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1
Introduction
1.1

Background

Global warming poses signi cant global environmental threats for current
generations, and is expected to be considerably more threatening for future
generations ( a; Stern ). Increased greenhouse gas () concentrations in the atmosphere increase radiative forcing, which in turn increases
the temperature and extreme weather (such as droughts,heavy precipitation,
heat waves and the intensity of tropical cyclones) resulting in damages to societies ( b). Adaptation to the impacts of climate change and 
mitigation are both needed for eﬀective and eﬃcient climate policy. From a
biophysical perspective, the short-term impacts of climate change are already
“locked-in” irrespective of the stringency of mitigation eﬀorts, making adaptation inevitable. Additionally, unmitigated climate change may lead to
substantial increases in temperature and rapid changes in climate that may
exceed the capacity of many systems and societies to adapt or come at a very
high social and economic cost (Klein et al. ). From an economic perspective, low levels of both adaptation and mitigation can be achieved at a low
cost, comparative to the avoided climate change damages. However, adaptation
and mitigation both face increasing marginal costs. erefore implementing
adaptation and mitigation in conjunction, as opposed to applying either one
or the other, will minimise the total social costs of climate change.
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e right balance between mitigating climate change, adapting to climate
change and accepting (future) climate change damages needs to be found.
Climate change adaptation and mitigation are diﬃcult to compare due to their
many diﬀerences. e bene ts of mitigation are global and, because of lengthy
time lags in the response of the climate system, will continue in the future,
whereas the bene ts of adaptation are usually local and direct. Furthermore,
though the literature on adaptation is extensive, quanti cations of adaptation
costs and bene ts needed to compare adaptation and mitigation are lacking.
For these reasons combined analyses of adaptation and mitigation have been
scarce.
is thesis investigates adaptation and mitigation policies simultaneously
within an economic framework. In the rst part of this thesis, this is done
by representing adaptation in an Integrated Assessment Modelling ()
framework, which already includes mitigation, namely the global  model
and the regional  model. is will be achieved by estimating the adaptation
costs and bene ts based on empirical literature and including these estimates
into the models. In this way new s are created, namely the - and
-. ese models give the unique opportunity to study adaptation and
adaptation-mitigation interactions. Furthermore, a game theoretical ,
namely -, is created which is used to study the eﬀects of adaptation in
mitigation coalition formation and stability.
e remainder of this chapter will rstly present the problem of climate
change in more detail. In the third section adaptation and mitigation will be
described and de ned. e fourth section will introduce s, and describe
how adaptation has been treated in s in the past. Coalition formation theory
will be brie y introduced in the h section, and the objectives of the study
will be discussed in the sixth section.

.. Climate Change

1.2

Climate Change

e climate is aﬀected by its own internal dynamics and external forcing. External forcing includes volcanic eruptions, solar variation and human induced
changes in atmospheric composition (i.e. radiative forcing). Greenhouse gases
emitted into the atmosphere trap long wave radiation and raise atmospheric
temperatures. e full eﬀects of external forcing can take centuries or longer
to manifest themselves due to the slow response of e.g. the oceans and ice
caps. Since the industrial revolution anthropogenic s concentrations have
increased substantially predominantly due to increased carbon dioxide (₂)
emissions caused by the combustion of fossil fuels. Between  and 
annual co₂ emissions increased by about  – from  to  Gt, representing
 of total anthropogenic  emissions in . Furthermore, the rate at
which emissions grew was much higher during the -year period of -
(. Gt₂-eq per year) than during the period of - (. Gt₂-eq
per year) (Rogner et al. ).
ere are strong indications that these  emissions, caused by human
activities, are changing our climate ( a). e  have identi ed
an increase in global surface temperature from . to . ºC since the late
th century, and they maintain that evidence points to a discernible human
in uence on global climate. e exact impacts on the climate are debatable, but
they are expected to be far-reaching, both spatially and temporally. Estimates
of global average surface temperature increase, from  to , range from
. to . ºC ( b, p. ). e average sea level is also expected to rise
between . and . metres by the year .
Estimating the damages associated with climate change is a controversial
issue, where diﬀerent authors can have very diﬀerent opinions on the economic
eﬀects of climate change. e  working group  ( ) calculated the
expected damages of a doubling of ₂ concentration. e total global impact
would be . to . of global gross national product () – for developed
countries this impact is estimated to be between  to ., and for developing
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countries between  to . Other studies come to other conclusions, Tol
(a) reviews various damage estimates and nds that the the global average
lays between - and  of global . Estimates of damages in the form of the
social cost of carbon (aggregated across the globe and discounted to the )
for  have an average value of  per tonne of ₂, but the range is from
-/t₂ to /t₂ (Tol ). is study was updated in  (Tol ),
where a meta-analysis of more than  studies on the marginal damages of
climate change were assessed, resulting in an average estimated social cost
of carbon of /t₂. e Stern review (Stern ) discusses the eﬀect of
climate change on the world economy. It examines the impacts of climate
change and explores the economics of stabilising  using the  model.
e Stern review concludes that damages will be high (- of global 
at a doubling of concentrations) and suggests stringent immediate mitigation
policies. It estimates the social cost of carbon to be /t₂. However, there
have been various critical responses from climate change economists to the
Stern review (Anderson ; Baer ; Byatt et al. ; Carter et al. ;
Dasgupta ; Maddison ; Mendelsohn ; Pielke ; Tol and Yohe
a; Yohe and Tol ). e main points of critique being the extremely low
discount rate applied, the mismatch of discount rate and rate of risk aversion,
the time horizon chosen, the fact that risk aversion and inequity aversion are
not separated, the overestimated impacts of climate change due to a biased
selection of studies on which the analysis is based, the assumption of constant
vulnerability to climate change, and the overestimation of mitigation costs.

1.3

Responding to Climate Change

e  identi es two main reactions or options a society has when confronted
with climate change. Firstly, it can try to limit climate change by reducing its
 emissions or by exploiting carbon sinks. is is referred to as mitigation.
Secondly, societies can adapt to the impacts of climate change, decreasing
damages associated with a given level of climate change. Mitigation thus
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decreases the initial damages of climate change (gross damages), whereas
adaptation transforms the gross damages into residual damages.
In the literature as well as in the political arena, most attention has been
given to mitigation and not to adaptation. Several reasons for this are given in
the adaptation literature (Kates ; Paavola and Adger ; Pielke ).
Firstly, using adaptation makes a political leader sound “so” regarding his
stand on mitigation. Secondly, adaptation measures are diﬃcult to incorporate
into an international negotiation process because of their region speci c qualities. irdly, adaptation is associated with “passive acceptance” or “fatalism”
regarding humanity’s eﬀects on the environment. e idea of climate change is
generally perceived as a negative phenomenon, and people believe it is better to
stop it than to adapt to it. Adaptation is sometimes seen as a means of accepting
defeat. Finally, it is thought that to plan adaptation we need to be able to predict
future climate impacts with more certainty. e uncertainty surrounding the
eﬀects of adaptation are higher than those associated with mitigation (Adger
et al. ; Pielke ). In this section, adaptation and mitigation will be
discussed, as well as their interactions with each other.

1.3.1

Mitigation

Mitigation is the reduction of  emissions (i.e. abatement), or the increase of
sinks to absorb ₂ from the atmosphere, both with the goal of slowing down
or stopping climate change. If climate change is limited, the damages associated
with climate change will also be limited. e emission of s can be reduced
in many diﬀerent ways. For example, more eﬃcient technologies can be used,
carbon capture can be applied at pollution sources, alternative energy sources
can be used (e.g. solar and wind power) and lifestyle changes can be made.
Diﬀerent forms of reduction also come at diﬀerent costs. Energy conservation
is a relatively cheap way to decrease emissions, whereas introducing a new
energy system can be costly. Diﬀerent countries have diﬀerent opportunities to
reduce emissions, and the costs of mitigation thus vary over regions. Although
there is considerable uncertainty regarding the costs of mitigation, several
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Figure .: Marginal mitigation cost curves for the year  for seven world
regions:  (), Japan (), Europe (, - plus Iceland, Norway, and
Liechtenstein), former Soviet Union (), China (), India (), Africa
()
Source: based on data provided in Morris et al. (), using the -
model.
studies have tried to estimate marginal mitigation cost curves for various
world regions. As an example, the results from Morris et al. () are given
in Figure . for seven regions. is gure clearly shows that the marginal
costs of mitigation increase as more in mitigated and that marginal mitigation
costs vary considerably across regions. In the rst six chapters of this thesis
mitigation is measured as the fraction of emissions reduced for a speci c
level of output (in the - and - models), whereas in the seventh it
is measured as a fraction of the  level of  emissions (in the -
model).
s are uniformly mixing pollutants, i.e. the location of emission is
irrelevant and total global emissions determine the global degree of climate
change. An individual country by itself will, therefore, be ineﬀective in limiting
climate change, as its emissions constitute only a small part of global emissions.
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is reality brings us to the issue of international cooperation. To ensure
globally eﬀective mitigation of climate change, international cooperation is
needed, since individual mitigation has local costs but global bene ts. Besides
the political problems involved in cooperation, some economic issues also need
to be addressed. Mitigation costs vary among countries, making it cheaper to
abate in some countries than in others. Also the impacts of climate change are
distributed unevenly across regions. For example, substantial sea level rise can
be disastrous for many small island countries, whereas, moderate temperature
increases can be bene cial, in reducing costs of (agricultural) production and
heating, for many former  countries.
Furthermore, the distribution of mitigation costs and of impacts across
regions are not alike, i.e. the level of mitigation costs in a region is not linked
to the level of impacts (and hence mitigation bene ts). e rst best solution,
ensuring the global optimum, where the global marginal costs and bene ts
of climate change are equated, will necessitate a global harmonised carbon
tax. is will entail international cooperation and international agreements on
climate change mitigation.
As there is no supranational authority to regulate mitigation eﬀorts, mitigation agreements need to be voluntary (Barrett and Stavins ; McEvoy and
Stranlund ). Due to the externalities of mitigation and many countries
involved, the incentives to free ride will be high, resulting in no or relatively
small agreements. To make mitigation agreements more successful, several
schemes can be implemented to involve as many countries as possible. For
example, transfer schemes and emission trading are used to counteract the
uneven distribution of mitigation costs and bene ts (Barrett and Stavins ).
International climate agreements still remain marginally successful, however.
e Kyoto protocol is a good example of this kind of agreement, which nally
came into force, albeit without the , one of the principal emitters in the
world.
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1.3.2

Adaptation

Adaptation can come in many shapes and sizes. Adaptation options include
for example changes in crop-planting schedules, the building of dykes, the
choice for lighter clothes or the use of a mosquito net. Even insurance can
be seen as adaptation, as it increases the wealth of a risk-adverse person at a
given climate (Fankhauser ). In this thesis the de nition of adaptation
as proposed by Smit et al. (, p. ) is applied: ‘Adaptation refers to
adjustments in ecological, social or economic systems in response to actual or
expected climatic stimuli and their eﬀects or impacts. It refers to changes in
processes, practices and structures to moderate potential damages or to bene t
from opportunities associated with climate change.’ Climatic stimuli include
temperature change and extreme weather.
Adaptation diﬀers from mitigation in many ways. Besides the fact that
adaptation decreases the gross damages caused by climate change, whereas
mitigation decreases the climate change itself, there are many other noteworthy diﬀerences (Lecocq and Shalizi a; Tol ). Firstly, the eﬀects of
adaptation are on a diﬀerent scale to those of mitigation. A single country or
region – or even an individual – can undertake action (adapt) to decrease its
own damages incurred due to climate change. e bene ts of adaptation can
therefore be considered local. Although international cooperation could be
bene cial in some speci c instances, it is not necessary for eﬀective adaptation
policies, in contrary to the case of mitigation. Also, on a temporal scale the
eﬀects of adaptation are of shorter a term and more direct (Klein et al. ;
Tol ).
Secondly, costs and bene ts of adaptation are more diﬃcult to assess due
to uncertainties in both the eﬀects of adaptation and of climate change, and
lack of data. ere is also no general performance indicator for adaptation
options, i.e. a quanti cation of adaptation bene ts, making them diﬃcult
to compare (Lecocq and Shalizi a). Diﬀerent adaptation options aﬀect
diﬀerent sectors and combat speci c damages. On the other hand all mitigation
options decrease a certain amount of emissions, therefore, they can readily be
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compared with each other in terms of their eﬀect on climate change. us,
although there is uncertainty concerning how  emissions will translate
into damages, all mitigation options face the same uncertainty; adaptation
options face diﬀerent uncertainties. In this thesis a measurement for the level
of adaptation is introduced and applied: adaptation is measured as the fraction
of gross damages reduced (to residual damages). ough there are uncertainties
about the damages associated with climate change, this measurement makes
it possible for us to compare adaptation costs and bene ts. irdly, from a
policy point of view mitigation mainly involves the energy sector, whereas
adaptation can take many forms and be used in various sectors (Klein et al.
). Finally, the capacity to adapt is intimately connected to social and
economic development, which is not evenly distributed across regions and
within societies (Kates ).
Adaptation has received substantially more attention in literature since the
mid s (Agrawala and Fankhauser ; Fankhauser ). e adaptation literature is still lacking in many respects, however, and comprehensive
economic analysis of adaptation is especially scarce (Agrawala and Fankhauser
). Even though mitigation is an important option to limit climate change
and should be pursued, adaptation deserves as much, if not more, attention.
Because of lag times in the global climate system, climate change will still occur
in the coming decades due to previous emissions (Dessai and Hulme ).
Even if all emissions are stopped, the climate is still expected to change. As
Nordhaus (b, p. ) puts it, ‘mitigate we might, adapt we must.’

1.3.3

Adaptation and Mitigation Interactions

Increased attention has been given to the interactions between adaptation and
mitigation (Klein et al. ). Adaptation strategies may decrease or increase
emissions, and those of mitigation may stimulate or hinder adaptation. An
example of this is escalated use of air conditioning in reaction to higher
temperatures, which increases emissions. e relationship between adaptation
and mitigation is surveyed in the Fourth  Assessment (Klein et al. );
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and is concluded to be both tenuous and ambiguous. In this thesis I assume
that adaptation and mitigation have no direct eﬀect on each other. Adaptation
and mitigation are, however, indirectly connected, which is the premise of this
thesis. ese interactions will be discussed below.
ough both adaptation and mitigation will reduce climate change damages
and hence allow for more funds, it is oen assumed that there is a limited budget
for (climate change) policies from which adaptation and mitigation are both
funded. us, as they compete for resources, adaptation and mitigation can be
considered to be rival goods. Increased mitigation (or adaptation) will decrease
the funds available for adaptation (or mitigation). is has been challenged
in the Fourth Assessment Report, where it is argued that adaptation and
mitigation are funded from diﬀerent sources, and will not limit each other's
funds. However, these diﬀerent funds do compete for scarce resources, and thus
any increased claim for adaptation nancing will indirectly reduce the budget
available for other policy objectives, including mitigation. e same indirect
link holds for mitigation funding, and for privately nanced adaptation and
mitigation options. In the end, the world is a closed economic system.
More importantly, adaptation and mitigation are policy substitutes. e
nature of adaptation and mitigation is such, that the level of the one changes the
eﬀectiveness of the other. As more is invested in mitigation, the less eﬀective
adaptation will become, and vice versa. Adaptation eﬀectiveness is measured by
the reduction of gross damages, and mitigation reduces those damages, hence
mitigation decreases the eﬀectiveness of adaptation. In the reverse situation,
increased adaptation decreases the amount of residual damages for a given
level of gross damages, making mitigation less eﬀective. e avoided residual
damages (when adaptation is applied) are smaller than the avoided gross
damages would have been if no adaptation had taken place.
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1.4



Methodology

As mentioned the methodology applied in this thesis is . In this section
I will introduce the concept of an  and describe its general structure.
Furthermore, I will discuss the way in which adaptation has been incorporated
in such models in the past.

1.4.1

e Basic Structure of

s

e multifaceted nature of climate change makes it a complex but fascinating topic to study. Climate change is an issue transcending borders, scienti c
disciplines, and time. It involves many interrelated processes, each belonging
to a diﬀerent scienti c discipline. Human processes create  emissions;
atmospheric, oceanic and biological processes link emissions to atmospheric
concentrations of s. In turn, climatic and radiative processes link these
concentrations to climatic stimuli. In most models climatic stimuli are summarised by temperature change, other models, however, explicitly include sea
level rise and precipitation levels. Finally, economic, ecological, and sociopolitical processes link the changed climate to valued impacts and policies.
To grasp the entire issue at hand, these diﬀerent disciplines need to be
combined in a comprehensive manner. Integrated assessment was developed
to ful ll this need, and to advise policy and decision making. e ird Assessment Report de nes integrated assessment as an interdisciplinary process
of combining, interpreting, and communicating knowledge from diverse scienti c disciplines, in such a way that the whole set of cause-eﬀect interactions
of a problem can be evaluated (Rotmans and Dowlatabadi ). In computeraided integrated assessment modelling the interrelationships and feedbacks
between climate change and the economy are mathematically represented.
Within the broader eld of integrated assessment, they can be extremely useful
in making sound climate change recommendations.
Computer-based s are the methodological focus of this thesis. e
rst of such s was constructed in the s. It was only in the late s,
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however, that climate change oriented s developed rapidly and established
themselves in the scienti c community. s can be divided into two broad
categories: policy evaluation models, also known as simulation models, and
policy optimisation models (Weyant et al. ). Policy evaluation models
simulate the eﬀect of an exogenously given policy on certain parameters such
as , energy use and emissions. Within economic studies these models
are oen used to run a cost-eﬀectiveness analysis: they aim at identifying the
most cost-eﬀective way to achieve a given policy target. Optimisation models,
however, seek to nd the optimal policy or the policy that minimises the costs
of achieving a particular goal. ese models balance the costs and bene ts of
climate change policies. Because of their computational complexity, optimisation models contain a relatively simple representation of the climate system
and economic sectors, which can be seen as a drawback. As computing power
increases, however, the climate system and economic sectors can represented
in increasing detail. Furthermore, optimisation models can help us to better
understand the underlying mechanisms and theory involved in climate change
policy decisions. In this thesis I will apply optimisation s for these reasons.
s can take a global form or a regional form. A global  considers
the total global eﬀects of climate change and has only one decisionmaker. In
a regional  a distinction is made between regions. e globe is divided
in geographical regions (such as in  (Bouwman et al. ), 
(Kemfert )) or geopolitical regions (such as in  (Nordhaus and Boyer
),  (Tol ),  (Manne and Richels ; Manne et al. ),
 (Hope ),  (Bosetti et al. )). Some s only consider
speci c regions or countries. Optimisation models usually employ geopolitical
regions, as they are used to analyse optimal policies, which are determined by
geopolitical regions and not by geographical regions. Regional models usually
include  to  large regions. Global models assess the world using a single
global decisionmaker.
So-called “full scale s” represent the full range of climate change processes. ese processes can be divided into four main categories: human

.. Methodology

activities (emissions), atmospheric composition, climate and sea level, and
impacts (ecosystems) (Weyant et al. ). ese are represented in Figure ..
ese categories are usually included in s using separate modules. ese
modules, however, are included and linked with each other in varying detail
and with varying assumptions across models. e human activities/emissions
module describes how emissions are determined by human actions. Energy
systems are the most important determinant of emissions in s. Emissions
can be exogenously given,applying for example  scenarios (such as in , for example). ey can be modelled as a function of output which is given
exogenously (as in ), or as an input in production which is endogenously
determined (as in , , ). Furthermore, this module oen includes
some form of mitigation, where emissions can be reduced at certain costs. is
is oen based on an estimated cost function of mitigation, but is sometimes
modelled as investments in certain speci c energy technologies (as in ,
).
e atmospheric composition module describes how emissions translate
into atmospheric concentrations of s. Until recently, most models focused
on ₂ or included the radiative forcing from other s exogenously, but
great eﬀort has been made to explicitly include other s in recent years.
e Climate and Sea level module describes how atmospheric concentrations
translate into temperature change and sea level rise. Generally, only global temperature change is modelled, but some models also include regional estimates
of temperature change. A limited number of models also explicitly include sea
level rise. e nal module is the Impact module, which constitutes both the
strength and the weakness of s. e strength of the Impact module is that
it translates emissions and climate change into actual impacts. e weakness,
on the other hand, is the high level of uncertainty involved in the estimation
of these impacts. Estimating the eﬀects of climate change can be very diﬃcult and highy uncertain. Impacts can be estimated in physical or monetary
units. Monetisation requires that the wide range of physical impacts are given
a monetary value. For some impacts, such as those on agriculture or on the
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Figure .: e representation of full scale s
Source: Weyant et al. ()
energy system, one can use market information for an accurate valuation, but
for others revealed preferences are not available, and valuation is consequently
very diﬃcult. One must instead resort to contingent valuation techniques.
e monetised impacts are usually labelled “damages,” and the bene ts of climate policies can then be expressed as reduced damages. Monetising impacts,
despite its drawbacks, makes it possible to compare the costs and bene ts of
climate change policies, and thus to assess optimal policies.
e rst estimates of the welfare impacts of climate change were conducted
for the  (Cline ; Nordhaus ; Smith ; Titus ). Nordhaus
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() extrapolated his  estimate to rest of the world. e rst global
estimate of climate change impacts was presented by Fankhauser (; ).
Following this there have been a limited amount of global estimates of climate
change impacts, dominated by a few authors (Hope ; Maddison ;
Mendelsohn ; Mendelsohn et al. ; Nordhaus a; Nordhaus b;
Nordhaus ; Nordhaus and Boyer ; Nordhaus and Yang ; Plambeck
and Hope ; Rehdanz and Maddison ; Tol ; Tol b). See also
Tol (); Tol () for a meta-analysis of these estimates.
Most s and policy analyses build on these limited estimates to represent
damages. Damages are oen given as a total function, although some models
distinguish between the impact sectors (e.g. ). Furthermore, many models
distinguish between market and non-market impacts (e.g. , ). ere
is by no means a conscensus on the magnitude of climate change damages
(Tol ). A meta-analysis by Tol () provides good insights into the
uncertainties involved in damage estimates at the global level; clearly, the
uncertainties are much larger at the regional level.
e damages of climate change have been categorised into some  impact
sectors (Cline ; Fankhauser ; Nordhaus and Boyer ; Tol ;
Tol a). ese impact sectors include such things as agriculture, forests,
species loss, sea level rise, space cooling and heating, human amenity, human
mortality, human morbidity, migration, hurricane damage, the construction
sector, leisure activities, water supply, urban infrastructure, health, catastrophic
events and pollution. ese quanti ed estimates are in no way comprehensive
as many impacts (both positive and negative) are not included. Cost-bene t
analysis based on these estimates suggest only modest emissions reduction.
An important advantage of s over the standard integrated assessment
is the imposition of common standards. e underlying assumptions of an
assessment can be compared with other models. Moreover, these models can
be used by others, and are adaptable as new knowledge in the related disciplines
becomes available. e main disadvantages of s are that they may force a
more precise representation than the underlying knowledge allows, and may
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impose inappropriate restrictions and aggregate results. Another weakness
lies in representing policies and decentralised decision-making. ere is a
substantial body of theoretical literature studying the political-economy of
climate change and international environmental agreements (for an overview
see (Finus )). ese studies show that self-enforcing agreements are rarely
stable and if they are it is when the agreements are very small or the climate
change costs are extremely high. ough the interactions between diﬀerent
players need to be considered to assess climate change issues appropriately,
in most empirical modelling a single decision-maker is assumed. Recently
s have arisen which study international cooperation such as in the 
model (e.g. Altamirano Cabrera and Finus ; Finus et al. ; Finus et
al. ; Nagashima et al. ) and others (Bosetti et al. ; Lessmann
and Edenhofer ). In the next section both the theoretical and empirical
literature on coalition formation is discussed.

