parameter w) from 1.5 to 1. The
high discounting scenario involved raising the pure rate of time preference
(parameter p) to 3 %, keeping w = 1. This latter case roughly corresponds to the
assumptions in Nordhaus (1992, 1993a, b). The results are again shown in Table 9.
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Note that both Table

8

and 9 are based on the medium case (case II). The figures

would show a higher sensitivity for higher

7

’s (i.e. in case III) and would be less

sensitive for lower 7 -values (i.e. in case I). That is, the sensitivity is amplified by
the convexity of the damage function.

4. Concluding Remarks

Part V has presented an illustrative static game in CO; emissions. The simulation
results suggest optimal emission reductions of 2 to almost 15% worldwide for the
year 2(X)0. This is consistent with other studies such as those by Nordhaus (1991b,
c; 1992; 1993a, b). It is also in line with the Rio 1992 proposal of emission
stabilisation at 1990 levels by the year 2000, but is clearly below earlier, more
stringent targets such as the Toronto goal of a 20% emissions cut from 1988 levels.
However, the limited scope of the model, in particular its negligence of possible
climate catastrophes and of uncertainty issues in general, would suggest that, while
the Rio abatement target is clearly justifiable on efficiency grounds, it should rather
be seen as a lower bound, with further steps possibly warranted for precautionary
reasons. The simulations also imply that a socially optimal treaty, while clearly
beneficial for the world in its entirety, may only be achieved if side payments are
offered to at least China and probably the former Soviet Union. The only countries
with an incentive to unilateral reductions from a BAU scenario are the OECD
members. This result largely corresponds to the situation in the real world, where
so far the only countries to have announced unilateral moves are found within the
OECD, and where China and the former Soviet Union have shown a rather
restrained attitude during the negotiations towards the Climate Convention.

Although the analysis is roughly consistent with the real world, we should recall the
illustrative character of our figures. Due to the great uncertainty prevailing in the
greenhouse debate, the stylized character of our model and its relatively high
sensitivity to some of the parameters, the results should only be taken as indicative.
They nonetheless suggest that the attitudes of countries observed so far may chiefly
be driven by economic considerations.
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