1.4.2

Coalition Formation

eory

Game-theoretical approaches have been used to examine the interaction
between countries in the negotiation on climate change agreements, and have
emphasised diﬃculties in designing such an agreement. Many studies have
investigated the formation of climate coalitions in a theoretical framework
with symmetric or asymmetric countries (for an overview see Finus ()).
ese studies show that self-enforcing International Climate Agreements are
only successful when the gains from cooperation are small. Furthermore, it is
generally found that achieving self-enforcing agreements with a large number
of signatories is diﬃcult because of asymmetries in bene ts and costs of mitigation among various countries and large freerider incentives (Carraro ).
Several studies combine game-theoretical models with empirical modelling
(such as s), and come to similar conclusions (Fankhauser ; Finus et al.
; Tol ). Later studies include transfer schemes as a means of increasing the amount of signatories, compensating regions with small bene ts from
cooperation.
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e  model is a combined game-theoretical model and  created
to examine the formation and stability of international climate agreements.
is model can be used to analyse which coalitions are stable and which compensating mechanisms can be applied to increase the incentives of regions to
cooperate on mitigation. e  model includes  regions, and models
the interactions between countries and the eﬀects of their mitigation strategies
on climate change. e  model tests the stability of all possible coalitions
between  world regions. e payoﬀ from mitigation for each country is
assessed for each possible coalition based on regional bene ts (avoided damages) and costs of mitigation. is model has been used to investigate several
research topics such as membership rules (Finus et al. ), multiple coalition
formation (Sáiz et al. ), transfer schemes (Altamirano Cabrera and Finus
; Nagashima et al. ; Weikard et al. ) and the stability likelihood
of coalitions in the face of uncertainty (Dellink et al. ).

1.4.3

Adaptation in Existing

s

Using a detailed description of both economic and environmental developments, s can calculate what the optimal climate change policy should be by
estimating the costs and bene ts of various mitigation strategies. Until now,
however, s have focussed on the trade-oﬀ between damages caused by
climate change and mitigation costs, and have either ignored the option of
adaptation or at best treated it implicitly, as part of the damage estimate. Tol
et al. () surveyed the  literature, and concluded that in the majority
of the models adaptation is not included. e situation has hardly improved
since then (for an overview of adaptation in integrated assessment models
see Dickinson (); Patt et al. ()). Furthermore, when adaptation was
included in a model, it was generally only induced adaptation and implicit
adaptation that were considered, and not explicit adaptation. is means that
adaptation is not modelled as a decision variable that can be altered. e 
model, along with other models of coalition formation, also fails to explicitly
include adaptation.
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Adaptation has not been explicitly examined in s for several reasons.
Firstly, while there is extensive literature on both top-down and bottomup estimates of the costs of mitigation, the literature on adaptation costs
and bene ts is scarce (Agrawala and Fankhauser ). Recently, bottom-up
regional or sectoral studies on adaptation costs (and occasionally on bene ts)
have been conducted, however there have been no attempts to aggregate these
numbers to fully understand the eﬀects of adaptation.
Secondly, adaptation options are diﬃcult to quantify and to compare.
Adaptation takes many forms, and unlike mitigation does not have a clear
common performance indicator (Lecocq and Shalizi b).
Finally, adaptation is oen seen primarily as a private choice, largely because
of the private nature of most adaptation options. It is considered by some not to
be a decision variable for a region, as many adaptation decisions are not in the
hands of the leaders of that region (Tol ). However, besides the fact that
many forms of adaptation are public, private adaptation is still a decision made
in a region, even if it is not by the leaders of that region. One may also argue
that, under certain conditions, socially optimal adaptation coincides with the
adaptation provided by the market. is is unlikely, however, as companies and
households lack information about the eﬀects of climate change and adaptation
options, and adaptation oen entails large-scale projects that the market cannot
provide. Also, in economic modelling it is not uncommon to assume that a
representative agent exists whose actions (crudely) re ect the combined eﬀect
of all heterogeneous actions of individuals and rms.
Studies have shown that the eﬀects of adaptation can be enormous, decreasing gross damages by up to  (Mendelsohn ). erefore, to fully
understand the eﬀects of climate change and climate change policies, adaptation also needs to be considered and modelled as a policy variable.
ere have been several modest attempts to include adaptation as a decision
variable in s. To my knowledge, Hope et al. () is the rst paper that
models adaptation as a policy variable for all sectors. Using the model for Policy
Analysis for the Greenhouse Eﬀect (), the authors look at two adaptation
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policy choices, namely “no adaptation” and “aggressive adaptation.” Aggressive
adaptation decreases initial climate change impacts by up to . e assumed
associated costs of adaptation are extremely low, and largely contradict existing
empirical literature on the costs and eﬀects of adaptation (Fankhauser ;
Mendelsohn ; Parry and Carter ; Parry and Livermore ; Reilly
). Not surprisingly, Hope et al. () nd that an aggressive adaptation
policy is bene cial and should be implemented, but it should be noted that the
authors themselves also call for the incorporation of improved information on
adaptation in their model.
A more recent and detailed paper where adaptation is explicitly modelled
is the  model (Tol ; Tol ). e current version of this model
only considers sea level rise and coastal protection. It models protection as a
continuous decision variable, based on (Fankhauser ), and gives insights
into adaptation dynamics. Tol () shows that protection is a very important
option for combatting the impacts of sea level rise. Furthermore, adaptation and
mitigation need to be traded oﬀ with each other, as more mitigation will lead
to less free resources for adaptation. Tol nds that investments in adaptation
increase over time. Tol also points out that a level of mitigation which is too
high may actually have adverse eﬀects, as less adaptation can be undertaken,
leading to more net climate change damages. Tol and Dowlatabadi () did
a similar analysis, looking at vector-borne diseases, and malaria in particular.
ey found that aggressive mitigation increases the adverse eﬀects of climate
change due to decreased adaptation.
Systematic inclusion of adaptation in s can further strengthen their
policy relevance. e inclusion of an explicit adaptation function can allow
for the formulation of diﬀerent policy scenarios where adaptation is in fact
a decision variable, in combination with emission reduction. Furthermore,
the eﬀect of adaptation restrictions, i.e. barriers or constraints resulting in
suboptimal levels of adaptation, can be identi ed.
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1.5

Objectives and scope

Whenever the appropriate measures are not taken to limit climate change
(mitigation) or limit the damages of climate change (adaptation), climate
change is expected to pose an considerably increased environmental threat.
However, due to the lack of a market where the costs and bene ts are weighed,
such measures are hard to implement, speci cally in the case of mitigation.
As the Stern review states, climate change is the greatest and widest-ranging
market failure ever seen (Stern , p. i). e current bene ts of emissions are
not weighed against the costs of climate change in the future, which leads to
suboptimal policies. e role of economists in this debate is rstly to address
this market failure by quantifying it, i.e. determining the social optimal level
of climate change and hence optimal carbon prices and emission levels. Also
the social optimal level of adaptation needs to determined. Secondly, climate
change economists study methods to implement the optimal levels of mitigation
calculated as eﬃciently as possible, i.e. carbon taxes, emission permits, etc. is
thesis focuses on the rst role of economists in the climate change debate; the
search for optimal climate change policies.
is thesis, furthermore, concentrates on climate change policies on a
macroeconomic level. Many studies concerning mitigation policies have been
conducted on a macroeconomic level, where the optimal global emissions
are calculated based on the costs and bene ts of mitigation. However, these
studies have ignored the second option to combat climate change – adaptation.
Very few studies focus on adaptation in a quanti ed or explicit manner. e
main objective of this thesis is to investigate the role and eﬀect of adaptation
in climate change policies. Besides contributing to the considerable gap in
the literature on the economics of adaptation, this thesis also contributes to
the literature on climate economics in several ways. Firstly, it simultaneously
investigates adaptation and mitigation in a consistent framework, shedding
light on the interactions between adaptation and mitigation. Secondly, by
understanding the role of adaptation in climate change damage reduction
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we can better understand the climate damages that we are likely to face, and
hence can better prescribe mitigation policies. e methodology used in this
thesis is Integrated Assessment Modeling as introduced in the previous section.
 oﬀers a unique possibility to combine all aspects of climate change in a
consistent framework and therefore serves as a useful tool in achieving the
objectives of this thesis. is leads to various main research questions:
How can adaptation be implemented in a global Integrated Assessment
Modelling Framework?
e rst concern of this thesis is to create an  framework which can
be used to simultaneously study adaptation and mitigation. s provide a
consistent framework which analyses the whole cause-and-eﬀect chain of the
climate change problem. By developing a way of making adaptation explicit
and incorporating it into an  framework that already includes mitigation
as a control, both control options can be studied simultaneously, and the
eﬀects of adaptation can be analysed. Furthermore, a comprehensive way of
representing the costs and bene ts of adaptation must be formulated. Finally,
how will making adaptation explicit aﬀect the optimal mitigation policy in a
global setting?
What eﬀects do adaptation policies have on a global level?
Using a global  which includes adaptation as a explicit variable, we can
study the following research sub-questions to better understand the eﬀects
of adaptation policies. Firstly, what is the optimal mix of adaptation costs,
mitigation costs and residual damages? Secondly, what are the trade-oﬀs
between adaptation and mitigation and how can they compensate for each
other’s absence?





Chapter . Introduction

What eﬀects do adaptation policies and international adaptation funding have
on a regional level?
By creating a regional  with explicit adaptation decisions, the eﬀects of
various forms of international cooperation can be studied. Speci cally, the
following research sub-questions can be answered. Firstly, how will making
adaptation explicit aﬀect the mitigation policy recommendation in a regional
setting under various forms of cooperation? Secondly, how are the optimal
adaptation and mitigation paths aﬀected by diﬀerent forms of cooperation?
irdly, when introducing an adaptation fund, what will the direction and
magnitude of these ows be under diﬀerent forms of international cooperation? Also, how will these ows aﬀect the level of global mitigation and local
adaptation in the receiving region?
What are the eﬀects of suboptimal adaptation?
Generally, in s it is assumed that adaptation will be applied at the optimal
level, but in reality this is not likely to be the case due to the many restrictions faced in implementing adaptation. is main research question can be
answered by means of the following research sub-questions. Firstly, which
restrictions on adaptation have been identi ed in the adaptation literature,
and how can they be represented in an ? Secondly, how do the diﬀerent
restrictions aﬀect the composition and level of climate change costs? irdly,
how do adaptation restrictions aﬀect the optimal mitigation path, and how can
mitigation policies compensate for adaptation restrictions?
How can reactive and anticipatory adaptation be represented in an , and
what are the eﬀects of each form of adaptation?
Adaptation options are oen divided into two main categories: reactive and
anticipatory adaptation. e former is best modelled as a ow variable, and the
latter as a stock variable. To answer this main research question, the following
research sub-questions will be analysed. Firstly, how can a distinction be
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made between stock adaptation and ow adaptation in an , how can the
interrelations between stock and ow adaptation be modelled? Secondly, what
is the optimal mix of stock adaptation costs, ow adaptation costs, mitigation
costs and residual damages, and how can stock adaptation, ow adaptation and
mitigation compensate for each other’s suboptimal levels?
What is the eﬀect of adaptation in coalition formation?
To reach a global optimal level of  emissions, global cooperation is needed.
Mitigation coalition formation has therefore been studied extensively in the
literature. e role of adaptation herein has been ignored, however. To understand the role that adaptation can play I will address the following issues:
Firstly, how can adaptation be included in an empirical coalition formation
model? Secondly, what eﬀect does diﬀerent levels of proactive adaptation have
on the Grand Coalition payoﬀs? irdly, how do diﬀerent levels of adaptation
aﬀect the stable coalitions found? Finally, can adaptation be used strategically
to aﬀect coalition formation?

1.6

Outline

Chapter  of this thesis develops a method to include adaptation as an explicit
decision variable into an  framework, addressing the rst research question
of this thesis. is method is then applied to the  model to create the  model. With this model the eﬀects of adaptation policies are studied,
as well as the interaction between adaptation and mitigation, focussing on the
second main research question.
In Chapter , adaptation is implemented into a regional  framework.
Using the  model the - model is created. is model is used to
answer the third main research question, which concerns the regional role of
adaptation under various forms of international cooperation as well as a global
adaptation fund.
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e fourth research question is studied in Chapter , where suboptimal
adaptation is investigated. e - model is calibrated based on the
 model, as well as an extensive empirical literature survey of adaptation costs and bene ts. Adaptation restrictions are identi ed and implemented
into the - and their eﬀects are analysed.
In Chapter , a restriction is made between reactive ( ow) and anticipatory (stock) adaptation, creating the - model. With this model the
h research question is analysed, focussing on the eﬀects of stock and ow
adaptation and their interactions with mitigation policies.
Chapter  serves as a model sensitivity analysis. It compares the assumptions and results of the various - and - models. In this way the
robustness of my results are investigated.
In Chapter  the role of adaptation in coalition formation is analysed.
Adaptation is introduced into a three-stage one-shot coalition formation game.
Furthermore, using the  model, the - model is created. is
model investigates the stability of all possible sub-coalitions between the 
world regions and studies the eﬀects of adaptation, focussing on the last main
research question.
Finally, Chapter  draws conclusions and makes recommendations for
polcy and further research based on the previous chapters.

2
Representing Adaptation in a Global
Integrated Assessment Model*
2.1

Introduction

Climate change poses one of the biggest global environmental threats for
current and even more so for future generations. ere is a scienti c consensus
that human activities, through which greenhouse gases are emitted into the
atmosphere, are changing our climate ( a). Greenhouse gases have
accumulated in the atmosphere for centuries and the decay of most greenhouse
gases takes more than y years. erefore, the climate change problem will
persist for at least the next century. Climate change is expected to do damages
to the economy, with estimates of, on average,  of  ( a) by 
and perhaps much higher damages aer that.
Consequently, it is important to design eﬃcient long-term climate policies.
ere are two main options that a nation has in addressing climate change.
Firstly it can try to limit climate change by reducing its greenhouse gas emissions or exploiting carbon sinks. is is referred to as mitigation. e other
option is adaptation. Adaptation refers to adjustments in ecological, social or
economic systems to moderate potential damages or to bene t from opportunities associated with climate change (Smit et al. ). Examples of adaptation
are the building of dykes, the changing of crop types, and vaccinations.
* is chapter is based on K. C. de Bruin, R. S. J. Tol and R. B. Dellink (a). ‘-: An
Implementation of Adaptation in the  Model’. In: Climatic Change .-, pp. –.
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To understand the issue of climate change, Integrated Assessment Models
(s) have been developed that integrate the main causes and eﬀects of
climate change. s combine disciplines as to evaluate the whole cause and
eﬀect chain of climate change. In such a manner the eﬀects of the economy
on climate change and the eﬀects of climate change on the economy are
linked. e advantage of s is that they can deal with important issues
such as the eﬃcient allocation of abatement burdens and accepted damages,
by specifying the costs and bene ts of various abatement strategies, using a
detailed description of both economic and environmental developments. s,
therefore, can analyse what the optimal climate strategy should be. Up to now,
however, s focus on the trade-oﬀ between damages due to climate change
and mitigation costs and ignore the option of adaptation or at best treat it
implicitly as part of the damage estimate.
Tol et al. () survey the  literature and conclude that in the majority
of the models adaptation is not included; this situation has hardly improved
since then. Furthermore, mostly when adaptation was included in a model,
only induced adaptation and implicit adaptation were considered. Induced
adaptation refers to the process of readjustment to the new climate and it
represented through transition costs and transition time. Implicit adaptation
refers to where adaptation is considered within a relationship in the model
using certain assumptions. is is oen in the form of the damage function
assuming optimal adaptation or no adaptation. Adaptation is then not a variable
that can be changed or studied, i.e. it is not explicit. Explicit adaptation refers
to adaptation being modelled as an endogenous choice variable that can be set
at a speci c level or optimised. Including adaptation explicitly gives you the
opportunity to study the exact levels, costs, and eﬀects of adaptation.
Because of the private nature of most adaptation, it is sometimes argued
that adaptation is not a decision variable for a region, as the adaptation decisions are not in the hands of the leaders of that region (Tol ). However,
Examples of such models are:  (Manne et al. ),  (Tol ) and  (Sokolov
et al. )
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besides the fact that many forms of adaptation are public, private adaptation
is still a decision taken in a region, even if not by the leaders of that region.
One may also argue that, under certain assumptions, the socially optimal
adaptation (as calculated below) coincides with the adaptation provided by
the market. is, however, is unlikely as the public lacks information on the
eﬀects of climate change and adaptation options, and adaptation oen entails
big scale projects that the market cannot provide. Studies have shown that
the eﬀects of adaptation can be enormous, decreasing gross damages by up to
 (Mendelsohn ). erefore, to fully understand the eﬀects of climate
change and climate change policies adaptation also needs to be considered and
modelled as a policy variable.
In this chapter, we include adaptation as a policy variable in an , namely
the Dynamic Integrated model of Climate and the Economy (), which was
originally developed by Nordhaus (b) and elaborated in Nordhaus and
Boyer (). e  model is a global model and includes economic growth
functions as well as geophysical functions. e use of adaptation is assumed
to be optimal and is already included in the damage function. We develop
what we have named the Adaptation in  (-) model that includes
adaptation as a decision variable.
Estimates from empirical literature on the costs and bene ts of adaptation
are used to calibrate the model and derive the adaptation cost curve that is
implicit in the  model. We then construct new policy scenarios with no
adaptation to understand the eﬀects of adaptation. We take a closer look at the
eﬀects of adaptation and mitigation on each other.
is chapter is structured as follows; in the next section the literature
on adaptation in s is reviewed. e third section lays out the -
model and its theoretical framework. In the fourth section the details of the
calibration are described and the parameter values of the - model are
given. e h section presents the results with an analysis of the diﬀerent
policy options and the interactions of adaptation and mitigation. In the sixth
section a sensitivity analysis is done. Finally we conclude and make a few
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suggestions for further research.

2.2

Literature Review

ere have been many articles calling for more research on adaptation, especially in the modelling context. Tol et al. () speci cally call for the
introduction of explicit adaptation in s. ey survey  s and nd that
adaptation is distinguished only in very few of the models. Furthermore, they
nd only one model, the Policy Analysis of the Greenhouse Eﬀect () model
(Hope et al. ), where adaptation is considered as a policy variable for all
impact sectors. Since Tol et al. (), nothing has really changed with regard
to the inclusion of adaptation in s. is is con rmed by a recent review
of various sorts of adaptation models by Dickinson (). Some important
theoretical work has been developed simultaneously to our analysis (Lecocq
and Shalizi b).
Hope et al. () investigate two adaptation policy choices in the 
model, namely no adaptation and aggressive adaptation. Aggressive adaptation
decreases initial climate change impacts by up to . Hope et al. () say
that this reduction will cost . trillion Euro and decrease impacts by .
trillion Euro. ese estimates do not seem realistic and contradict existing
empirical literature on the costs and eﬀects of adaptation (Fankhauser ;
Mendelsohn ; Parry and Carter ; Parry and Livermore ; Reilly
et al. ). e bene ts of adaptation estimated by Hope et al. () are
much higher than is found in this literature. Not surprisingly, Hope et al.
() nd that an aggressive adaptation policy is bene cial and should be
implemented. It should be noted that the authors of this article also call for
incorporating improved information on adaptation in their model. Hope et al.
() model adaptation such that it decreases the tolerable rate of climate
change, the tolerable absolute climate change and the impacts beyond these
tolerable amounts. Although Hope et al. () take a step in considering
adaptation and how it may be implemented into s; the values used are very
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unrealistic and teach us little about dynamics of adaptation or the trade-oﬀs
with mitigation. Furthermore, adaptation is not a continuous choice, but a
discrete variable; and it is a scenario variable rather than a choice variable.
Later versions of the  model have been developed, however, the same
speci cation of adaptation were used (Hope ).
A more recent and detailed paper where adaptation is explicitly modelled
is that of Tol (). is model only considers sea-level rise and coastal
protection. It models protection as a continuous decision variable, based on
Fankhauser (), and gives insights into adaptation dynamics. Tol ()
shows that protection is a very important option to combat the impacts of sea
level rise. Furthermore adaptation and mitigation need to be traded oﬀ as more
mitigation will lead to less free resources for adaptation. Tol and Dowlatabadi
() did a similar analysis looking at vector-borne diseases, focusing on
malaria. ey nd that overly ambitious mitigation could increase the adverse
impacts of climate change due a decrease in adaptive capacity.
Previous papers have taken the rst steps to explicitly including adaptation
in s, but clearly do not exhaust the potential. Adaptation is an important
policy option that needs to be included in  analyses for all climate change
damages. is article adds to the  and climate change literature by doing
that.

2.3

A Framework with Explicit Adaptation Decisions

In the  model, utility is maximised. Utility is calculated as the discounted
natural logarithm of consumption. In each time period, consumption and
savings/investment are endogenously chosen subject to available income reduced by the costs of climate change (residual damages, mitigation costs and
adaptation costs). e climate change damages are represented by a damage
function that depends on the temperature increase compared to  levels.
Adaptation to climate change would decrease the initial damages of climate
change. is is the mechanism we add to the  model. We de ne gross
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damages as the initial damages by climate change if no changes were to be made
in ecological, social and economic systems. If these systems were to change
to limit climate change damages (i.e. adapt) the damages would decrease. We
refer to these le-over damages as residual damages. Reducing gross damages,
however, comes at a cost, i.e. we need to invest resources in adaptation. ese
costs are referred to as protection costs or adaptation costs. us, the net
damages in  are the total of the residual damages and the adaptation costs.
In the  model the net damage function is a combination of the optimal
mix of adaptation costs and residual damages. us the net damage function
given in  can be unravelled into residual damages and adaptation costs.
We do this as follows. e original damage function in  is given as
Dt
= a 1 TE t + a 2 TE 2t ,
Yt

(.)

where D t represents the net damages, Yt the output and TE t the temperature
change compared to the  temperature. We split the net damages into
residual damages (RDt ) and adaptation costs (PC t ).
Dt
RDt (GDt , Pt ) PC t (Pt )
=
+
Yt
Yt
Yt

(.)

Here we assume that the adaptation costs and the residual damages are separable, and can be represented as a fraction of income. ey both depend on
protection (Pt ) but the costs are independent of each other. Residual damages
depend on both the gross damages (GDt ) and the level of protection (Pt ).
Eﬀectively, this makes the decisions on the levels of protection and mitigation
separable.
We assume that the gross damage function takes the form given in:
GDt
α
= α1 TE t + α2 TE t 3 , where α2 > 0 and α3 > 1.
Yt

(.)

According to Nordhaus and Boyer (), adaptation is included in the damage estimates and
it is implicitly assumed that this is the optimal adaptation.
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is is the most commonly used form for damage costs of climate change
in s, where α3 generally takes a value between  and  (Tol et al. ). is
is also the same form as used in the  model, however, α3 is not assumed to
be  as in the  model, but is le to be determined through calibration.
We use the following function to express RDt as a function of Pt and GDt ;
RDt = GDt · (1 − Pt ), where 0 ≤ Pt ≤ 1.

(.)

e main advantage of using the form given in . is that P has an intuitive
interpretation. Protection is then given on a scale from  to , where  represents
no protection: none of the gross climate change damages are decreased through
protection. A value of  would mean that all gross climate change damages are
avoided through adaptation. us, P gives the fraction by which gross damages
are reduced:
Pt =

GDt − RDt
.
GDt

Adaptation costs are given as a function of the level of protection. We
assume that this function is increasing at an increasing rate, as cheaper and
more eﬀective adaptation options will be applied rst, and more expensive and
less eﬀective options will be used aer these, thus
∂ PC t
∂ 2 PC t
> 0 and
> 0.
∂ Pt
∂ Pt2

ere are many types of functions that t these criteria. We assume this
function takes the form of a power function⁴
PC t
γ
= γ1 Pt 2 , where γ1 > 0 and γ2 > 1.
Yt

(.)

In line with  online version used in this analysis, we assume that net climate change
damages are strictly non-negative, that is climate change will have a negative eﬀect. Note that
this may not be the case for several regions of the world (e.g. Tol and Dowlatabadi ) and in
other models such as the  Nordhaus and Boyer () version.
⁴ In the Appendix another representation is presented and used to calibrate the - model.
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We assume that the level of protection is chosen every time period ( years).
e protection in one time period does not aﬀect damages in the next period,
thus each decade the same problem is faced, and the same trade-oﬀ holds.
is implies that both the costs and bene ts of adaptation are instantaneous,
i.e. they fall in the same time period, that is within the same decade. e
important implication of this assumption is that as long as adaptation is
applied optimally, the bene ts of adaptation will always outweigh the costs (this
follows directly from the maximisation) and hence the adaptation decision
will never draw away funds from mitigation policy. Although this way of
modelling adaptation bene ts and costs is debatable, many adaptation measures
have this characteristic. Examples of such adaptation measures are applying
sun block, switching on air-conditioning, changing holiday destinations and
changing crop types. Other adaptation measures, especially in the category
of anticipatory adaptation, however, have a time-lag in costs and bene ts.
Example of such measures are building seawalls and early warning systems.
An analysis which adds an adaptation capital stock to represent anticipatory
adaptation would, however, be interesting and is deferred to future work.
Equation . gives us an adaptation cost curve. Combined with Equation
., it compares the reduced damages (as a fraction of gross damages) with the
costs of the adaptation (as a fraction of output).

2.4

Calibration of the

-

99 Model

In our analysis we use the  version of the  model as available
online.⁵ It should be noted that a new version of this model  has
recently become available. e newer version assumes decreasing abatement
costs as opposed to increasing assumed in . Furthermore the damages
function is higher in the newer version. We calibrate the - model
using the optimal control scenario of . We calibrated the model in such
⁵ is model was available on the homepage of William Nordhaus until spring .
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a way that it best replicates the results of the original  model. To do this
we constructed a model that minimised the discounted squared diﬀerence
between net damages (D t ) in the original  and net damages (RDt +PC t )
in -, holding TE t at the level obtained in the  optimal control
scenario.
We use additional information for the calibration of the parameters:
α1 , α2 , α3 , γ1 and γ2 . Firstly, the Pt chosen must be optimal. us for all Pt ,
∂ Dt
∂ Pt

= 0 must hold, or

∂ RD
∂P

=

∂ PC
∂P

. Next, we have to identify a point on the

protection cost curve to be able to calibrate the function. We chose to calibrate on the same point as used to calibrate the damages in the original 
model: a doubling of ₂ concentrations. is is assumed to occur aer 
years (t = 13), this corresponds in the  model to a temperature rise of .
ºC (TE = 2.3) compared to . e second condition states that PC takes a
value of - of total damages in the calibration point. is condition is taken
from an estimate by Tol et al. (), which is based on an extensive review
of impact assessment literature. We also restrict the parameter P based on
literature (Fankhauser ; Mendelsohn ; Parry and Carter ; Parry
and Livermore ; Reilly et al. ) at a level between . and . at the
calibration point. Furthermore, according to Tol et al. (), PC should lie
between . and .  of  at the calibration point; this restriction was also
implemented.
Our - model, when calibrated with these restrictions, is able to
reproduce the damages of the  model well. To test the signi cance of our
models we regress the  damages on the - and test the hypothesis
that they are equal using an F-test. e p-value, which may be interpreted as
the chance that they are indeed equal, is given in Table ., along with the
parameter estimates.
e very high p-value indicates that  and - are almost identical.
Figure . depicts the net damages estimated by - and those estimated
by , for both the optimal control scenario and for the scenario without
mitigation. For both scenarios, our calibration ts well with some small diver-
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parameter
value

α1

α2

α3

γ1

γ2

.

.

.

.

.

p-value
.

Table .: Parameter values from - in the optimal scenario calibration
sions in later periods (the present value of these diﬀerences are negligible due
to the positive discount rate used). is shows that our parameter values are
valid for both scenarios.















































































Figure .: Net climate change costs and mitigation levels estimated by
- and : optimal scenario, no mitigation scenario

As also can be seen in Figure ., the - levels of mitigation replicate
those of , albeit that the levels are slightly lower in later periods in . Mitigation is essentially the same in  and -. is is because
the decisions to mitigate and adapt are separable. In , mitigation is set
by the marginal damage cost. In -, mitigation is set by the marginal
residual damage plus adaptation cost. As the net damage pro les in  and
- are practically identical, so are the marginals. us our model will
give the same results as the  model if we keep adaptation at its optimal
level.
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Using the parameter values found in - we can draw an adaptation
cost curve, given in Figure .. We see that the adaptation costs of the rst 
of gross damage reduction are extremely low aer which they rise. e optimal
level of adaptation varies from . to ., with an average of ., that is 
percent of gross damages are reduced due to adaptation. It can easily be seen
that the costs of adaptation rise to such a high level that it can never be optimal
to fully adapt to climate change. at is solely adapting to climate change is not
a solution and mitigation will be needed too.


















































































Figure .: e adaptation cost curve implicit in the - model (range
.-.)

2.5

Results

In this section we present our results. We rst look at how climate change costs
are composed. en we compare diﬀerent policy options. Finally we look at
the dynamics of adaptation and mitigation and how they aﬀect each other.
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2.5.1

Costs of Climate Change and Policy Options

e costs of climate change include residual damages, adaptation costs and
abatement costs. In Figure ., we see that a large part of climate change costs
consist of residual damages in the optimal control scenario. Mitigation costs
increase relatively steeply over time.
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mitigation costs
adaptation costs































Figure .: e composition of climate change costs in the optimal scenario
Now we compare diﬀerent policy options using the - model. We
take two climate change policy scenarios created by Nordhaus and Boyer
() as a starting point. We revise these scenarios by including non-optimal
adaptation. We then compare the eﬀects of the diﬀerent scenarios on the basis
of utility.
e two scenarios of Nordhaus and Boyer () are the no control
baseline scenario and the optimal control scenario. In the no control scenario,
adaptation is chosen at its optimal level, thus in such a way as to maximise
utility, but the level of mitigation is set at zero. In the optimal control scenario
both adaptation and mitigation are chosen at their optimal levels. We use four
scenarios in -: optimal control, no control, only adaptation and only
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mitigation. Our optimal case is the same as that of Nordhaus and Boyer ().
In our no control scenario, adaptation and mitigation levels are set at zero. In
the only adaptation scenario, the adaptation is at its optimal level while the
mitigation level is zero. In the only mitigation scenario, the mitigation is at its
optimal level while the adaptation level is zero.
We rst look at the utility of the diﬀerent scenarios. Logically we see that
the optimal control leads to the highest welfare level, followed by the only
adaptation scenario. is is followed by the only mitigation scenario. Finally
the scenario that creates the lowest utility is the no control scenario. us only
adapting results in a higher utility than only mitigating and adaptation is the
preferred, single control in this model. ese results con rm the importance
of adaptation. Note that this conclusion may be speci c to our model setting.
Below, we report the results of a sensitivity analysis that show that our conclusions are robust to a range of parameter variations. More fundamental changes
in model assumptions may result in a diﬀerent conclusion, however.
In Figure ., we compare the distribution of costs of climate change over
time with the diﬀerent policy scenarios. e diﬀerent scenarios distribute the
cost of climate change quite diﬀerently over time. us changes in the discount
rate will also change the ranking of the scenarios.
We see that in the only-mitigation scenario damages in the last periods are
much smaller than in the no control scenario. e only-adaptation scenario
damages are smaller in the beginning periods compared to the no control
scenario. e optimal scenario distributes the damages more evenly over
time. At certain points in time it is less bene cial than a scenario with only
adaptation, but overall this scenario has the least discounted damages.

2.5.2

Adaptation and Mitigation

ere is increasing attention for the interactions between adaptation and mitigation (Klein et al. ). Extra investment in adaptation may decrease or
increase emissions, or mitigation may stimulate or hinder adaptation. An example of this is increased use of air conditioning in the face of warming, which
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Figure .: e climate change costs of diﬀerent policy scenarios
increases emissions. is relation is surveyed in the Fourth Assessment Report
(Klein et al. ), they conclude that the relationship between adaptation
and mitigation is ambiguous and small. Here we assume that adaptation and
mitigation have no direct eﬀects on each other.
Adaptation and mitigation are rival goods, as they compete for resources.
Increased mitigation (adaptation) will decrease the funds available for adaptation (mitigation). is is explicitly included in our set up, but is not particularly
important as the sum of money spent on either adaptation or mitigation is small
relative to the total budget. Furthermore, in the situation of optimal adaptation
the immediate bene ts will always be higher than the costs and will therefore
not deplete funds for mitigation in this set-up. As mentioned in the model
description, our model speci cation ignores the sometimes considerable time
lags between the costs and bene ts of adaptation measures, and assumes that
bene ts will occur in the same decade as the associated costs.
More importantly, we model adaptation and mitigation as policy substitutes. e word substitute is here used in the economic sense of the word: more
mitigation (adaptation) reduces the need for adaptation (mitigation). In the
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optimal policy, however, there is both adaptation and mitigation, as mitigation
cannot avoid all climate change, and adaptation cannot avoid all impacts.
To examine the dynamics of adaptation and mitigation in more detail,
we look at the net bene ts of adaptation and mitigation over time (both as a
percentage of output) in Figure .. We see that adaptation has higher bene ts
until  than does mitigation. Aer that, however, mitigation becomes much
more bene cial than adaptation. us even though it is optimal to invest in
mitigation, few of these bene ts will be felt in the rst  years – largely because
of the slow workings of the carbon cycle and climate.
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Figure .: e net bene ts of adaptation and mitigation over time and
scenarios
Furthermore, we look at how adaptation and mitigation aﬀect each other.
In Figure ., the net bene ts of mitigation are given for the case when only
mitigation is an option and for the case where adaptation is also possible.
We see that including adaptation as an option increases the bene ts of the
optimal path of mitigation until  but decrease the bene ts later. is is
because adding adaptation as a control option will decrease the optimal level of
mitigation. Because of this, costs of mitigation in the beginning periods will be
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avoided but this also entails that bene ts of mitigation in later periods are lost.
In this case, over-investment in mitigation in earlier periods is unnecessary
because the option of adaptation is available. at is, adaptation is a more
eﬀective short term tool, which can be applied instead of the less eﬀective longterm tool of mitigation. In later periods, adaptation decreases the eﬀectiveness
of mitigation in reducing impacts. As more is invested in adaptation, the
less eﬀective mitigation will become. e other way around more adaptation
decreases residual damages compared to gross damages making mitigation less
eﬀective.
ere is a chance that policymakers do not look at the optimal control
over time but only consider the near future that is the world has a myopic
view. In this case because the bene ts of adaptation are higher in earlier years,
there may be an over-investment in adaptation and an underinvestment in
mitigation. is is a problem of inter generational externalities, that is the
burdens of mitigation are felt in earlier periods, while the bene ts are reaped
in later periods (or more accurately the bene ts of a high level of consumption
are reaped now, while the burdens are felt by later generations in the form of
climate change damages). However, a side bene t in this respect is that the net
damages of the optimal level of mitigation in the earlier periods are lower and
even become bene ts when adaptation is included as a control option.
We see that mitigation only has a negative eﬀect on adaptation. In Figure
. we see that adaptation is less bene cial when mitigation is also an option.
is is because mitigation reduces gross damages reducing the potential benets of adaptation. e diﬀerence between bene ts of adaptation with optimal
mitigation and without mitigation increases over time, because the eﬀect of
mitigation becomes more pronounced over time. It is important to note that
even though adaptation and mitigation decrease each others eﬀectiveness, i.e.
there is a negative interaction eﬀect; the simultaneous use of both options is
still optimal. e marginal costs of both options increase more than proportionately with higher percentages of mitigation/adaptation, and this eﬀect is
stronger than the interaction eﬀect, and the optimal policy involves a mixture
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of moderate amounts of both adaptation and mitigation.

2.6

Sensitivity Analysis

In this section we conduct a sensitivity analysis. We have already seen that our
model is robust to changes in the scenario used in the calibration, see Figure
.. - replicates  in all scenarios where adaptation is optimal and
does not need to be recalibrated for diﬀerent scenarios. Next we check if our
model is robust to changes in the climate sensitivity and the discount rate used.

2.6.1

Discount Rate

We run both the  and - model with  alternative utility discount
rates, namely a low level, an original, middle level and a high level. e original
discount rate is . and decreases over time, the low level discount rate is
 of the original level (.) and the high level is  of the original level
(.). We see that the - model adjusts to changes in the discount rate
in the same way as the  for all relevant variables. We nd that the -
model has slightly lower levels of mitigation but replicates the  model very
well. us without recalibration the model is still valid here.
We know from the  model that a higher (lower) discount decreases
(increases) the level of mitigation. In Figure . we see that in the -
model a higher (lower) discount increases (decreases) the level of adaptation.
is is quite intuitive as the bene ts of mitigation are only felt in later periods,
while the costs are felt in earlier periods. Rate increases (decreases) the level of
adaptation A higher (lower) discount rate would shi policy from mitigation
(adaptation) to adaptation (mitigation).

2.6.2

Climate Sensitivity

We do the same with  levels of climate sensitivity i.e. the equilibrium warming
for a doubling of the atmospheric concentration of carbon dioxide. e original climate-equation coeﬃcient, that is the eﬀect of radiative forcing on the



Chapter . Representing Adaptation in a Global Integrated Assessment Model














low discount rate
original discount rate
high discount rate


































Figure .: e optimal adaptation level with diﬀerent discount rates
atmospheric temperature, is .. is is equivalent to assuming a thermal
capacity of the upper ocean layer of .

W ·y r
K ·m 2

(cf. Füssel ). e low level

coeﬃcient is  of the original level . and the high level is  of the
original level .. Again we see that - adjusts in the same manner as
 with lower mitigation levels in later periods.
Lower (higher) climate sensitivity will decrease (increase) mitigation. In
Figure we see that lower (higher) climate sensitivity will decrease (increase)
adaptation until the year  and increase (decrease) it aer that. is is
because if emissions cause less climate change, there will be lower damages.
is will lead to lower levels of adaptation and mitigation. Aer some time due
to the lower level of mitigation, damages will reach a level where a high level of
adaptation will again become optimal.
e main point here is that our model replicates the  model with
varying parameters without recalibration. at is, the analysis of mitigation
policies in - does not diﬀer substantially from the analysis in ,
even though the - adaptation equations are only calibrated to one 
scenario.
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Figure .: e optimal adaptation level over time for diﬀerent climate
sensitivities

2.6.3

Adaptation Costs

Finally we look at the results if we use another speci cation for the adaptation
costs function. We give the PC t function as

γ2
1
PC t
= γ1
, where γ1 > 0 and γ2 > 1.
Yt
1 − Pt

(.)

is full analysis is given in the appendix .A; here we discuss the results
only. e adaptation curves of both speci cations are not identical, see Figure
. in appendix .A. Using the alternative speci cation leads to a higher lying
adaptation cost curve that translates into higher adaptation costs. e curve
also becomes very steep at P = 0.3 with extremely high costs at adaptation
levels above that.
We again look at the policy scenarios with the new speci cation. e results
are given in Figure .. e results show the same order of policies; however,
the utility of the scenarios with no adaptation are slightly higher than before.
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We also check to see whether the costs of climate change under the diﬀerent
control options develop in the same way as before and if the results are not
sensitive to changes in speci cations. In Figure ., we present the climate
cost curves of the diﬀerent options using the new protection cost function. We
compare Figure . with the corresponding results of the original protection
cost function given in Figure .. e curves have the same form in both
gures. Because the adaptation cost curve is slightly higher in this speci cation
(see Figure .), the no control curve is slightly lower than before. We thus can
conclude that our results on the policy options are robust to these changes.

















































Figure .: e climate change costs for diﬀerent scenarios with alternative
PC t speci cation
Adaptation and mitigation are still aﬀected by each other in the same
way as in the original PC t speci cation. Adaptation increases the bene ts of
mitigation in earlier periods and decreases them in later periods. Mitigation
decreases the bene ts of adaptation. is is not aﬀected by our speci cation of
the adaptation equations in -.
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2.7

Conclusions

In this chapter, we set up a framework that can model adaptation as a decision
variable in s that include a climate change damage module with monetised
damages . We use this framework to create the model - that includes
adaptation as a decision variable in the  model of Nordhaus and Boyer
(). In the  model, adaptation is assumed to be optimal and implicit in
the damage function.
We adopt a framework in which adaptation and mitigation decisions
are separable: the adaptation level is chosen to minimise net damages plus
adaptation costs, while the mitigation level is chosen to minimise the aggregate
of net damages and adaptation costs plus mitigation costs. - is calibrated
to mimic the original  model for the optimal control scenario and the
best-guess parameters. Without recalibration, our model also replicates the
mitigation results of the  model under diﬀerent scenarios and parameter
values. is means that making adaptation explicit and setting it at an optimal
level yields the same results as implicit optimal adaptation. While this is
obvious for the calibrated scenario, the fact that mitigation results in 
are not aﬀected by the implicit representation of adaptation implies that
explicit treatment of adaptation does not alter the results concerning the
economic impacts of mitigation policies. us we tentatively conclude that
while adaptation may not be explicitly represented in most existing Integrated
Assessment models, there are no grounds to reject the mitigation policy
conclusions from these models for the reason that they do not explicitly
include adaptation. at is, while these models cannot be used to investigate
optimal adaptation strategies, there are not necessarily biased in their analysis
of mitigation strategies.
Our results show that both adaptation and mitigation can substantially
reduce the impacts of climate change. When applied optimally, adaptation will
reduce gross damages of climate change by on average  (as calibrated).
We see that applying only adaptation is more bene cial than applying only
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mitigation, illustrating the importance of adaptation as a control option in
combating climate change, especially in the short run. We also conclude that
adaptation is the main climate change cost reducer in the rst periods (up to
the year ) aer which mitigation reduces the bulk of the damages. us
to combat climate change in the eﬃcient way, the short term optimal policy
consists of a mixture of adaptation measures and investments in mitigation,
even though the latter will only decrease damages in later periods.
To challenge the conclusions from -, more research is needed.
Firstly, we ignore uncertainty. However, the way we calibrated the gross damage and adaptation functions makes them respond in the same way to key
parameter variations as the original  model. is suggests that the behaviour of - would be similar to that of , also under uncertainty.
Secondly, we ignore irreversibility. Should greenhouse gas emissions set in motion a shutdown of the thermohaline circulation or a collapse of the Greenland
or West-Antarctic Ice Sheet, adaptation may be the only policy option. irdly,
we assume perfect markets. We use an aggregate impact function, rather than
making a distinction between diﬀerent sectors. In some sectors, adaptation is
relatively easy. In other sectors, it is more diﬃcult. More detailed modelling
of adaptation would also allow for a distinction between transition costs and
equilibrium costs. Fourthly, we use a single region model. Like sectors, different countries may have a qualitatively diﬀerent response to climate change,
and adaptation may be very diﬀerent. Furthermore, with diﬀerent countries,
countries may cooperate on mitigation, on adaptation, or both – while the original rice model has only one instrument of international cooperation. Finally,
adaptation may not be applied optimally but still applied to a certain extent.
erefore further research into non-optimal adaptation scenarios is warranted. All this is deferred to future work, which can build upon the framework
developed in this chapter.

.A. An Alternative Speci cation of the Adaptation Cost Function

Scenario
Optimal

α1

α2

α3

γ1

γ2

.

.

.

.

.



p-value
.

Table .: Parameter values from - using the alternative speci cation

2.A An Alternative Speci cation of the Adaptation Cost
Function
In this appendix we show the calibration of the ad-ice model using another
speci cation of the PC t function. is speci cation is based on the idea that
the RDt function takes another form, i.e.
RDt =

GDt
, where PRt > 1.
PRt

(.)

e level of protection is given by PRt . us, instead of assuming that
protection directly reduces gross damages on a one to one basis, we assume
that adaptation becomes less eﬀective as the level of adaptation rises. e costs
of this protection we assume to be given by a power function:
PC t
γ
= γ1 PRt 2 , where γ1 > 0 and γ2 > 1.
Yt

(.)

To be able to use the logical interpretation of Pt and to thus keep the
original RDt function ., we rewrite . as a function of Pt , this results in the
following PC t function:

γ2
PC t
1
= γ1
, where γ1 > 0 and γ2 > 1.
Yt
1 − Pt

(.)

e results of the calibration with this speci cation are given in table ..
In Figure . the adaptation curves under both speci cations are given.
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Figure .: Comparison of adaptation cost curves for both PC t speci cations

3
Adaptation in a Multi-Regional Integrated
Assessment Framework: An Analysis of
Climate Change Cooperation*
3.1

Introduction

Eﬃcient climate change policy is comprised of both adaptation and mitigation.
Mitigation abates climate change by reducing emissions or capturing carbon.
Adaptation involves adjusting behaviour and infrastructure to better t the
new climate, thereby reducing the damages from climate change or increasing
the bene ts of climate change. To set optimal policies, Integrated Assessment
Models (s) have been developed to study the full cause-and-eﬀect chain
of climate change. In many such models, the damages of climate change are
monetised, and can be compared with the costs of mitigation options. A costbene t approach can be applied to study climate change and formulate optimal
mitigation policies.
e current s, however, generally assume optimal adaptation, and
only incorporate adaptation implicitly. To better understand the role and
importance of adaptation, an economic assessment of the costs and bene ts
of adaptation is essential. In the second chapter we introduced the concept
* is chapter is based on K. C. de Bruin, R. B. Dellink and R. S. J. Tol (b). International
Cooperation on Climate Change Adaptation from an Economic Perspective. Tech. rep. WP.
Economic and Social Research Institute ().
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of an “adaptation cost curve” that summarises the macroeconomic costs
and impacts of adaptation eﬀorts, and have subsequently adjusted the 
model (Nordhaus and Boyer ), now called -, to include an explicit
adaptation choice variable. ey nd that when setting adaptation at its optimal
level in the - model, the results with respect to mitigation policies
remain the same as in the original  model. is is obvious for the calibration
scenario, as residual damage and adaptation costs are calibrated to the implicit
optimum in . However, the same result holds in the sensitivity analyses
(without re-calibration). at is, ’s implicit assumptions about adaptation
do not bias its policy advice on mitigation when adaptation is applied at its
optimal level.
e  model is, however, a global model, with one benevolent leader
maximising the utility of the globe. In a multi-regional setting there are numerous players who can each choose to cooperate on climate change (in diﬀerent
forms), or to act solely out of self-interest. e rst aim of this chapter is to
analyse whether the results of the second chapter are valid in a multi-regional
setting with various forms of cooperation.
Both the  and   ( a;  a) stress the
role of nancial transfers as policy tools for the sake of mitigation as well as
adaptation (e.g. in the form of an adaptation fund), which can be used to build
political support for international climate action. e topic of an international
adaptation fund and its potential contributors and bene ciaries has been
discussed in recent literature (e.g. Bouwer and Aerts ; Burton et al. ;
Dellink et al. ; Paavola and Adger ), and van Drunen et al. ()
provide a systematic overview of existing and suggested nancing mechanisms.
Adaptation funding has received a great deal of attention, especially in a policy
setting. It was an important topic of the recent  meetings in Bali
( a) and Copenhagen ( ).
In this sense, the eﬀects of monetary transfers on the incentives to join
a coalition have been studied (e.g. Barrett ; Bosetti et al. ; Carraro
et al. ; Chander and Tulkens ; Nagashima et al. ). Furthermore,

.. Introduction

transfers have been introduced into s such as the  model (Jacoby et al.
) in the form of nancial transfers, and in the  model in the form
of technological transfers (Yang and Nordhaus ). To our knowledge the
only instance where adaptation transfers are considered in an  setting is in
Hof et al. (), which looks at the feasibility of nancing adaptation needs
in developing regions through a tax on Clean Development Mechanism ()
projects. e second aim of this chapter is therefore to study what eﬀects
adaptation transfers will have on () domestic adaptation and () the optimal
mitigation path.
To study our two objectives, we will rst present an analytical model
of climate-economy interactions that focuses on the economic aspects of
adaptation. We will introduce adaptation costs and bene ts into our model,
and investigate the role that international nancing of adaptation can play.
Next, the - model is presented, including its calibration to . e
numerical - model is used to study the magnitude of the eﬀects, and to
investigate questions that cannot be solved analytically.
In a multi-regional setting, it matters if regions cooperate, i.e. whether or
not they consider the positive externalities of their mitigation when setting
climate policies. Climate change cooperation is a complex issue, which is
re ected by the current lack of a strong international agreement on mitigation.
is is primarily because of the high free rider incentives of regions (Barrett
; Nagashima et al. ). is chapter will consider three scenarios of
cooperation, each re ecting speci c incentives of various regions; Nash (no
cooperation), Climate Cooperation (regional diﬀerences in climate change
damages are considered) and Full Cooperation (regional diﬀerences in income
per capita are considered). e Nash scenario re ects the free rider incentives
regions have. e Climate Cooperation scenario represents the incentives
regions have to compensate those regions aﬀected most by climate change. In
the Full Cooperation scenario, regions want to compensate those regions with
low incomes, whether because of climate change or underdevelopment.
For all forms of cooperation it will be shown that when adaptation is
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assumed to be optimal, making adaptation implicit in the net damage function
will not aﬀect the mitigation results. We will also show that if adaptation
is not optimal, mitigation will be aﬀected, and furthermore that adaptation
and mitigation can compensate for suboptimal levels of each other. Note that
we assume that adaptation eﬀorts will only bene t the region where they are
undertaken, and that there will be no spillover bene ts or costs to other regions.
us the optimal level of domestic adaptation spending will not diﬀer in the
cooperative and non-cooperative case. We will show that adaptation transfers
will fully crowd out domestic adaptation expenditures in the equilibrium
(where adaptation and mitigation are set at their optimal levels), but not
necessarily when domestic adaptation is suboptimal. Furthermore, transfers
will only take place in the cases of climate cooperation (running from lowimpact to high-impact regions) and full cooperation (running from rich to
poor regions). Our numerical model shows that global emissions may increase
slightly due to adaptation transfers, as these can be used as a substitute of
mitigation to compensate highly impacted regions.
is chapter is structured as follows. e second section will describe
the simpli ed integrated assessment model we used. e third section will
present our analysis in the form of several propositions. e fourth section
will describe the calibration of our numerical model (-) and apply it to
study the magnitude of the eﬀects found in the third section. e nal section
will summarise and conclude this chapter.

3.2

An Explicit Model of Adaptation for Multiple Regions

In this section we describe a simple integrated assessment model, where
economic growth and climate change are linked. First, we must introduce a
basic model with implicit adaptation. In this model there is one control variable,
namely mitigation (µ j ,t ). We can then develop a second model, which includes
a damage function with explicit adaptation. When adaptation is explicit, gross
damages can be reduced through adaptation eﬀorts. In this model there are two
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control variables; mitigation (µ j ,t ) and adaptation (Pj ,t ).irdly, we further
extend this model to be able to include international adaptation transfers.

3.2.1

e Basic Model

For simplicity, we will assume that there are  regions, j = H , D , although the
main conclusions can easily be extended to more regions. We will furthermore
assume, without loss of generality, that each region is of the same size in terms
of population, that populations are constant over time, and that all parameters
are non-zero.
Regions produce output Yj ,t , which is given exogenously, causing emissions. Emissions are a linear function of output (with coeﬃcient Ω j ). Emissions
can be reduced through mitigation eﬀorts (µ j ,t ). us net emissions depend
on both output and mitigation:
E j ,t = Ω j · Yj ,t (1 − µ j ,t ).

(.)

Mitigation eﬀorts come at a cost. e associated mitigation costs (MC j ,t ) are
given as follows:
MC j ,t
Yj ,t

θ2,j ,t

= θ1,j ,t · µ j ,t .

(.)

Net damages as a percentage of  (D j ,t ) are caused by cumulative global
emissions (M t ): M t ≡

∑

t −1 ∑ J
j =1 E j ,s
s =1



+ M 0 ; for simplicity, we assume that

this is a linear relationship described as follows:
D j ,t
Yj ,t

= φj · M t

(.)

Dellink et al. () show that a linear relationship is a reasonable approximation for this
relationship. is combines the usual logarithmic relationship between concentrations and
temperature change with a quadratic damage function; the result is virtually linear for the
relevant range of concentration levels (. to  times pre-industrial levels) but highly nonlinear
for more extreme concentration levels.
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Again for simplicity’s sake, we will assume that investment levels are
exogenous, i.e. that in our model output equals (national) income, and regions
can consume their output minus the sum of net damages of climate change and
the costs of mitigation as follows:
C j ,t = Yj ,t − D j ,t − MC j ,t .

(.)

Finally, regional utility (U j ) can be derived from the discounted sum of
consumption in each period over the planning horizon T (as we have a constant
population, this implicitly maximises consumption per capita). Consumption
is discounted over time using a discount factor (ρt ):
Uj =

T
∑



ρt · C j ,t

(.)

t =1

For tractability, we use a linear utility function in the basic model. e
regional utilities are weighted to create a global Social Welfare Function (SWF ):
SWF = ν j

J
∑

Uj .

(.)

j =1

Maximising the SWF involves choosing optimal values for the adaptation
and mitigation levels, denoted by µ∗j ,t andPj∗,t respectively. Using diﬀerent
regional utility weights yields diﬀerent solutions; this will be explored in more
detail in Section ...

3.2.2

Adaptation

We will now introduce adaptation into our model. e damage equation .
with implicit adaptation is replaced by the more elaborate system of equations
.-., and income equation . replaces equation .; the other equations
remain unchanged.
Assuming a logarithmic function would create a model that is too complex to solve. By using
a linear utility function we do not discount utility over income levels, but only over time. For
the purposes of this basic model this assumption is acceptable.
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We assume that gross damages (GD j ,t ), i.e. potential climate change damages without adaptation, have a linear relationship to cumulative emissions:
GD j ,t
Yj ,t

= ωj · M t .

(.)

Moreover, we assume that ω j > 0, i.e. that all regions experience positive
gross damages from climate change. is is the case for all major regions
in the world, especially in the longer term and when aggregated into larger
geographical zones. Some speci c regions may experience gross bene ts from
climate change, however. In our numerical - model we have included
this possibility, and model adaptation in such a way that it increases gross
bene ts of climate change and decreases gross damages (see appendix .A).
Here we will focus on the case of gross damages, where adaptation can decrease
gross damages to residual damages.
Residual damages (RD j ,t ) are a function of adaptation (Pj ,t ) and gross
damages, where 0 ≤ Pj ,t ≤ 1 represents the fraction by which gross damages
are reduced:
RD j ,t = (1 − Pj ,t ) · GD j ,t .

(.)

Equation . shows that regional adaptation Pj ,t will only decrease gross
damages in that region. In other words, we assume that there are no spillovers
(externalities) from adaptation to other regions.
Adaptation costs (PC j ,t ) are given by:
PC j ,t
Yj ,t

γ2,j

= γ1,j · Pj ,t .

(.)

As the damage function in the base model implicitly assumed optimal
adaptationPj∗,t , it follows that
D j ,t
Yj ,t

≡ RD j ,t (Pj∗,t ) + PC j ,t (Pj∗,t ),

where the asterisk indicates the optimal level.

(.)
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Consumption is still given as output minus all climate change costs:
C j ,t = Yj ,t − RD j ,t − PC j ,t − MC j ,t .

3.2.3

(.)

Adaptation Transfers

We will now introduce an adaptation fund to our model. Firstly we de ne
region D as the donor region and region H as the host region. An adaptation
transfer is nanced from the consumption function of the donor region. Hence
for region D we will augment the income equation . and replace it with:
C D,t = YD,t − RDD,t − PC D,t − MC D,t − TAt ,

(.)

where TAt is the nancial transfer for adaptation from region D to region H .
We assume that this transfer will be used solely for adaptation purposes in
region H . Hence the adaptation cost equation . is replaced in the host region
by
PC H ,t + TAt
γ
= γ1,H · PH2,H
,t .
YH ,t

(.)

A drawback of the simple utility function . is that utility increases linearly
with the income level, and thus marginal utility is constant in income and
consumption. is aﬀects the analysis when comparing countries with diﬀerent
income levels. To be able to capture the diﬀerences in marginal utility across
regions we replace the utility function in the base model with one that uses a
log function over consumption. e log function results in decreasing marginal
utility to consumption, i.e. consumption increases will aﬀect utility more at low
levels of consumption than at high levels of consumption. Equation . is thus
replaced by
Uj =

T
∑



ρt · ln C j ,t .

(.)

t =1

is model allows us to investigate three cooperation scenarios and their
eﬀects on adaptation transfers:
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i) Nash (no cooperation). In the non-cooperative Nash scenario each
region optimises its own utility, taking the emissions of the other regions as
given. e social welfare function weights are then the inverse of marginal
utility

1
C j ,t

, yielding the competitive solution (Negishi ). In this case the

shadow prices of capital in all regions are equalised, and monetary transfers
will not increase social welfare: any welfare increase from higher income in the
host region will be matched exactly by an equivalent welfare loss in the donor
region. is is equivalent to each region maximising its own bene t function,
without internalising the climate externality to other regions.
ii) Climate Cooperation.

In this case diﬀerences in climate change

impacts are considered. e social welfare function weights are given by
the inverse marginal utility of income before climate change damages are
subtracted, i.e.

1
Yj ,t

. In this case shadow prices are equalised when there are no

damages from climate change. Monetary transfers will thus only be desirable
from a social welfare perspective if damages among regions are unequal:
compensation of damages in a high-impact region by a low-impact region
will boost global welfare. e weights ensure that each region will be aﬀected
equally by climate change, i.e. funds will ow to regions with higher impacts, up
to the point where the relative levels of consumption per capita in the regions
are equal to those without climate change damages.
iii) Full Cooperation. Here diﬀerences in income are considered. In
the case of full cooperation, all regions have the same welfare weight. In this
case the summed utility of all regions is maximised, and shadow prices will
only be equalised across countries if consumption levels are equal across those
countries. Monetary transfers will increase social welfare if they ow from a
high-income region to a low-income region (this depends on the assumption
that marginal utility decreases in income levels). Funds will thus continue to
ow until all regions have equal levels of consumption per capita.
is is because this weight will result in the competitive equilibrium in the case of no
damages from climate change.
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3.3

Adaptation Mitigation Interactions and the Role of
Adaptation Financing

In this section we will brie y discuss the key analytical insights obtained
from each of our model settings presented in Section .. ese insights will
be summarised in a series of propositions. e formal results are given in
Appendix .B. (model with implicit adaptation), Appendix .B. (model with
explicit adaptation) and Appendix .C (model with transfers). We will rst
present the solution for the optimal levels of adaptation and mitigation.

3.3.1

Optimal Levels of Adaptation and Mitigation

Firstly, by solving our base model (as discussed in .) using the Nash cooperation scenario, we can gain insights in the drivers of the control variables. e
optimal level of mitigation with implicit adaptation equals


! θ 1 −1
2,j ,t
·
Ω
φ
·
Y
·
ρ
j
j
j
,s
s
s =t +1

∑T
µ∗j ,t =

θ2,j ,t · θ1,j ,t

.

(.)

is result is intuitive: mitigation eﬀorts increase as the discounted value of
future climate change damages increases (φ j · Yj ,s · ρs ), and as the production
emission coeﬃcient increases (Ω j ). Together, these two elements determine the
eﬀectiveness of mitigation through a stream of reduced damages. Furthermore,
the level of mitigation eﬀort decreases as the cost parameters of mitigation
increase (θ2,j ,t , θ1,j ,t ).
Secondly, when including an explicit adaptation control variable (i.e. using
the model with explicit adaptation from Section ..), the optimal level of
adaptation is as follows:

Pj∗,t

=

ωj · M t
γ2,j ·γ1,j



1
γ2,j −1

.

(.)

e optimal level of adaptation thus increases when the gross damages increase (ω j ·M t ), and decreases when the adaptation costs coeﬃcients (γ2,j , γ1,j )
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increase. As with mitigation, higher damages relative to the marginal adaptation costs make adaptation more eﬀective, and hence increase its optimal
level.
e associated optimal level of mitigation with explicit adaptation is:
∑

µ∗j ,t = 

T
s =t +1



 1
θ
−1
ω j · Yj ,s · (1 − Pj∗,s ) · ρs · Ω j  2,j ,t
.

θ2,j ,t · θ1,j ,t

(.)

e intuition of these results remains unchanged: the level of mitigation
eﬀort decreases as the cost parameters of mitigation (θ2,j ,t , θ1,j ,t ) increase,
and increases as both the discounted future climate change damages (ω j · Yj ,s ·
(1 − Pj∗,s ) · ρs ) and the production emission coeﬃcient (Ω j ) increase. e new

feature in equation . is that future bene ts are now a function of adaptation
levels. As future adaptation increases, the bene ts of mitigation and thus the
optimal level of mitigation decrease.

3.3.2

Implicit Versus Explicit Adaptation

We can apply the basic model to answer our rst question: does the assumption
of implicit optimal adaptation aﬀect the mitigation results? As in most s,
adaptation is implicit and assumed to be optimal. It is important to know
whether this assumption will aﬀect their mitigation results and hence their
policy prescriptions. Here our basic model with explicit adaptation will be
compared with the basic model with implicit adaptation to investigate this
possibility. When comparing explicit and implicit adaptation we only look
at the Nash solution, i.e. we solve the optimisation problem for one region
given the emissions of other regions. e results will hold for all scenarios
given the regional characteristics of adaptation, that is, the lack of international
externalities.
Proposition 

Making adaption explicit in the optimum will have no eﬀect

on the optimal levels of mitigation.
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is proposition holds, as adaptation, when set at its optimal level, can be
expressed exogenously in parameters. Making it explicit will not change the
optimal level of adaptation nor the resulting mitigation level. Furthermore,
adaptation is a ow variable only and there are no externalities in adaptation.
While this proposition obviously hinges on the assumption that implicit adaptation levels are optimal, it conveys an important policy message: mitigation
results from Integrated Assessment Models that are based on an implicit treatment of adaptation (i.e. the vast majority of models presented in the literature
and, for instance, in the  assessments) cannot be deemed as biased in their
mitigation recommendations. Where chapter  stressed this same result from a
global perspective, Proposition  extends it to the multi-regional speci cation.

3.3.3 Adaptation Transfers
In this section our model -- including transfers -- as introduced in Section
.. will be applied to investigate how adaptation transfers aﬀect domestic
adaptation in the host region, and in which direction adaptation funding will
ow in the diﬀerent cooperation scenarios.
Proposition a

Foreign adaptation funding fully crowds out domestic

adaptation expenditures in the optimum.
When total adaptation expenditures (host and donor) in the host region
are set at their domestic optimal levels, the host region will have no incentives
to increase its level of adaptation. Any in ows of nancing for adaptation will
therefore crowd out host adaptation expenditures, as the funds can be spent
more eﬀectively on other activities. While this is a quite general result, there
are potentially relevant feedback eﬀects that are not present in our model. For
instance, a higher consumption level will not imply higher emissions, and thus
the additional resources can be used without distorting the climate system.

.. Adaptation Mitigation Interactions and the Role of Adaptation Financing

Proposition b

Foreign adaptation funding is only eﬀective (i.e. increases

total adaptation eﬀorts in the host region) if total adaptation expenditures (incl.
received transfers) are below or equal to the domestic (host) optimum.
Due to the absence of externalities of adaptation (meaning adaptation
bene ts are only local), the host region will not have any incentive to increase
the total level of adaptation expenditure in its region above the domestic
optimal level. If the host region receives foreign adaptation funding, it will not
decrease its level of adaptation expenditures if the total level remains below or
equal to the domestic (host) optimal level. It is easy to see that, due to the local
nature of adaptation, this will be the case for all cooperation scenarios.
Proposition a

Adaptation transfers will not take place in the competitive

Nash equilibrium.
is proposition is intuitive; as there are no international spillovers from
adaptation back to the donor region, that region will never have the incentive
to fund adaptation expenditures in the host region when it acts solely out of
self-interest. In fact, funding additional adaptation will decrease mitigation in
the host region, thereby decreasing the positive externalities of mitigation felt
by the donor region.
Proposition b Adaptation transfers will be positive in the case of Climate
Cooperation when the climate change impacts are higher in the host country than
in the donor country.
In the case of climate change cooperation, regions with low climate change
impact want to compensate high-impact regions. An adaptation transfer can
give low-impact regions a means of compensating high-impact regions, thereby
exploiting the higher total welfare eﬀect this transfer will have. Note that this
transfer crowds out adaptation in the high-impact region (Proposition a).
Adaptation transfers are a substitute for mitigation as a means to compensate
high-impact regions. e actual level of transfers will depend on the marginal
costs of both options.
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Proposition c

Adaptation transfers will take place in the case of full

cooperation when the level of consumption is lower in the host country than in
the donor country.
When global utility is maximised due to decreasing marginal utility of
income, high-income regions will want to compensate low-income regions.
rough adaptation transfers they are able to do so. Global welfare will thus
increase as transfers run from low marginal utility (rich) to high marginal
utility (poor) regions. Note that this transfer crowds out adaptation in the
low-income region (Proposition a).
Climate change cooperation is a complex issue. Due to the large positive
externalities of mitigation, there is incentive for regions to cooperate and set
mitigation levels at a globally optimal level. However, regions also have an
incentive to free-ride on others’ mitigation eﬀorts. While the cooperation
scenarios presented here cannot capture all aspects of the real world, they
do re ect the three main motivations behind the behaviour of regions when
setting their mitigation policies. Firstly, regions are concerned about their own
well-being, which is re ected in the Nash scenario. In the Nash scenario regions
act purely in self interest. Secondly, while climate change is a global issue, some
regions will be aﬀected more by climate change than others. Regions might be
motivated to compensate those areas most aﬀected by climate change, which
is re ected in the Climate Cooperation scenario. irdly, regions also consider
the relative level of income in other regions. Regions generally have some
(though not much) incentive to compensate low-income regions. Furthermore,
low-income regions (e.g. Africa) will have little incentive to compensate highincome regions (e.g. the ) even if the climate damages are higher in the
high-income region. In the Full Cooperation scenario, high-income regions
will compensate low-income regions. In a real world context, motivations will
lie somewhere in between these three extremes, and will also likely depend on a
region’s historical responsibility in contributing to the climate change problem.
e eﬀect of transfers on mitigation levels is too complex to study analytically. To illustrate the complexity of the issue, we will brie y discuss some of

.. Numerical Results

the mechanisms at work in the relationship between adaptation transfers and
mitigation levels. Consider the case of Climate Cooperation, where funds are
transferred to high-impact region H by low-impact region D for the purpose of
adaptation. Due to increased adaptation in region H , region H will have lower
residual damages and thus more funds for other expenditures. Region H can
spend these funds on consumption or on mitigation, thereby decreasing emissions or investing in capital, which increases future production and thus also
emissions.⁴ Region D now has fewer funds to invest in mitigation or capital,
but has a new mechanism with which to compensate region H for the eﬀects
of climate change. Region D can use adaptation transfers instead of mitigation
to assist region H , thus reducing the need for D to compensate for damages
through a higher level of mitigation. e social planner will consequently be
able to trade-oﬀ the bene ts and costs of mitigating versus nancing adaptation. e nal result of these various mechanisms is unclear a priori, and by
applying our numerical model we can get a better understanding of the net
result. is will be done in the following section.

3.4

Numerical Results

e previous section provided several general insights using a simpli ed
model. We will now apply our numerical - model to gain insights into
the magnitude of the mechanisms discussed in section ., and to unravel
secondary mechanisms that could not be studied analytically due to the large
complexities involved. We will rst give a short description of the model, and
then discuss the results.
⁴ Note that such investment in capital is not present in our stylised analytical model.
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3.4.1

-

99 Model

e - model incorporates adaptation into the  model⁵using the
same method as employed in chapter . at is, by calibrating an adaptation
cost curve that describes the marginal costs of adaptation eﬀorts, analogous
to a marginal abatement cost curve as oen used for mitigation eﬀorts. e
full model is given in Appendix .A, where the adaptation components are
described in equations .-..  is a regional version of the Dynamic
Integrated Climate and Economy model. It consists of  regions: Japan, ,
Europe,⁶ Other High Income Countries (), ⁷ High Income Oil-Exporting
Regions (),⁸ Middle Income Countries (),⁹ Russia, Low-Middle-Income
Countries (), ⁰ Eastern Europe (), Low-Income Countries (), China,
India and Africa.
e - model is calibrated such that it best replicates the results of
the optimal control scenario in the original  model, when adaptation is
assumed to be at its optimal level throughout the model horizon. To this end,
regional adaptation cost curves are constructed as such that the discounted
squared diﬀerence between net damages (D t ,j ) in the original  and net
damages (RDt ,j +PC t ,j ) in - is minimised. It is also assumed that
adaptation is set at an optimal level at each point in time. e calibrated
⁵ We use the  model as available online.
⁶ Austria, Belgium, Denmark, Finland, France, Germany, Greece, Greenland, Iceland, Ireland,
Italy, Liechtenstein, Luxembourg, Netherlands, Norway, Portugal, Spain, Sweden, Switzerland,
and the United Kingdom
⁷ Includes Australia, Canada, New Zealand, Singapore, Israel, and rich island states
⁸ Includes Bahrain, Brunei, Kuwait, Libya, Oman, Qatar, Saudi Arabia, and .
⁹ Includes Argentina, Brazil, Korea, and Malaysia.
⁰ Includes Mexico, South Africa, ailand, most Latin American states, and many Caribbean
states.
Includes Egypt, Indonesia, Iraq, Pakistan and many Asian states.
Includes all sub Saharan African countries, except Namibia and South Africa

.. Numerical Results
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Figure .: e adaptation costs curves implicit in the  model

parameter values of - are given in Appendix .B. ree regions (,
 and Russia) have been excluded from the calibration procedure as they
have very low (near zero) net bene ts from climate change. For these regions
we will assume that no adaptation will take place, as the impacts are so close
to zero. Adaptation costs curves are drawn for the remaining  regions in
Figure ., where the x-axis shows the level of adaptation as fraction of gross
damages reduced and the y-axis shows the associated costs as a fraction of
output. e line denominated as  has been added, and represents the
- (de Bruin et al. c) global adaptation costs curve. As can
be seen, the adaptation costs in the diﬀerent regions vary widely. India, Africa
and Low-Income Countries in particular have high adaptation costs, whereas
Japan, China and the  have relatively low adaptation costs.
Note that the calibrated curve of the - model referred to here is diﬀerent to the curve
calibrated in chapter . e curve presented here is calibrated using the  model
whereas the curve in chapter  is based on the  model.
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Figure .: e optimal emissions paths for the two cooperation scenarios
(Nash and climate cooperation) for the  and - models

Figure . shows the optimal level of global emissions for the Nash and
Climate Cooperative scenario for the original  model and the -
model. As can be seen, the levels between the models are virtually identical,
re ecting the t of the calibration. is also con rms the result of Proposition
, where explicit adaptation (-) and implicit adaptation () result in
the same optimal mitigation path.

3.4.2

Explicit Versus Implicit Adaptation

Our model of explicit adaptation makes it possible to study how adaptation
will aﬀect the optimal mitigation paths. Figure . shows the optimal emissions
paths for our three cooperation scenarios (Nash, Climate Cooperation and Full
Cooperation) both with optimal adaptation and without adaptation. When
adaptation is not possible, more mitigation is undertaken and emissions are
lower. We also see that because there is no cooperation in the Nash solution,
the absence of adaptation has little eﬀect on the optimal mitigation path,

.. Numerical Results

















































































Figure .: e optimal emissions paths for the three cooperation scenarios
(Nash, climate cooperation and full cooperation) with optimal adaptation and
without adaptation.

even though mitigation is now the only option to combat climate change. In
the cooperation solutions suboptimal adaptation has a greater eﬀect, as each
region not only considers that it cannot itself adapt, but also considers the
welfare loss from the fact that the other regions cannot adapt. e negative
externalities of emissions are much larger when adaptation is not possible,
inducing regions to mitigate even more when cooperating.

3.4.3

Adaptation Transfers

In Section .. we showed that nancial transfers to fund adaptation in other
regions will only take place in the cooperative cases. Here we will use our
numerical model to investigate the magnitudes and directions of adaptation
transfers in a more elaborate setting with multiple heterogeneous regions. ⁴
⁴ Clearly, our speci cation of international cooperation is too stylised to be able to provide
numerical results that can be used for policy recommendations and abstracts from issues such
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Comparing the scenarios can give us an idea of which regions, according to this
model, should receive (or give) funding based on their relatively high damages,
and which should receive (or give) based on their relatively low incomes To
avoid the full crowding out of domestic adaptation in the host region, as shown
in Proposition , we x the level of adaptation at the domestically optimal level
in -.
In the case of climate cooperation, transfers will ow from low-impact
to high-impact regions as shown in the previous section. We will look at two
cases; in the rst case adaptation is set at its optimal level, and in the second
adaptation expenses are limited in developing countries ⁵ by assuming adaptation expenditures cannot be more than half of what would be domestically
optimal. e suboptimal adaptation scenario is added here to re ect real world
barriers to adaptation, particularly in developing regions (see Chapter ).
In Figure . the total amount of adaptation funding is given over time
for the Climate Cooperation case. In the case of optimal adaptation, low levels
of nancing arise because of the steeply increasing adaptation costs. When
adaptation is set at its domestically optimal level, compensating for diﬀerences
in climate impacts through nancing of additional adaptation will be quite
costly. In the case of limited adaptation in developing countries transfers will
be larger, as the more cost-eﬀective adaptation options remain unused. e
amount of funding increases sharply over time.
Figure . presents the regional shares of the adaptation transfers for
the host and donor regions in the case of optimal and limited adaptation in
developing regions. e total amount of funding from donors equals the total
amount of funding received by hosts. In the case of optimal adaptation only
Russia and China provide funding.
Although the two donors of adaptation nancing may seem counterintuitive at rst glance, their pro le ts the solution concept used: income diﬀerences
as historical responsibility for climate change.
⁵ We categorise , , , China, India and Africa as developing regions.

.. Numerical Results











































































Figure .: e total adaptation transfers to regions in percentage of global
GDP for the case of climate cooperation
are irrelevant except for damages caused by climate change. us these two regions, which are expected to have relatively low damage levels, will compensate
for regions that are aﬀected more severely by climate change. When adaptation
in developing countries is limited, more funding needs to be provided, and our
simulations show that besides Russia and China, Eastern Europe and Other
High-Income Countries become donors in the case of climate cooperation.
Again, these are the regions with the lowest damages (or highest bene ts) from
climate change. e most vulnerable regions, such as India, Low-Income Countries, Low-Middle-Income Countries, Africa, and Middle-Income Countries
receive the most funding.
Figures . and . show the adaptation transfers in the case of full cooperation over time. Introducing an adaptation fund gives regions a way to
transfer money in order to equalise marginal utilities across regions. Because
in this setting adaptation funding does not only compensate for climate change
damages but is also used as a development fund, both the magnitude of the
ows (cf. Figures . and .) and the division between hosts and donors is
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Host  regions
(optimal)

Donor  regions
(optimal)

Host  regions  
(limited  adaptation)

Donor  regions  
(limited  adaptation)

USA
INDIA

EUROPE
OHI
HIO
AFRICA
RUSSIA

MI
EE

LMI
CHINA

LI

Figure .: e regional composition of adaptation funding for the case of
climate cooperation with optimal adaptation and with adaptation
expenditures limited to  of optimal, where host regions receive funding
and donor regions give funding

Note that regions with a share of less than  in adaptation funding are omitted from the
gure.

.. Numerical Results

radically diﬀerent (cf. Figures . and .). In the Full Cooperation case we
see that the richest regions, notably the , Japan and Other High-Income,
transfer to the poorest regions, with a large part owing to Africa. Once again
these results con rm our insights in Section .. Furthermore, limiting adaptation increases transfers, but this increase is very small relative to the size of
the transfers under optimal adaptation. We can thus see that there are huge
diﬀerences between the Climate Cooperation and Full Cooperation solutions.
As Yang and Nordhaus () mention, the Full Cooperation case is oen
used to investigate climate change cooperation, as it easy to implement and
justify. In the Full Cooperation scenario, funds will ow from high-income to
low-income regions due to diﬀerences in marginal utility. One can think of this
as interconnected reservoirs with diﬀerent water levels. When the connectors
are opened, water will ow from high to low levels. An adaptation transfer gives
regions a way to open these connectors. Applying a Full Cooperation scenario
can therefore be misleading from the perspective of a focused climate policy
impact analysis ,as it incorporates development assistance as well as climate
change cooperation.

3.4.4

Transfers and Mitigation

e - model can also be used to investigate a number of mechanisms
that could not be dealt with in the basic analytical model. One important issue
is that of the eﬀect of adaptation transfers on mitigation. Figure . shows that
emissions increase, and thus mitigation decreases considerably in the case of
full cooperation. is is because adaptation is used as a substitute for mitigation
as a form of climate damage compensation. In the case of climate cooperation,
however, introducing adaptation transfers does not change the level of global
emissions signi cantly, implying overlapping lines in the gure. Transfers are
much higher in the Full Cooperation scenario, resulting in a much larger
aﬀect on mitigation in that scenario. e results for the individual regions
(omitted here) indicate that emissions increase in all regions (though oen
only marginally) when adaptation transfers are introduced, with the exception
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Figure .: e total adaptation transfers to regions in percentage of global
GDP for the case of full cooperation

of Africa in the Full Cooperation scenario. In this case, due to the large amount
of adaptation transfers received, Africa has more disposable funds. It is optimal
for Africa to spend a substantial part of these funds on mitigation (also due to
the externalities of mitigation).

3.5

Conclusions

is chapter investigated two main issues. Firstly, the question is addressed
what the eﬀects are of making adaptation explicit in an integrated assessment
modelling framework in a multi-regional setting. In a regional setting, the
results of s will depend on whether or not regions cooperate, and what form
of cooperation takes place. In this chapter three scenarios of cooperation were
studied: Nash (no cooperation), Climate Cooperation (regional diﬀerences
in climate change damages are considered) and Full Cooperation (regional
diﬀerences in income per capita are considered). We found that explicitly
including adaptation as a control option will not aﬀect the resulting mitigation

.. Conclusions



Host  regions  (optimal  adaptation)

Donor  regions  (optimal  adaptation)

Host  regions  (limited  adaptation)

Donor  regions  (limited  adaptation)

AFRICA

MI

INDIA

JAPAN

LMI

LI
USA

CHINA
OHI

Figure .: e regional composition of adaptation funding for the case of full
cooperation with optimal adaptation and with adaptation expenditures
limited to  of optimal, where host regions receive funding and donor
regions give funding
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Figure .: e optimal emissions paths for the  solution concept (Nash,
climate cooperation and full cooperation) with and without transfers (with
optimal adaptation)

policy outcomes in a rst-best world, where adaptation is set at its optimal level
(i.e. policies of adaptation and mitigation are separable in a multi-regional rstbest setting). Making adaptation explicit, however, enables us to study other
states of the world. When policies are not optimal, adaptation and mitigation
can compensate for suboptimal levels of each other. Here, adaptation and
mitigation are not separable, and suboptimal adaptation will aﬀect the optimal
mitigation path. Our numerical model (-) showed that the optimal
mitigation path can be aﬀected considerably when adaptation is not possible.
As adaptation in the real world will likely be suboptimal, we can conclude that
the assumption of optimal implicit adaptation needs to be reconsidered before
drawing sound mitigation policy conclusions.
Secondly, this chapter aimed to answer several questions regarding adaptation transfers, such as an adaptation fund. For each form of cooperation,
we studied if transfers would take place, and what eﬀects adaptation transfers
would have on (i) domestic adaptation and (ii) the optimal mitigation path.

.. Conclusions

We found that in a rst-best world, foreign adaptation funding will crowd out
domestic adaptation expenditures. When ensuring that crowding out is not
possible (in the - model), we see that adaptation transfers will run from
regions with low climate change impact to high climate change impact regions.
In the case of full cooperation, adaptation transfers run from high-income to
low-income regions, and serve as a form of development assistance, attempting
to equalise consumption per capita over regions. Transfers are thus much larger in full cooperation than in climate cooperation. We also see that transfers
increase tremendously when adaptation in developing regions is limited.
e magnitude and direction of transfers are very diﬀerent under the
diﬀerent forms of cooperation. When setting policies, one needs to understand
the distributional eﬀects and assumptions underlying modelling results. e
overall eﬀect that adaptation transfers may have on mitigation is dominated
by several mechanisms. A transfer will increase the budget of the receiving
region, which may decrease emissions (when more is invested in mitigation) or
increase emissions (when more is invested in capital). A transfer will decrease
the budget of the donating region, decreasing mitigation investments and/or
capital investments. As both adaptation transfers and mitigation can be used
to compensate regions with high climate change damages, adaptation transfers
may decrease mitigation eﬀorts. In the case of climate cooperation, we see that
emissions increase slightly. In the case of full cooperation, emissions increase
by much more. is is because of an over-investment of adaptation funds in
receiving regions, creating low incentives to mitigate.
is study is subject to several limitations. Firstly, the model used here is
based on the  model, and therefore has the same limitations of that model. It
does not consider irreversibility or uncertainties, and simpli es many relations
in the climate and economy. Furthermore, the formulation of adaptation in
the model is a ow approach. In other words, adaptation is essentially seen
as reactive. A more elaborate stock-and- ow approach may be better able to
re ect the anticipatory nature of certain types of adaptation measures (this is
explored in Chapter . Finally, the data used in this study to understand the
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costs and bene ts of adaptation is limited due to the general lack of estimates
in this eld. More detailed estimates can give us a better understanding of the
issues studied here.

3.A

-

99 Model and Parameter Calibration

In this section we describe the - model. is model is based on the
 model as described in Nordhaus and Boyer (), with a revised
damage module, which incorporates adaptation explicitly. - embeds
the simpli ed analytical model presented in Section . in a richer applied
setting, allowing us to investigate the adaptation interactions numerically.
e - model consists of J regions, where each region is indexed by
j = 1, 2, . . . J . Furthermore, there is a planning period indexed by t = 1, 2, . . . T .

Each time step is  years starting at . e social welfare function is de ned
as:
SWF =

J
∑

ν j · Wj .

(.)

j =1

Where Wj is the welfare over the planning period for each region j . e
region speci c weights are given by ν j . us the social welfare is given by the
sum of the weighted total utility of all regions.
Next we de ne the welfare for each region j , which is the utility summed
and discounted over all periods:
Wj =

T
∑

U j ,t · R t ,

(.)

t =0

R t represents the discount factor which is given by:
Rt =

t
∏
[1 + ρ(v )]−10 .

(.)

v =o

Furthermore,
ρ

ρ(t ) = ρ(0) exp(−g t ).

(.)

.A. - Model and Parameter Calibration



Next, utility in each region for each period is given as:

U j ,t = ln

C j ,t


· L j ,t .

L j ,t

(.)

is is the population weighted natural logarithm of consumption per capita,
i.e. total consumption divided by the population,
by:

∫

C j ,t
L j ,t

. e population is given

!

t
pop
g j ,t

L j ,t = L j ,0 · exp

,

(.)

0

where
pop

pop

pop

g j ,t = g j ,0 · exp(−∂ j ,t ).

(.)

Output is a Cobb Douglas function of capital (K j ,t ), labour (L j ,t ) and energy
services from carbon fuels (ES j ,t ).
n
o
1−β j −γ
βj
γ
Yj ,t = Ω j ,t · A j ,t · K j ,t · L j ,t
· ES j ,t − c jE,t · ES j ,t ,

(.)

where Ω j ,t is the change damage factor and c jE,t are the costs of carbon energy,
these depend on the market price (qt ) plus a transport cost markup:
c jE,t = qt + markupEj .

(.)

Carbon services are linked to emissions (E j ,t ):
ES j ,t = ς j ,t · E j ,t .

(.)

Furthermore, the change in ς j ,t is given by:
∫

!

t

g Zj,t

ς j ,t = ς j ,0 · exp

,

(.)

0

where
g Zj,t = g Zj,0 · exp(−∂ jZ,t ).

(.)

Total factor productivity (A j ,t ) is de ned as:
∫

!

t

g jA,t

A j ,t = A j ,0 · exp
0

,

(.)
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where
g jA,t = g jA,0 · exp(−∂ jA,t ).

(.)

e consumption function is given by:
C j ,t = Yj ,t − I j ,t .

(.)

Capital accumulation is de ned as:
K j ,t +1 = (1 − δk ,j )K j ,t + I j ,t ,

(.)

where δk ,j is the depreciation rate and I j ,t the investments in capital. Furthermore it is assumed that capital is immobile between regions.
e rst period capital is given:
K j ,0 = K j∗ .

(.)

Global industrial emissions are the sum of regional industrial emissions:
Et =

J
∑

E j ,t .

(.)

j =1

Total global emissions are the sum of industrial emissions and land-use carbon
emissions:
ET t =

J
∑

(E j ,t + LU j ,t ),

(.)

LU j ,t = LU j ,0 · (1 − δl )t .

(.)

j =1

where

Cumulative emissions are given as:
Cum C t +1 = Cum C t + E t .

(.)

e market price of carbon energy depends on the cumulative industrial
emissions:
qt = ξ1 + ξ2 · [Cum C t /Cum C ∗ ]ξ3 .

(.)

.A. - Model and Parameter Calibration



Initial atmospheric concentrations are given:
∗
M AT,0 = M AT
.

(.)

Atmospheric carbon concentrations depend on previous concentrations in the
atmosphere and upper oceans and on total emissions:
M AT,t = ET t −1 + ϕ11 M AT,t −1 + ϕ21 M U P,t −1 .

(.)

Carbon concentrations in the upper oceans depend on previous concentrations
in the atmosphere, upper oceans and lower oceans;
M U P,t = ϕ22 M U P,t −1 + ϕ12 M AT,t −1 + ϕ32 M LO,t −1 .

(.)

Initial carbon concentration in the upper oceans is given:
∗
M U P,0 = M U
P.

(.)

Carbon concentrations in the lower oceans depend on previous concentrations
in the upper oceans and lower oceans:
M LO,t = ϕ33 M LO,t −1 + ϕ23 M U P,t −1 .

(.)

Initial carbon concentration in the lower oceans is given:
∗
M LO,0 = M LO
.

(.)

Radiative forcing (Ft ) is a function of the ratio of atmospheric concentra



PI
tions to pre-industrial atmospheric concentrations of carbon ( M AT /M AT
)

plus exogenous radiative forcing growth (Ot ):
¦ 

©
PI
Ft = η · log M AT /M AT
/ log(2) +Ot .

(.)

Furthermore,
Ot

= −0.1965 + 0.13465 · t

t < 11

= 1.15

t > 10

.

(.)
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Temperature change compared to pre-industrial levels is given as:



Tt = Tt −1 + σ1 · Ft − λ · Tt −1 − σ2 · Tt −1 − TLO,t −1 ,

(.)

where TLO,t is the lower ocean temperature.
Initial temperature change is given:
T0 = T ∗ .

(.)

Lower ocean temperature depends on previous period temperature in the lower
ocean and atmosphere.


TLO,t = TLO,t −1 + Tt −1 − TLO,t −1 .

(.)

Initial temperature change is given:
∗
TLO,0 = TLO
.

(.)

e climate change damage factor is given as:
Ω j ,t =

1
.
1 + D j ,t

(.)

D j ,t is the damage due to climate change and is given as a function of temper-

ature change in the atmosphere.
We de ne gross damages of climate change as a percentage of output
(GD j ,t ) as a function of the temperature change as shown in the following
equation:
β3,j

GD j ,t = β1,j Tt + β2,j Tt

.

(.)

e residual damages of climate change are the damages aer adaptation to
climate change has taken place. Regions can change economic, social and
cultural structures to decrease the damages or increase bene ts of climate
change in their region, i.e. they can adapt. Residual damages as a percentage
of output (RD j ,t ) are a function of adaptation (Pj ,t and PR j ,t ) and gross
damages (GD j ,t ), where Pj ,t (0 ≤ Pj ,t ≥ 1) represents the fraction by which

.B. Optimal Mitigation Levels



gross damages are reduced andPR j ,t (0 ≤ PR j ,t ≥ 1) represents the fraction by
which gross bene ts are increased, this is given in equation ..
RD j ,t

= (1 − Pj ,t ) · GD j ,t

GD j ,t > 0

= (1 − PR j ,t ) · GD j ,t

GD j ,t < 0

.

(.)

Adaptation comes at a cost though; the adaptation costs as a fraction of
output (PC j ,t ) are a function of adaptation, i.e. Pj ,t and PR j ,t . Note that the
coeﬃcients γ1,j and γ2,j diﬀer across regions, and furthermore we assume
γ1,j > 0 and γ2,j > 1:
PC j ,t = γ1,j · (Pj ,t + PR j ,t )γ2,j .

(.)

D j ,t = RD j ,t + PC j ,t .

(.)

Finally,

e residual damages together with the adaptation costs form the net
climate change damages de ned as D j ,t in the original  model. Furthermore the residual damages, the adaptation costs and mitigation costs together
represent the total costs of climate change((RD j ,t + PC j ,t + MC j ,t ) · Yj ,t ).
In the model the regions can choose diﬀerent levels of consumption, capital
investment, adaptation and mitigation to ful l their objectives.
e calibrated parameter values for equations . and . are given in
table ..

3.B Optimal Mitigation Levels
In the following we derive the optimal levels of mitigation for the diﬀerent
model speci cations as described in Section ..

3.B.1 Application to the Model with Implicit Adaptation
e simplest speci cation, with implicit adaptation can be solved using the
Pontryagin maximum principle (Pontryagin et al. ) for a dynamic optimisation problem with  control variable, mitigation (µ), and a state variable,
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Table .: Parameter values from - in the optimal scenario calibration
total cumulative emissions (M ). We thus assume in the analytical model that investments and income (before climate change damages) are given exogenously.
Although our problem includes multiple regions, we omit regional subscripts
here as we derive the Nash solution. In this case each region optimises only its
own consumption given the level of emissions by the other players.
In the dynamic solution each region maximises:
T
∑

ρ · V (µt , M t ) + ρ T +1 F (M T +1 ).

(.)

t =1

Subject to the following equation of motion and start value of the state variable.
M t +1 − M t = f (µt ),

(.)

M 1 = M̄ .

(.)

Using the Pontryagin maximum principle, the corresponding discrete time
current value Hamiltonian is:
H (µt , M t , λt +1 ) = V (.) + ρt · λt +1 f (.).

(.)

e corresponding rst order conditions of the maximum principle are as
follows:
M t +1 =

∂ H (.)
,
∂ (ρt · λt +1 )

M1 = M ,

(.)

.B. Optimal Mitigation Levels



ρt · λt +1 − λt = −

∂ H (.)
,
∂ Mt

(.)

∂ H (.)
= 0.
∂ µt

(.)

e value function is simply the instantaneous utility function, which in
our model diminishes to consumption as the residual of income aer climate
costs (damages and mitigation costs):
θ

V (µt , M t ) = Yt − φ · M t · Yt − θ1,t · µt 2,t · Yt .

(.)

Furthermore, the equation of motion is given by the build-up of the stock
of ₂ over time, which depends on emissions aer mitigation:
f (µt ) = Ω · Yt · (1 − µt ) + Ext ,

(.)

where Ext is are exogenous emissions (emissions from other players).
We also impose
λT +1 =

∂ F (.)
=0
∂ M T +1

(.)

i.e. the impact of ₂ stocks beyond the model horizon are not taken into
account (which will not distort the solution if the model horizon is suﬃciently
long).
e rst order conditions then result in:
M t +1 = M t + Ω · Yt (1 − µt ) + Ext ,

(.)

ρt · λt +1 − λt = φ · Yt ,

(.)

θ

−θ2,t · θ1,t · µt 2,t

−1

· Yt + ρt · λt +1 · (−1) · Ω · Yt = 0.

(.)

Rewriting (.) we nd the optimal level of mitigation:

µ∗t

=

−ρt · λ∗t +1 · Ω
θ2,t · θ1,t

where the asterisk refers to the optimal levels.



1
θ2,t −1

,

(.)
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Condition (.) states that λT +1 = 0, and thus by solving recursively, we
can express λ∗t as follows:
∗

λt =

T
∑


−φ · Ys · ρs .

(.)

s =t

Substituting (.) in (.) yields;
∑T
µ∗t =

s =t +1

 ! 1
φ · Ys · ρs · Ω θ2,t −1

θ2,t · θ1,t

(.)

.

3.B.2 Application to the Model with Explicit Adaptation
Here we present the optimal level of adaptation and mitigation for the case
where we include an explicit adaptation variable. ⁶
e value function now includes adaptation eﬀorts, P , as an additional
control variable and adaptation costs as a competing claim to income;
θ

γ

V (µt , Pt , M t ) = Yt − ω1 · M t · Yt · (1 − Pt ) − θ1,t · µt 2,t · Yt − γ1 · Pt 2 · Yt . (.)

e equation of motion is still given by equation .:
f (µt ) = Ω · Yt · (1 − µt ) + Ext .

(.)

e rst order conditions of the maximum principle (.)and (.) and
condition (.) are unchanged by the introduction of the adaptation variable.
e maximum principle (.) is aﬀected and results in:
ρt · λt +1 − λt = ω · Yt · (1 − Pt ).

(.)

And an additional equation governs the optimal level of adaptation:
∂ H (.)
= 0.
∂P

(.)

ρt · λt +1 − λt = ω · Yt · (1 − Pt ),

(.)

ese conditions result in:

⁶ Again we omit regional subscripts as we are calculating the Nash solution.

.C. Cooperative Solutions with Transfers



γ2 −1

ω · M t · Yt − γ2 · γ1 · Pt

· Yt = 0.

(.)

We can rewrite (.), nding the optimal level of adaptation:

Pt∗

=

ω · Mt



1
γ2 −1

(.)

.

γ2 ·γ1

e corresponding optimal level of adaptation costs (PC ) is given as:




 ω · Mt
PC(Pt∗ ) = γ1 · Yt · 



γ2 ·γ1

1
γ2 −1

γ2

 = γ1 · Yt ·



ω · Mt



γ2
γ2 −1

.

γ2 ·γ1

(.)

e optimal level of mitigation is still given by equation (.):

µ∗t

=

−ρt · λ∗t +1 · Ω
θ2,t · θ1,t



1
θ2,t −1

(.)

.

Using λT +1 = 0 and solving recursively, we can express λt as follows:
∗

λt =

T
∑

s =t


−ω · Ys · (1 − Ps∗ ) · ρs .

(.)

Substituting (.) in (.) yields the optimal level of mitigation with explicit
adaptation:
∑T
µ∗t =

s =t +1



 ! 1
ω · Ys · (1 − Ps∗ ) · ρs · Ω θ2,t −1
θ2,t · θ1,t

.

(.)

3.C Cooperative Solutions with Transfers
When introducing transfers we no longer use the level of adaptation as a
decision variable but use the level of adaptation costs instead. Since these two
variables are linked directly this will not change the solution but is needed to
ensure that transfers are spent on adaptation.
In its most simple form the problem can be solved for  regions (D and
H ) using the Pontryagin maximum principle (Pontryagin et al. ) for a

dynamic optimisation problem with  control variables, mitigation for each
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region (µD , µH ), adaptation costs for each region (PC D , PC H ) and an adaptation
transfers from D to H (TA) and a state variable, total cumulative emissions (M ).
In the dynamic solution the regions maximises:
T
∑

ρt · V (µD,t , µH ,t , PC D,t , PC H ,t , TAt , M t ) + ρT +1 F (M T +1 ).

(.)

t =1

Subject to the following equation of motion and start value of the state variable
as in Appendix .B: (.) and (.).
M t +1 − M t = f (µD,t , µH ,t ),

(.)

M 1 = M̄ .

(.)

Using the Pontryagin maximum principle the corresponding discrete time
current value Hamiltonian is:
H (µD,t , µH ,t , PC D,t , PC H ,t , TA, M t , λt +1 ) = V (.) + ρt · λt +1 f (.).

(.)

e corresponding rst order conditions of the maximum principle are as
follows:
M t +1 =

∂ H (.)
,
∂ (ρt · λt +1 )

ρt · λt +1 − λt = −

M1 = M ,
∂ H (.)
.
∂ Mt

(.)
(.)

∂ H (.)
= 0.
∂ µD,t

(.)

∂ H (.)
= 0.
∂ µH ,t

(.)

∂ H (.)
= 0.
∂ PC D,t

(.)

∂ H (.)
= 0.
∂ PC H ,t

(.)

∂ H (.)
= 0.
∂ TAt

(.)

.C. Cooperative Solutions with Transfers

V (µD,t , µH ,t , PC D,t , PC H ,t , TAt , M t ) =







PC D,t
· 1 −
γ1,D · YD,t



1
γ2,D




 YD,t − ωD · M t · YD,t


νD · log 



θ2,D,t
− θ1,D,t · µD,t · YD,t − PC D,t − TAt



 1 
PC H ,t + TAt γ2,P

 YH ,t − ωH · M t · YH ,t · 1 −


γ1,H · YH ,t
+ νH · log 
 (.)


θ ,t
− θ1,H ,t · µH2,H
·
Y
−
PC
H
,t
H
,t
,t

Furthermore, the equation of motion is given by the build-up of the stock
of ₂ over time, which depends on emissions aer mitigation:
f (µD,t , µH ,t ) = ΩD · YD,t · (1 − µD,t ) + ΩH · YH ,t · (1 − µH ,t )

(.)

We also impose as in (.):
λT +1 =

∂ F (.)
= 0,
∂ M T +1

(.)

i.e. the impact of ₂ stocks beyond the model horizon are not taken into
account (which is not a major problem if the model horizon is suﬃciently
long).
e rst order condition (.) then results in:
M t +1 = M t + ΩD · YD,t · (1 − µD,t ) + ΩH · YH ,t · (1 − µH ,t ).

e rst order condition (.) then results in:

(.)
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ρt · λt +1 − λt =
1


YD,t − ωD · M t · YD,t · 1 −



PC D,t
γ1,D ·YD,t





· ωD · M t · YD,t


+

YH ,t − ωH · M t · YH ,t · 1 −



1
γ2,D

θ

2,D,t
− θ1,D,t · µD,t
· YD,t − PC D,t − TAt



PC D,t
· 1 −
γ1,D · YD,t
1



PC H ,t +TAt
γ1,H ·YH ,t



1
γ2,H



1
γ2,D





θ

,t
− θ1,H ,t · µH2,H
,t · YH ,t − PC H ,t

1 
PC H ,t + TAt γH

· ωH · YH ,t · 1 −
γ1,H · YH ,t


 1 
γ2,D
1
PC D,t

=
· ωD · M t · YD,t · 1 −
C D,t
γ1,D · YD,t


 1 
PC H ,t + TAt γ2,H
1
 (.)
· ωH · YH ,t · 1 −
+
C H ,t
γ1,H · YH ,t




e rst order condition then results in:
1
C D,t

θ

2,D,t
· −θ2,D,t · θ1,D,t · µD,t

−1

· YD,t + ρt · λt +1 · (−1) · ΩD · YD,t = 0.

(.)

e rst order condition (.) then results in:
1
θ ,t −1
· −θ2,H ,t · θ1,H ,t · µH2,H
· YH ,t + ρt · λt +1 · (−1) · ΩH · YH ,t = 0.
,t
C R,t

(.)

e rst order condition (.) then results in:

 1 −1
γ2,D
ωD · M t
PC D,t
·
= 1.
γ1,D · γ2,D
γ1,D · YD,t

(.)

e rst order condition (.) then results in:

 1
ωH · M t
PC H ,t + TAt γ2,H −1
·
= 1.
γ1,H · γ2,H
γ1,H · YH ,t

(.)

.D. Proofs



e rst order condition (.) then results in:
1
C H ,t

 1

ωH · M t
PC H ,t + TAt γ2,H −1
1
· νH ·
·
=
· νD .
γ1,H · γ2,H
γ1,H · YH ,t
C D,t

(.)

e corresponding optimal level of PC H ,t is given by rewriting (.):


PC H ,t = γ1,H · YH ,t

γ1,H · γ2,H
·
ωH · M t



γ2,H
γ2,H −1

− TAt .

(.)

e corresponding optimal level of TAt is given by rewriting (.):


1

 C D,t
TAt = γ1,H · YH ,t ·  1
C H ,t

3.D

 γ2,H
γ
−1
· νD γ1,H · γ2,H  2,H
·
− PC H ,t .

· νH ωH · M t

(.)

Proofs

Proof of Proposition .

To prove that making adaptation explicit in the

optimum will have no eﬀect on the optimal levels of mitigation; we need to
show that the optimal level of mitigation can be expressed in only terms of
mitigation and exogenous parameters.
When Pj ,t is set at its optimal level it can be expressed as:

Pj∗,t

=

ωj · M t
γ2,j ·γ1,j



1
γ2,j −1

.

(.)

Since we assume that M 1 = M ( A.) and M t +1 = M t + Ω j · Yj ,t (1 − µ j ,t ) + Ext
(.) andExt is given, we can nd the optimal mitigation path through forward
induction. us M t only depends on mitigation (µ) as follows:
M t = M̄ +

t
∑
t =1

Ω · Yt (1 − µt ) + Ext ,

(.)
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and therefore mitigation can be expressed in exogenous parameters and mitigation as follows (substituting in):
µ∗t =


 θ 1 −1
1
2,t
 θ ·θ

 2,t 1,t


 



ω · Ys · ρs


 
T
 ∑  


 ! 1 
∑t
·

 · Ω
γ2,j −1
ω j · M̄ + t =1 Ω · Yt (1 − µt ) + Ext


 


 s =t +1  · 1 −
 
γ2,j ·γ1,j

(.)
Proof of Proposition a.

When introducing an adaptation transfer to

region P , the optimal level of adaptation expenditures in region when transfers
are present (PC F,t ) are as follows (see equation .):
PC F,t (PH∗ ,t ) = γ1,H



· YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1

− TAt .

(.)

To prove that foreign adaptation funding will fully crowd out domestic adaptation funding, we will show that when host adaptation expenditures are set at
their optimal levels, the derivative of PC F to TAt has a value of -. Taken the
derivative of equation . with respect toTAt we nd:
∂ PC F,t (PH∗ ,t )
∂ TAt

= −1.

(.)

us for every additional dollar of foreign funding, domestic adaptation
expenditure will decrease by one dollar.
Proof of Proposition b. To prove that adaptation will not be crowded
out when PC H ,t + TAt < PC F,t (PH∗ ,t ) we have to show that the marginal bene ts
of adaptation will exceed or equal the marginal costs at that point, i.e. given
that level of adaptation transfers.
We will prove that for

∂ CH
∂ PC H ,t

≤

∂ RDH
∂ PC H ,t

to hold PC H ,t + TAt < PC F,t (PH∗ ,t )

must hold. To prove this we assume the contrary;
PC H ,t + TAt ≥ PC F,t (PH∗ ,t ).

(.)

.D. Proofs



We nd applying (.) that when
PC H ,t + TAt = PC F,t (PH∗ ,t ) = γ1,H



· YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1

,

(.)


 1
PC H ,t + TAt γ2,H −1
ωH · M t
→
·
=
γ1,H · γ2,H
γ1,H · YH ,t

 1 −1
γ2,H

 γ2,H
γ
−1
ω
·M
2,H
H
t
 γ1,H · YH ,t ·

ωH · M t 
γ1,H ·γ2,H

·
= 1. (.)

γ1,H · γ2,H 
γ1,H · YH ,t


Furthermore when PC H ,t + TAt > PC F,t (PH∗ ,t )

 1
PC H ,t + TAt γ2,H −1
ωH · M t
→1>
·
,
γ1,H · γ2,H
γ1,H · YH ,t

(.)

∂ RDH
∂ CH
>
.
∂ PC t
∂ PC t

(.)

Which is a contradiction, which proves that PC H ,t + TAt < PC F,t (PH∗ ,t ) must
hold for

∂ CH
∂ PC H ,t

≤

∂ RDH
∂ PC H ,t

to hold.

Proof of Proposition a.

To prove that adaptation transfers will not take

place in the competitive Nash equilibrium, we show that the optimal transfer
is zero when optimising the SWF function using Negishi weights.
TA∗t



= γ1,H · YH ,t

νD /C D,t ωH · M t
·
·
νH /C H ,t γ1,H · γ2,H



γ2,H
γ2,H −1

− PC H ,t ,

(.)

where ν1 ,ν2 are the welfare weights. ese are equal to the inverse of the
marginal utility of consumption in the competitive equilibrium (Negishi ),
giving ν j ,t =

1

∂ Uj
∂ C j ,t

=

1
1
C j ,t

= C j ,t .

is results in
TA∗t



= γ1,H · YH ,t
= γ1,H · YH ,t

 γ2,H
C D /C D,t ωH · M t γ2,H −1
·
·
− PC H ,t
C H /C H ,t γ1,H · γ2,H
 γ2,H

ωH · M t γ2,H −1
·
− PC H ,t
γ1,H · γ2,H

(.)
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When adaptation expenditures are set at the internally optimal levels in region
P , PC H ,t , will be set at the level as in (A.):


PC H ,t = γ1,H · YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1

(.)

.

Resulting in
TA∗t



= γ1,H · YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1



− γ1,H · YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1

= 0. (.)

Proof of Proposition b. We prove that adaptation transfers will be
positive in the case of climate cooperation when there are diﬀerences in
impacts across regions and transfers will run from low-impact to high-impact
regions. We show that using the climate cooperation welfare weight, transfers
indeed will take place when there are diﬀerences in impacts and run from low
to high-impact regions.
e SWF is now maximised using the welfare weights in the case that there
are no damages from climate change. e logic here is that countries should
receive the same weight as they would have in the competitive equilibrium
when climate change did not occur. e welfare weights equal the inverse of
the marginal utility of consumption when there are no damages from climate
change. ν j ,t = Yj ,t . is results in an optimal adaptation transfer given by:
TA∗t



= γ1,H · YH ,t

YD /C D,t ωH · M t
·
·
YH /C H ,t γ1,H · γ2,H



γ2,H
γ2,H −1

− PC H ,t .

(.)

When adaptation expenditures are set at the internal optimal levels in region
H , PC H ,t will be set at the level as given in Proposition a (.):


PC H ,t = γ1,H · YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1

.

(.)

Transfers will thus take place from region D to H only in the case where
YD,t /C D,t
YH ,t /C H ,t

< 1, as

γ2,2
1−γ2,2

< 0. is is only the case if

YD,t
C D,t

<

YH ,t
C H ,t

. is entails that

the negative eﬀects of climate change (the damages) are lower in region R .

.D. Proofs



Proof of Proposition c.

We prove that adaptation transfers will take

place when global utility is maximised when there are diﬀerences between
income consumption levels across regions and that transfers will run from
high income regions to low income regions. To do this we show that when
using equal welfare weights this is the case.
When global utility is maximised the welfare weights take the value of  for
all regions. Resulting in an optimal transfer of:
TA∗t



= γ1,H · YH ,t

1/C D,t ωH · M t
·
·
1/C H ,t γ1,H · γ2,H



γ2,H
γ2,H −1

− PC H ,t .

(.)

When adaptation expenditures are set at the internally optimal levels in region
H , PC P,t will be set at the level as given in (.):


PC H ,t = γ1,H · YH ,t

ωH · M t
·
γ1,H · γ2,H



γ2,H
γ2,H −1

.

(.)

Transfers will thus take place from region D to region H only in the case where
C D,t
C H ,t

> 1, i.e. when consumption is higher in region D .

4
How Harmful are Adaptation Restrictions?*
4.1

Introduction

Emissions of greenhouse gasses are changing our global climate, precipitating
damages worldwide. Besides Greenhouse Gas mitigation, adaptation can
be a very powerful policy response to climate change. Adaptation refers to
adjustments in ecological, social or economic systems to moderate potential
damages or to bene t from opportunities associated with climate change (Smit
et al. ). Examples of adaptation are the building of dykes, the changing
of crop types, irrigation and the use of mosquito nets to limit the spread of
diseases such as malaria. It has been estimated that in some cases potential
damages can be reduced by up to  (Mendelsohn ). e dominant
assumption in Integrated Assessment Models (s) of climate policy remains
that adaptation will be implemented in an optimal manner and in fact, most
models only implicitly make this assumption by including adaptation into the
estimate of damages (De Bruin et al., a).
ere is reason to believe, however, that adaptation will not be undertaken
automatically or optimally (see e.g. Fankhauser ; Kelly and Adger ;
Smith et al. ). In some cases adaptation may even increase the vulnerability
* is chapter is based on K. C. de Bruin and R. B. Dellink (forthcoming). ‘How Harmful are
Restrictions on Adapting to Climate Change?’ In: Global Environmental Change
doi:./j.gloenvcha....
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to climate change, this is referred to as maladaptation (Barnett and O'Neill
).
We do not explicitly cover the issue of maladaptation but focus on adaptation restrictions. Several factors restricting adaptation have been identi ed
in the literature, such as capacity gaps, lack of information or inertia in the
decision making process. We refer to barriers or constraints resulting in suboptimal levels of adaptation as adaptation restrictions. e goal of this paper
is to identify possible restrictions and assess their potential eﬀects on setting
optimal climate change policies.
ere is a signi cant gap in the literature regarding the eﬀects of restrictions
on adaptation. Where thousands of scenarios simulating suboptimal mitigation
are considered with varying degrees of mitigation or concentration targets,
consistent economic analysis of suboptimal adaptation is virtually nonexistent.
is is partly due to the fact that adaptation options are diﬃcult to quantify and
compare with each other. Where mitigation has a clear common performance
indicator, adaptation does not (Lecocq and Shalizi b). Furthermore, as
it can generally be assumed that adaptation has no externalities, it is oen
assumed that it will be applied optimally. Hope et al. () as well as the
previous chapters of this thesis look explicitly at adaptation and compare the
eﬀects of not applying adaptation at all and applying it optimally. Adaptation
practices in the real world will, however, neither be optimal nor non-existent
but likely somewhere in between.
Furthermore, besides the fact that there are many barriers to optimal
adaptation there remains considerable uncertainty regarding climate change
damages and how these can be avoided through adaptation. As a simpli cation,
our model (and essentially all deterministic models) assumes that there is
a policy lever that can set some macroeconomic “level of adaptation.” In
this paper, we investigate what the eﬀects may be if this policy lever is not
performing optimally, i.e. if the information on damages and adaptation
costs is incorrect. Accordingly, we look at the consequences of misspecifying
adaptation. is can give policymakers insights into the uncertainties regarding

.. e - Model

adaptation policies.
In this chapter we use an Integrated Assessment Model (), namely
- to simulate diﬀerent adaptation restrictions that could occur.  is a recently developed (see previous chapters) extended version of the
well-known  model (Nordhaus and Boyer ) that includes adaptation
as a decision variable. Including various scenarios with diﬀerent restrictions
on adaptation into - will better represent the real world situation
and give us improved understanding of the costs and dynamics of adaptation
restrictions.
is chapter attempts to answer several important questions. Firstly, what
are the eﬀects of diﬀerent adaptation restrictions on the level and composition
of climate change costs? Secondly, how do adaptation restrictions aﬀect the
optimal mitigation policies, i.e. how do optimal mitigation paths change due
to the various restrictions? irdly, and linked to the previous question, how
can exible mitigation policies compensate for reduced adaptation and how
costly is a “naive” mitigation policy that disregards existing restrictions on
adaptation?
is chapter is structured as follows. e second section brie y describes
the - model we use in our analysis. e third section will introduce
diﬀerent restrictions identi ed in the literature and describe how these are
simulated in the model. In the fourth section the results are presented. e
h section places these nding into a larger context and the nal section
concludes.

4.2

e

-

08 Model

For this analysis we use the - model as introduced in Chapter .
e model is based on the Dynamic Integrated model for Climate and the
Economy  originally developed by Nordhaus (b); Nordhaus ().
e model calibration uses the latest adaptation literature as described in
the appendix. - is a global model and includes economic growth
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functions as well as geophysical functions. In the model, utility, based on
discounted consumption, is maximised. In each time period, consumption and
savings/investment are endogenously chosen subject to available income, aer
the subtraction of the costs of climate change (residual damages, mitigation
costs and adaptation costs). Climate change damages are represented by a
damage function that depends on the temperature increase compared to 
levels. Mitigation decreases emissions per unit of output; the marginal costs
of mitigation are decreasing over time and increasing with the magnitude of
mitigation undertaken. In our model we use the same discount rate as in the
 model, which is a Ramsey discounting method with a positive pure rate
of time preference.
- adds adaptation as a control variable to  as described in
detail in Chapter  and brie y explained here. We de ne gross damages
as the initial damages by climate change if no changes were to be made in
social and economic systems. If these systems were to adapt to limit climate
change damages, the damages felt would be lower. ese “le-over” damages
are referred to here as residual damages. Reducing gross damages, however,
comes at a cost, i.e. expenditures on adaptation. ese costs are referred to as
adaptation costs. us, the net damages in  are the total of the residual
damages and the adaptation costs. Furthermore the net damages in the 
model are assumed to be the optimal mix of adaptation costs and residual
damages. erefore the net damage function given in  is unravelled into
residual damages and adaptation costs in -, yielding the level of
adaptation as a new policy variable. Adaptation is given on a scale from  to ,
where  represents no adaptation: none of the gross climate change damages are
decreased through adaptation. A value of  would mean that all gross climate
change damages are avoided through adaptation. us, adaptation (denoted by
P ) is expressed as the fraction by which gross damages are reduced.

We assume that marginal adaptation costs increase (due to the positive rst
derivative) at an increasing rate (due to the positive second derivative) with
the level of adaptation, as cheaper and more eﬀective adaptation options will

.. e - Model

be applied rst. e adaptation cost curve is calibrated to t the aggregated
empirical data estimations as described in the Appendix. e parameters of
the gross damage function and the adaptation cost function are calibrated to
minimise the following three parts: (i) the diﬀerence between the net damages
in the original  model and the net damages in the - model, (ii)
the optimal level of adaptation in the model and estimated optimal level of
adaptation, and (iii) the diﬀerence between the ratio between adaptation costs
and residual damages in - and the estimated ratio. e calibrated
adaptation cost curve is represented in .. .
e level of adaptation is chosen every time period ( years). e level
of adaptation in one time period does not aﬀect damages in the next period,
thus in each decade a similar problem is faced, and the same trade-oﬀ holds.
is implies that both the costs and bene ts of adaptation are “instantaneous,”
i.e. they fall within the same time period. Many forms of adaptation have this
“ ow” characteristic (e.g. air conditioning), although other forms require a
build-up of adaptation stock. We leave an analysis with restrictions on stock
adaptation (which re ects anticipatory investments in adaptation capital, such
as the building of sea walls) for future research, which can build upon (Agrawala
et al. ).
When optimal levels of adaptation are attainable, the results will stay
unchanged when compared to the  model. e key innovation of the
- model is that it makes analysis of suboptimal levels of adaptation
possible. us, with this model we can control the level of adaptation to
We thus assume that adaptation costs in percentage of  for a given fraction of adaptation
P are independent of the level of damages. is re ects two opposing mechanisms. Firstly, as
gross damages increase we would expect adaptation to become more expensive. Gross damages
increase over temperature change, which increases over output and time. Secondly, we would
expect adaptation costs to increase less than proportional to output: as output increases the
value you protect increases by a larger amount than the costs to protect it. e obvious example
here is that of a dyke, where the value of the settlement behind the dyke increases with output
increases whereas the costs of building a dyke increase only marginally. In our model we
assume that these two eﬀects generally even each other out and thus assume that adaptation
costs grow at the same rate as output.
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Figure .: e calibrated adaptation cost curve.

simulate restrictions or even completely exclude adaptation as an option for
the sake of studying the eﬀects of adaptation and adaptation restrictions.

4.3

Identifying Adaptation Restrictions

is section identi es diﬀerent restrictions, limits and barriers to adaptation.
ere are many reasons why the optimal level of adaptation may not be
attainable, many of which are linked to the magnitude of climate change (see
for example Klein et al. ) and inertia in the physical, economic and social
systems. is section discusses some of the key restrictions to adaptation, and
“adaptation scenarios” are then constructed to simulate these restrictions in our
 framework. e scenarios are given in Figure .. Note that the numerical
results will depend on the exact speci cation of the restrictions, and there is
insuﬃcient information to numerically determine these restrictions. erefore
we simulate a wide range of possible speci cations per scenario in ..

.. Identifying Adaptation Restrictions

4.3.1

Restriction on the Level of Adaptation Costs

e predominant adaptation restriction discussed in the literature is that of
capacity gaps (e.g. Klein et al. ; Paavola and Adger ; Smith et al. ).
e amount of funds available for adaptation expenditures may be lacking.
Many forms of adaptation need initial investments, and in many cases funds
for these investments cannot be raised. For example a government may not be
able to raise the funds required to build a sea wall or invest in climate proo ng
infrastructure. Naturally this restriction is especially applicable to developing
regions where there is a severe lack of funding for such purposes both on
an individual as well as a governmental level. Furthermore the adaptation
expenditures have to compete with development expenditures which are direly
needed (such as health care and education). is restriction is so important in
developing regions that it has received international political attention where
adaptation funds have been set up to support developing regions in funding
their adaptation needs.
Furthermore the irreversibility of decisions to invest in adaptation under
uncertain future climate impacts decreases the ex ante incentives to invest in
adaptation. Policymakers therefore tend to be cautious in allocating funds when
the level of future damages is uncertain. ese forms of adaptation limitations
are represented in - by limiting the amounts of funds available for
adaptation (i.e. adaptation costs) to a level below the optimal (in the Funding
scenarios). Note that the restriction is dynamic, i.e. adaptation is restricted to a
level below what is optimal in each period separately.

4.3.2

Restrictions on the Level of Adaptation

We distinguish between the level of adaptation and the funds spent on adaptation to diﬀerentiate between the eﬀects of uncertainty regarding the eﬀectiveness of adaptation and uncertainty regarding the costs. e restriction given in
section .. provides insight into the eﬀects of misspecifying the adaptation
costs or having a lack of funds, whereas here we look at the eﬀects of misspe-
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cifying the avoided damages and thus choosing an incorrect level of adaptation.
Note, however, that restrictions on the level of adaptation expenditure and the
level of adaptation are closely linked through the interactions in the adaptation
cost curves. Nonetheless because of the dynamic eﬀects these are not exactly
the same.
In this section, the actual level of adaptation (P ) is set at a suboptimal level,
i.e. the fraction of gross damages that is prevented by adaptation is lower than
optimal. ere are many reasons why this may be the case. One such reason is a
lack of knowledge. ere remains a lot of uncertainty regarding the exact level
and impacts of climate change, making it hard to employ the correct amount
of adaptation. Note that a lack of information may have diﬀerent eﬀects than a
lack of funds due to nonlinearities in the adaptation cost curves. Secondly, the
adaptation measures to be taken may not be known to or understood by the
people concerned (Fankhauser et al. ). irdly, risk perception can limit
adaptation, as individuals may not feel a sense of urgency (risk suppression),
especially when simultaneously threatened by other risks. Fourthly, adaptation
may also be limited when there are other threats present (e.g. pollution,
con ict and disease) which make ecosystems and people more vulnerable and
less able to adapt. Fihly, technological limits may also play a role, for example
many developing regions may not have access to the technology needed to
adapt. Sixthly, even though it is usually assumed that there are no externalities
involved in adaptation decisions, this may not be the case, particularly on a
larger scale. If cooperation cannot take place between these individuals then
adaptation may be set at a level below what is globally optimal. Finally, myopia,
i.e. short-sightedness, may cause individuals not to consider the long-term
eﬀects of climate change, thus restricting proactive adaptation.
e key aspect that links all these restrictions in terms of our model, is that
the amount of gross damages avoided is too low when compared to the optimal
level, i.e. the adaptation level is too low. us, these limitations are mimicked,
albeit in a crude fashion, in the Quantity scenarios, where the amount of
adaptation is limited to a level below optimal.

.. Identifying Adaptation Restrictions

4.3.3

Restrictions on the Level of Residual Damages

Up to now our restrictions have pertained to cases where not enough adaptation is deployed. It is, however, also imaginable that too much adaptation is
undertaken. Due to loss aversion, i.e. people strongly prefer avoiding losses to
acquiring gain, people may be inclined to over-protect their assets, i.e. overadapt. Furthermore, people or policymakers may not want to accept certain
residual damages, as is particularly the case with coastal land loss. People and
governments may over-invest in adaptation to sea level rise to limit the amount
of land lost. is is modelled in the Excess scenarios where residual damages
are limited to a maximum level which is below the optimal level.

4.3.4

Restrictions on the Timing of Adaptation

A fourth issue that may constrain adaptation is inertia (cf. Burton and Lim
), i.e. there may be a problem of delayed reaction. Firstly, it might take
considerable time to implement adaptation measures (Berkhout et al. ;
Mendelsohn ). For example large scale adaptation projects such as sea
wall construction need time to be set up and completed. Secondly, cultural
and social aspects may cause delays in reacting to climate change due to slow
adjustment phases. Societies need time to culturally accept that climate change
is a problem and that certain adaptation measures are needed. irdly, inertia in
the political systems and prolonged negotiations on international coordination
of climate policies will further delay the implementation of adaptation. Finally,
also a tendency to wait for improved information may postpone investments in
adaptation. e Delay scenarios re ect such inertia by assuming that adaptation
is not applicable up to a certain point in time.

4.3.5

Restrictions on the Flexibility of Adaptation

It also may be the case that adaptation levels cannot change quickly over
time. For example adaptation knowledge may need to be acquired over time
in order to adapt as the climate changes. us sudden changes in the level
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of adaptation may be restricted due to the rate at which one can procure
adaptation knowledge. Adaptation in its proactive sense also brings with it the
idea that a stock of adaptation is built up over time. is stock cannot, however,
accumulate or deplete very quickly over time. A similar type of inertia refers
to physical and ecological limits. For instance, ecosystems need time to adjust
(Klein et al. ). In the Rigidity scenarios we simulate this by restricting
the change in adaptation levels over time, implying a gradual adjustment and
preventing radical adjustment of adaptation policies.

4.3.6

Irreversible Climate Change (Tipping Points)

Dramatic levels of climate change may also make it more diﬃcult or even
impossible to adapt (Nicholls and Tol ; Tol and Yohe b; Tol et al.
). At lower levels of climate change we are able to gradually change our
society, economic structure etc. in such a way as to limit the damages caused
by the changing climate. If the climate system changes too much, this may
no longer be possible. In the literature so called “tipping points” have been
identi ed, at which a small change in human activity can have large, longterm consequences for the Earth’s climate system. Many potential tipping
points have been suggested in the climate change literature, the most known
of these being the collapse of the West Antarctic ice sheet (at around  degrees) causing sea level rise of  meters and the collapse of the Atlantic
thermohaline circulation ( to  degrees) (Lenton et al. ). Large ecosystems
will be irreversibly disrupted and consequently these extreme damages cannot
be adapted to within a reasonable time scale and will therefore have to be
accepted. Irreversible climate changes may, however, occur already (although
less dramatically) at lower levels of temperature change. We simulate this by
assuming that as temperature increases (and thus gross damages) adaptation
will become less eﬀective. Furthermore aer a certain degree of temperature
rise, adaptation becomes completely ineﬀective (the tipping point). is is
simulated in the Obsolete scenarios.

.. Results

4.3.7

Overview of Simulation Scenarios

Figure . summarises the adaptation scenarios and shows how these restrictions are technically implemented into the model.
Funding
PC t ≤ x , where x is the limit in fraction of output.

Quantity
Pt ≤ x , where x is the limit in fraction of gross damages reduced.

Excess
RDt ≤ x , where x is the upper limit on residual damage (in  of output).

Delay
Pt = 0, ∀t ≤ x , where x + 1 is the rst time period in which adaptation

can be implemented.
Rigidity
Pt −Pt −1
≤ x , where x is fraction of change in adaptation from one time
Pt −1
period to the next.
Obsolete 
h
i
△temp
· GDt where x is the temperature change
RDt = 1 − Pt · 1 − x
where adaptation becomes completely ineﬀective (the tipping point).
where
Pt = adaptation in period t
γ
PC t = adaptation costs in period t , calculated as PC t = γ1 · Pt 2
GDt = gross damages in period t
RDt = residual damages in period t , calculated as RDt = (1 − Pt ) · GDt
△temp = temperature change compared 
Figure .: Adaptation restrictions scenarios and their implementation

4.4

Results

In this section we will present the results of our analysis. First the benchmark
simulation, where we assume optimal adaptation, will brie y be presented;
this provides the reference point for the evaluation of the various scenarios
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with adaptation restrictions. We then look at the eﬀects of each restriction
on the composition and level of climate change costs, assuming a responsive
mitigation policy, i.e. mitigation levels can be adjusted to accommodate the
adaptation restrictions. We then show how the optimal mitigation path is
aﬀected by the diﬀerent restrictions. Finally we investigate the impact of naive
versus responsive mitigation policies for each scenario.

4.4.1

e Benchmark: Optimal Adaptation

We rst present the case where there are no restrictions to adaptation. We call
this the optimal case. All other scenarios include restrictions and thus are cases
of constrained optimisation. Figure . shows the optimal path of adaptation
over time without restrictions. As can be seen the level of adaptation P (given
as a fraction of gross damages reduced increases steadily, due to increasing
damage levels, and levels out at the end of the nd century when mitigation
policies become more eﬀective as a control option. Roughly speaking, in the
rst century it is optimal to avoid a quarter of the gross damages (P ≈ 0.25) and
aerwards optimal adaptation levels increase to nearly a half of gross damages
(P ≈ 0.44) on average.
e Net Present Value () of total climate change costs (the discounted
sum of adaptation costs, mitigation costs and residual damages), given as a
percentage of  of output (), are shown in Figure . for the optimal
adaptation case, for the case where no adaptation is possible at all and for the
case where both adaptation and mitigation are not possible. e  of total
climate change costs equals . of the  of  when optimal adaptation is
possible, and increases to . of the  of  in the case of no adaptation.
While widely used as a convenient measure for comparing economic impacts of climate
policies the  value of climate change costs is not a perfect measure of the welfare impacts of
the policies (just as  is not a perfect indicator of welfare). However, it can enable us to study
the components of climate change costs.
As the climate change costs are given as a fraction of output per decade, we take the  of
the fraction over the model horizon.

.. Results
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Figure .: e level of optimal adaptation without restrictions over time

is shows the potential of adaptation to decrease climate change damages. By
far the largest constituent part of climate costs are the residual damages, even
in the case of optimal adaptation. is illustrates the trade-oﬀ that takes place
at the margin: for every adaptation measure one has to weigh the additional
bene ts in terms of reduced damages with the additional costs of the measure.
us, it is never optimal to completely eradicate all damages, and optimal
climate policies are moderate in the use of both control options.
Figure . also illustrates the compensating eﬀect mitigation can have.
When no adaptation is applied mitigation costs are much higher. us due to
the lack of adaptation, damages cannot be reduced aer climate change occurs
but, will need to be reduced through limiting climate change, i.e. through
mitigation. In other words as adaptation decreases, the marginal value of
mitigation increases, increasing the level of mitigation and decreasing the
damages.
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Figure .: e  of climate change costs components as a percentage of the
 of output for the optimal, no adaptation, and no controls scenario

4.4.2

e Components of Climate Change Costs with Restrictions

In Figure . the impact of the various adaptation restrictions on the components of climate change costs are examined. e right end of the graph re ects
the unrestricted optimum, while the le end of the x-axis shows the case where
the adaptation restriction is strongest.
Panel “Funding” shows the restriction on the level of adaptation costs. An
upper limit of , at the le side of the panel, results in total  of costs of
nearly . of  of  (as in the case of no adaptation). As the limit is
increased, i.e. the restriction loosens (moving from le to right in the graph),
adaptation costs increase while residual damages and mitigation costs decrease
at a stronger rate, decreasing total climate change costs. One can see a sharp
increase in climate change costs as the upper limit approaches , showing how
powerful even small amounts spent on adaptation can be.
Panel “Quantity” looks at restrictions on the level of adaptation. As adaptation costs are an exponential function of the adaptation level the eﬀects
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Figure .:  of climate change cost components as a percentage of  of
output for diﬀerent adaptation restrictions (light grey: adaptation costs, dark
grey: mitigation costs; black: residual damages)

here are similar to scenario “Funding.” However, as the restriction is relaxed
climate change costs decrease at a slower rate than in the case of adaptation
costs restrictions. We observe that increasing the upper limit reduces residual
damages signi cantly while adaptation costs remain limited. is again shows
how powerful low levels of adaptation can be.
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e Excess scenarios, where there is an upper limit on residual damages,
can have much stronger impacts on total costs of climate change. When no
residual damages whatsoever are accepted, immense amounts of adaptation are
needed, resulting in extremely large adaptation costs. Going from le to right,
more residual damages are accepted and adaptation costs decrease. Although
the restriction imposed is in itself linear, in Net Present Value terms, residual
damages increase at a decreasing rate with laxer restrictions. is is because
for earlier periods, when damages are still relatively small, less strict levels of
the restriction will not be binding. When the upper limit of residual damages
reaches approximately  of output the restriction is no longer binding in any
period and climate change costs are the same as in the optimum. We can see
that over-investing in adaptation to restrict residual damages to a level below
the optimum creates large increases in climate change costs (increasing total
climate costs threefold in the most extreme case). In this case over-investing
in adaptation creates larger costs than not adapting at all, due to the increasing
marginal costs of adaptation.
e panel “Delay” shows that aer approximately  years of no adaptation, climate change costs have reached the same level as when no adaptation
is possible. is result is induced by the positive discount rate, making future
damages (and thus future adaptation eﬀorts) less important in net present
value terms. Furthermore, restricting adaptation for the rst couple of decades
aﬀects the composition and level of climate change costs to a small degree, i.e.
the graph is relatively “ at.” Two mechanisms are at work here. Firstly as time
passes the degree to which the costs are discounted increases. us restrictions
in earlier periods will ceteris paribus imply larger costs. Secondly, the global
temperature also increases over time, increasing gross climate change damages
and thus also increasing the eﬀectiveness of adaptation. us in early periods
when damages are low, adaptation will have lower bene ts and restricting
adaptation will not have large eﬀects on total climate change costs. e latter
mechanism dominates in the rst couple of decades.
e h panel of ?? Figure  shows the components of climate change costs

.. Results

when there is limited exibility in adaptation over time (Rigidity scenarios).
Adaptation cannot change more than a certain percentage from one time period
to another, i.e. the growth rate of adaptation is restricted. When there is limited
intertemporal exibility it is optimal to choose a relatively low average rate of
adaptation and spend more on mitigation. e eﬀect on residual damages, and
on total climate change costs, remains very small.
e eﬀects of not being able to adapt eﬀectively at high levels of climate
change (panel “Obsolete”) are to simultaneously undertake more mitigation
and accept higher residual damages, while adaptation costs decrease. Mitigation
becomes more eﬀective as adaptation becomes less eﬀective. Furthermore
mitigation levels increase at low tipping points to ensure that climate change is
limited to less than the tipping point, enabling eﬀective adaptation. Note that
adaptation already becomes less eﬀective at lower levels of temperature change,
as explained in Section .., and thus the additional incentive to mitigate
remains limited.

4.4.3

e Welfare Eﬀects of Adaptation Restrictions

We now compare the eﬀects of restrictions directly with each other in terms
of welfare to get an idea which restrictions are the most harmful. We look at
two levels of restrictions for each type of restriction: a relatively weak and a
relatively strong restriction. ese various restrictions are described in ..
As welfare losses are a more accurate indicator of the harmfulness of the
restrictions than total climate costs, in Figure . the utility index levels (where
utility is normalised to  for the benchmark case with optimal adaptation),
are plotted for the diﬀerent restrictions. Clearly, these restrictions cannot be
easily compared, as they re ect very diﬀerent types of restrictions, and the
de nition of what is “weak“ and “strong” is necessarily somewhat ad-hoc.
Nonetheless, looking at Figure ., we nd that some scenarios are distinctively
more harmful than others.
For weak restrictions, the Obsolete scenario is the most harmful restriction.
is indicates how sensitive the results are to the speci cation of adaptation
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Scenario Weak restriction
Funding Adaptation costs upper limit
is  of average optimal
level
Quantity Adaptation upper limit is
 of average optimal level
Excess
Residual damage lower limit
is  of average optimal
level
Delay
Adaptation is not possible in
rst  years
Rigidity Adaptation cannot vary by
more than  percent from
one period to the next
Obsolete Adaptation is not possible
aer  ºC of climate change

Strong restriction
Adaptation costs upper limit
is  of average optimal level
Adaptation upper limit is 
of average optimal level
Residual damage lower limit
is  of average optimal
level
Adaptation is not possible in
rst  years
Adaptation cannot vary at all
one period to the next
Adaptation is not possible
aer  ºC of climate change

Table .: Description of various restriction levels for each scenario

bene ts. When assuming adaptation will become less eﬀective as climate change
increases, welfare decreases by a relatively large amount. e Delay scenario is
the second most harmful restriction, where adaptation is not possible in the rst
 years. is re ects the high bene ts of direct action regarding adaptation
and the fact that mitigation cannot compensate for adaptation in the short term
due to the time lags in the climate system. However, as the restrictions become
stronger, limits on damages (Excess scenario) become more harmful compared
to short term inaction (Delay scenario).
Furthermore restrictions on adaptation costs seem rather harmless compared to the other restrictions, re ecting the fact that there are many low cost
adaptation options that can be employed even with a limited budget. In the case
of adaptation a little adaptation expenditure goes a long way. e diﬀerences
between the strictness of the restriction are also small for this scenario.
It is too early at this stage to identify the strength of these diﬀerent restrictions, and especially of the most harmful ones, including Obsolete and Delay.
Nonetheless, adaptation policies need to be established as soon as possible.
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Figure .: Utility index for various scenarios with  levels of restrictions

Given the substantial additional costs from stronger restrictions on the level of
adaptation (Quantity), a purely precautionary approach to undertake as much
adaptation as possible is, however, not advisable. Rather a moderate approach
should be adopted, where adaptation costs gradually ramp up as damage levels
increase.

4.5

e Eﬀects of Adaptation Restrictions on Mitigation

e optimal reaction of mitigation to adaptation restrictions (responsive
mitigation)
e analysis in Sections .. and .. indicated that by changing the level of
mitigation in response to limited adaptation, the increase in climate change
costs can be limited. For instance, increased investments in mitigation are
warranted when adaptation levels are too low, as the residual damages are
larger and thus the productivity of mitigation higher. Figure  shows the
path of mitigation over time with various adaptation restriction scenarios.
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For the stronger restrictions, the general picture emerges that higher levels of
mitigation are optimal, to compensate for the partial absence of adaptation.
For instance, in the Quantity scenarios, one can see that as time passes the
level of extra mitigation due to the adaptation restriction increases slightly:
the mechanism is rather straightforward: restricting adaptation level further
has a more or less linear positive eﬀect on mitigation levels (at least until
mitigation reaches its upper bound of ). When the adaptation restriction
is temporary, as in the is Delay scenarios, mitigation is higher in the earlier
periods when the restriction applies, but mitigation levels quickly return to their
unrestricted optimal levels when adaptation becomes available. e adaptation
scenario that aﬀects the path of mitigation the most is the strong restriction
on adaptation eﬀectiveness for climate tipping points (Obsolete scenarios).
Because adaptation becomes completely ineﬀective aer a certain tipping point
(and already less eﬀective at smaller temperature increases), mitigation is the
primary policy instrument to keep temperature below the threshold.
Naive versus responsive mitigation
From the analysis above, it is clear that responding to adaptation restrictions
by changing the level of mitigation can reduce the impacts of the restrictions.
is assumption of fully responsive mitigation may, however, not be realistic.
For instance, international agreements may prescribe mitigation levels, or the
restrictions may not be fully known to the actors that decide on mitigation
levels. We re-run all our previous scenarios, but now keeping the level of
mitigation xed at the level that would be optimal if adaptation was optimal,
i.e. assume that mitigation policies are naive with respect to the adaptation
restrictions.
When mitigation cannot be used to limit the eﬀects of restricted adaptation, this leads in all scenarios to higher climate change costs than when
mitigation is responsive. In Figure ., the utility gains from adapting are given
for the various scenarios (with strong restrictions). is index is zero when no
adaptation at all takes place, whereas the outer bound of the gure represents
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Figure .: Optimal mitigation over time for various adaptation restrictions

optimal adaptation. e gure clearly shows the widely varying extent to which
responsive mitigation can limit welfare costs of adaptation restrictions. e effects of responsive mitigation are greatest in the Quantity scenario (upper limit
on the level of adaptation). Leaving suﬃcient exibility to vary either adaptation or mitigation levels may help to limit total climate costs. In some cases,
however, we see that adjusting mitigation to respond to adaptation restrictions
is hardly bene cial for utility. For the Delay scenario, where adaptation is not
possible for the rst decades, responsive mitigation is virtually ineﬀective. is
re ects the inertia in the climate system, which implies that additional early
mitigation eﬀorts will mostly aﬀect later periods, where this restriction is no
longer active. In the Obsolete scenario mitigation plays an important role; by
responding to the restriction mitigation can be used to limit climate change and
thus increase the eﬀectiveness of adaptation. Clearly, then, a “naive” mitigation
policy will then lead to substantial additional costs.
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Our model has a global scope, and cannot be used for regional analysis;
for such an analysis, the companion model - (developed in Chapter )
can be used. Nonetheless, we observe that more locally-oriented adaptation
restrictions, such as Funding, Quantity and Delay, seem less strongly linked to
responsive mitigation policies than purely global restrictions such as Obsolete.
ese global restrictions imply that the usual assumption in mitigation policy
analysis that adaptation will be optimal is overly optimistic. It is clear that substantial cost-savings can be achieved by adjusting the optimal mitigation paths
to take these global adaptation restrictions explicitly into account. is also
strengthens the point made above that there should be suﬃcient intertemporal
exibility to increase mitigation eﬀorts as the restrictions to adaptation become
better known, and more restrictive.


















Figure .: Utility index for restrictions with responsive and naive mitigation

4.6

Discussion

In the real world adaptation options are very diverse and location speci c, and
to the top-down quantitative analysis presented here cannot fully capture the

.. Discussion

complexities of adaptation. e complex nature of adaptation and the lack of
comprehensive data on the costs and bene ts of adaptation necessitate bold
assumptions and simpli cations. is abstract, stylized representation of a wide
range of actual dispersed adaptation eﬀorts, and of the associated restrictions
to adaptation, enable us to understand the global eﬀects of (restrictions on)
adaptation and its interactions with mitigation policies. In this section we a
number of major limitations of our analysis and how these put the main results
of our analysis in perspective.
Firstly the scenarios presented in this paper implicitly assume that there
is full information, even though adaptation is restricted. It is not realistic to
assume that policymakers will have full insight into the adaptation restrictions
they face. Although we try to capture this by going through a range of restriction
levels, and by investigating the impact of “naive” mitigation in Section ., the
true problems posed by adaptation restrictions to policy makers that need to
design good climate policies are much larger than the ones simulated here.
us, our analysis cannot provide a toolbox for improving policy decisions,
but necessarily remains at a somewhat more abstract level. But the stylized
simulations presented here do show how the implicit treatment of adaptation
in most Integrated Assessment model will aﬀect the policy recommendations.
We advocate, therefore, that future generations of Integrated Assessment
models treat adaptation more seriously and allow for suboptimal adaptation.
Secondly, the restriction scenarios are a crude approximation of the underlying barriers to adaptation. For ease of comparison, they are formulated
in relation to an optimal level of adaptation, although in reality barriers may
be more of an absolute nature (e.g. a limited absolute budget for adaptation).
Furthermore the restrictions we study are imposed exogenously and we do not
model the causes of the restrictions directly, but limit ourselves to specifying
scenarios for their likely impact on adaptation. To understand the full eﬀects
of certain restrictions, the underlying causes for suboptimal adaptation would
need to be modelled explicitly. Clearly, such an elaborate analysis would imply
a major enlargement in terms of model speci cation and especially data re-
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quirements (for instance, it is not clear at all how a lack of information can be
included consistently in the analysis). e current paper therefore provides a
useful bridge between the overly simplistic models of optimal adaptation and
more detailed but less general models of adaptation.
irdly, this paper focuses on a global analysis and does not distinguish
between various regions or countries. As is show in the previous chapter and
de Bruin et al. (c) adaptation costs and bene t vary greatly across regions.
erefore conclusions based on our global model may not extend to certain
regions or countries. For instance, while our analysis suggests that restriction
to the funding of adaptation may be less harmful than restrictions that make
adaptation ineﬀective for higher levels of climate change (Obsolete scenarios),
local circumstances may make funding barriers a more acute problem for
adaptation. Especially poorer regions experience high damages in combination
with steep adaptation cost curves and are also more likely to face stronger
adaptation restrictions. is all accumulates to increasing the welfare losses
associated with adaptation restrictions.
Fourthly, our model assumes perfectly functioning markets and one aggregate impact function, rather than making a distinction between diﬀerent
sectors, although both damage and adaptation estimates are based on detailed
sectoral studies (cf. the Appendix). Certain restrictions will be more prominent
in certain sectors, for example a lack of funding will be especially restrictive in
the coastal protection section where large investments in adaptation are need.
A sectoral modelling of adaptation would allow for a more detailed distinction
between diﬀerent restrictions and their exact eﬀects. Nonetheless, de Bruin
et al. (c) show that a global, single-sector model functions well as a rst
approximation of the eﬀects that are likely to arise in a multiregional context.
Fihly, we assume that the adaptation in one time period does not aﬀect
damages in the next period, thus each decade the same problem is faced,
and the same trade-oﬀ holds. is implies that both the costs and bene ts of
adaptation are “instantaneous,” i.e. they fall in the same time period. Adaptation
will however in many cases also have time-lags in costs and bene ts. Examples
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of such measures are building seawalls and early warning systems. Many
restrictions to adaptation are linked to diﬃculties in the build-up of adaptation
capital stock, such as lack of funding and rigidity of adaptation. A distinction
between stock and ow adaptation would results in a better understanding of
the limits to adaptation in the real world. Time-lags in the ow of adaptation
bene ts may have an in uence on the interactions between adaptation and
mitigation (as shown by Agrawala et al. ).
Sixth, there is no consensus in the literature on how large a potential
“adaptation de cit” is currently. Most estimates of the required adaptation
funding provide only static estimates of how much adaptation is needed (a
constant number of dollars per year; see e.g. Oxfam, ; UNDP, ; World
Bank, ) and these numbers suggest that current adaptation funding falls
short of the required amounts. A major advantage of a dynamic model such
as - is, however, that it can provide a dynamic estimate of required
adaptation costs. Figure . shows how optimal adaptation levels increase over
time. e associated required funding will also start at low levels, and increase
rapidly over time with increasing levels of damages and GDP. us, the size of
the adaptation de cit in the short run may not be as large as the static estimates
suggest, and current adaptation eﬀorts may be closer to what is optimal than
sometimes thought. In this context, the dynamic feature of - is also
essential for an assessment of adaptation restrictions over time.
Seventh, there are several caveats and limitations to this study that stem
from our approach to use the  model as basis for constructing our  model.  and - do not include certain important issues such as
uncertainty and irreversibility. All climate impacts are monetarised, i.e. climate
damages are expressed in dollar terms; while convenient for comparing policies,
this approach is debatable and cannot capture the full environmental impact
of climate change. Also, a positive pure rate of time preference is assumed,
leading to a relatively high discount rate (in the rst chapter it was shown that
the discount rate does aﬀect interactions between mitigation and adaptation).
And perhaps most fundamentally, the - analysis, like , is based on
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the premise that cost-bene t analysis of climate change policies is possible,
something which has been seriously challenged in recent years, not in the least
by Weitzman (). Such discussions are, however, beyond the scope of the
current paper.
Finally and most importantly, though this paper gives insight into the
eﬀects of theoretical exogenous restrictions on adaptation, it cannot assess
exactly how harmful adaptation restrictions are in the real world. As the results
of this analysis have shown the harmfulness of adaptation restrictions will
depend on which restrictions are faced and on how severe these restrictions
are. Due to the absence of empirical estimates of restrictions both now and
in the future, we cannot directly link these scenarios to real world situations.
Understanding what adaptation restrictions are actually being faced or are
likely to arise is an important issue that direly needs more attention. ese
caveats notwithstanding, the analysis presented in this paper sheds light on
how diﬀerent barriers to adaptation compare in terms of their harmfulness
and their interactions with mitigation. e top-down analysis allows us to
identify the macroeconomic consequences of these restrictions, and provides
a common platform for analysis. is kind of macro-analysis is essential
when setting global climate policies. Future Integrated Assessment models
would bene t from improvements in the representation of adaptation and
adaptation restrictions, and this paper illustrates one promising avenue for
such developments.

4.7

Final Remarks

is chapter presents an analysis of adaptation restrictions and their eﬀects
on climate change costs, welfare and mitigation policies. By adjusting our
economic and social structures and activities to better t the changing climate
we can substantially reduce potential damages of climate change. Virtually
all economic models for climate change policy, however, implicitly assume
that optimal adaptation is possible and will be implemented. is means
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that all possible adaptation measures can be employed to the level at which
their marginal bene ts equals their marginal costs. ere are many reasons to
believe, however, that such “optimal” adaptation is not possible. For example
the lack of knowledge or the existence of capacity gaps may results in underinvestment in adaptation. Moreover high levels of climate change or rigidities
in implementing adaptation options may limit the eﬀectiveness of adaptation.
Furthermore risk aversion or misinformation may lead to excess levels of
adaptation expenditures.
is chapter rstly identi es the prominent adaptation restrictions in the
literature and investigates how diﬀerent adaptation restrictions aﬀect the level
of total climate change costs (the sum of adaptation costs, mitigation costs and
residual damages) in a top-down quantitative framework. In this analysis, overadapting to limit residual damages, ineﬀective adaptation due to irreversible
climate change and short term inaction are most harmful.
Secondly, this chapter investigates how the existence of adaptation restrictions will aﬀect optimal mitigation paths. We nd that mitigation policies will
be signi cantly diﬀerent under diﬀerent adaptation restrictions. For example
an upper limit on acceptable residual damages (Excess scenarios) leads to much
higher levels of mitigation in earlier periods and lower levels in later periods. In
contrast, a limit on the funding of adaptation leads to evenly spread relatively
small increases in mitigation levels. Compensating for adaptation restrictions
by altering mitigation paths will therefore only be bene cial if policymakers
understand which restrictions they face. We nd that having knowledge about
the restrictions of adaptation and adjusting mitigation policies accordingly can
be a means of keeping climate change costs low, but this eﬀect should not be
overestimated. Integrated Assessment Models that are used to design mitigation policies nearly always assume optimal adaptation. Such an approach can
be quite harmful when restrictions on adaptation are prominent, as empirical
research suggests (cf. Fankhauser ). is is especially the case when adaptation is restricted at higher levels of climate change and when adaptation is
limited in the short term. From a policy perspective more research is warran-
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ted to understand what limits adaptation will face in the real world and how
mitigation policies can be designed with suﬃcient exibility to compensate for
this.
Finally, this chapter shows that the more fundamental types of adaptation
restrictions, especially a restriction on the eﬀectiveness of adaptation at higher
temperature increases (what we label Obsolete scenarios) are not only the
most harmful, but also the most closely linked to mitigation policy. From
this, we conclude that large cost-savings can be achieved when mitigation
policies are suﬃciently exible to accommodate improved understanding
of adaptation restrictions. Moreover, until these adaptation restrictions are
known better, it is advisable to increase mitigation levels slightly above what
is normally recommended. For a truly integrated analysis, more complex
Integrated Assessment models should start considering adaptation, and likely
restrictions to adaptation, more explicitly and drop the common but misleading
assumption that adaptation will be optimal.

4.A

Data and Calibration of adaptation cost curves in
-

08

In this appendix we describe the empirical foundation and calibration of the
adaptation cost curve in the - model. We use the sectoral breakdown
of damages as used in the  model (Nordhaus and Boyer ) to provide
a more detailed estimation of the adaptation variables. In this calibration
procedure we separate the - estimates of damages into residual
damages and adaptation costs to create the - model. To calibrate our
model we assess each impact category described in the  model and use
the relevant literature, supplemented with expert judgment where necessary, to
estimate the (optimal) levels of the relevant adaptation variables (adaptation,
adaptation costs, residual damages and gross damages). We thus assess each
impact category, consider the main adaptation possibilities in that category and
assess the related costs and bene ts for each region. e  damage function
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is calibrated at the point where global atmosphere temperature has increased
by . ºC compared to the  level. We use the  sectoral breakdown but
calibrated our damage function to replicate the  damage function
over the model horizon in the optimal case.
Very few empirical studies have focused on estimating the costs and bene ts
of adaptation. Furthermore, the few studies that do exist oen focus on speci c
local adaptation options, because the costs and bene ts of adaptation are
oen very location speci c. Agrawala and Fankhauser () give an excellent
overview of the current literature available on adaptation costs and bene ts.
We have drawn strongly on this literature in our analysis and gathered other
literature where possible.
e Nordhaus and Boyer damage function contains seven damage categories: Agriculture, Other Vulnerable Markets, Coastal, Health, Non Market Time
Use, Catastrophic, and Settlements. e regional damages estimates for these
seven categories are reproduced in Table .. e empirically estimated levels
of optimal adaptation (P ) and the ratio of residual damages to protection costs
(RD/PC ) are also given in Table ..
e “Agriculture‚” category refers to the damages in the agricultural sector
due to climate change. e damage estimates are based on studies done on crop
yield variation under diﬀerent temperatures and precipitation. Assuming that
crop production will be adjusted to the new climate, the damages are assessed.
To estimate the adaptation in this sector we use regional estimates by Tan and
Shibasaki () and Rosenzweig and Parry (). Tan and Shibasaki estimate
damages/bene ts with and without adaptation for several world regions, but
they only consider low cost adaptation measures. Rosenzweig and Parry also
looks at more substantial adaptation options in developing and developed
regions.
e “Coastal‚” category refers to the damages due to sea level rise. As the
climate warms, the level of the sea rises. Adaptation options considered consist
of either building sea walls to protect against sea level rise (incurring protection
costs) or accepting the land loss (incurring residual damages). Nordhaus and
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Table .:  impacts per sector (net damage in  of  at .ºC climate
change), estimates of optimal adaptation (P : fraction of gross damages
reduced), and ratio of residual damages to adaptation costs (RD/PC ) from
empirical data
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Boyer use  estimates and extrapolate them based on a coastal vulnerability
index (the coastal area to total land area ratio). To estimate the adaptation in
this sector we use the  model (Tol ) which directly gives both the
optimal protection level as costs and bene ts of adaptation for more than 
countries in the world. As can be seen in Table ., the adaptation potential in
this sector is high.
e “Health‚” category refers to all damages incurred due to malaria,
dengue, tropical diseases and pollution. Although heat- and cold-related deaths
are also aﬀected by climate change, they are not included here. In general,
regions that are already vulnerable to such diseases have large damages, and
thus developing regions tend to have the largest damages in this category. To
estimate adaptation in this sector we use the study by Murray and Lopez ()
on which Nordhaus and Boyer base their estimates. is study assumes a level
of adaptation based on general improvements in health care etc. We also use
data from the  malaria report , which estimates the use of mosquito
nets in various vulnerable regions.
e nal category is “Settlements.‚” is is a Willingness to Pay ()
analysis. ey estimate the  to climate proof certain highly climate sensitive settlements. ey estimate a  of  of  of the climate sensitive
settlement. Furthermore they estimate the willingness to pay to protect vulnerable ecosystems. Estimates of adaptation in this sector are based on expert
judgment and Nordhaus and Boyer ().
e “Other Vulnerable Markets‚” () category refers to the eﬀect of
climate change on other markets. Nordhaus and Boyer conclude that the
only signi cantly aﬀected markets are energy and water. More energy will be
needed in some regions for air conditioning whereas colder regions will need
less energy for heating. Water use is also expected to increase, for example,
due to increased irrigation needs. Nordhaus and Boyer estimate these damages
based on  data which are then extrapolated using the average temperature
eﬀects in the other regions. To estimate our adaptation variables in this sector
we use expert judgment. We assume that dryer, hotter regions will have more
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trouble adapting. Furthermore, developing regions may lack the infrastructure
to adapt.
“Non Market Time Use‚” is a more abstract category and refers to the
change in leisure activities. Due to a change in climate, people’s leisure hours
will be aﬀected. In colder regions, a warmer climate will lead to extra enjoyment
of outdoor leisure activities. In warmer climates, however, leisure activities will
be more restricted if the amount of extremely hot days increases. Table .
shows that most regions have bene ts in this category. In this sector we rely on
expert judgment to estimate the adaptation variables. Most of the impacts in
this category will be adaptation costs as people will adapt their leisure activities
to t the new climate. us the net costs or bene ts in this category are mostly
changes in adaptation costs and not residual damages or bene ts.
e “Catastrophic‚” category refers to the Willingness To Pay () to
avoid catastrophic events. Nordhaus and Boyer de ne a catastrophic event
as an event that destroys  or more of a region’s . ey quantify the
associated expected damages by estimating a risk premium, i.e. they do not
actually quantify the damages of catastrophic events, but rather use the concept
of insurance premium to value these eﬀects. is does not include “minor‚”
catastrophic events such as extreme weather events. Estimates of adaptation in
this sector are based on expert judgment and Nordhaus and Boyer (). As
the events considered in this category are large catastrophes, the potential to
reduce their eﬀects through adaptation is small.
Gross damage function parameters

Adaptation cost function parameters

α1

α2

α3

γ1

γ2

-.

.

.

.

.

Table .: Calibrated parameter values for - model
Table . shows the resulting calibrated values of the gross damage function
and adaptation cost function in -,⁴ where the gross damage (GD) and
⁴ Note that the form of the adaptation cost curve is also predetermined by the form of the 
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adaptation cost (PC ) function are as follows:
GDt
α
= α1 TE t + α2 TE t 3 , where α2 > 0 and α3 > 1.
Yt

(.)

PC t
γ
= γ1 PRt 2 , where γ1 > 0 and γ2 > 1.
Yt

(.)

damage function.

5
Distinguishing Between Stock and Flow
Adaptation*
5.1

Introduction

To combat climate change in an eﬃcient and eﬀective way in both the short and
long term, both adaptation and mitigation are needed. Adaptation is an eﬀective
option especially to combat the short run eﬀects of climate change, whereas
mitigation is needed to limit climate change to an acceptable level in the long
run. Due to past emissions of greenhouse gases a certain degree of climate
change will take place, independent of the stringency of mitigation policies.
erefore adaptation is needed to limit the impacts associated with climate
change and is increasingly being recognised as an equal and complementary
response to greenhouse gas mitigation to address the risks posed by climate
change.
Climate change involves many interrelated processes belonging to diﬀerent
disciplines. Human activity contributes to greenhouse gas () emissions;
atmospheric, oceanic and biological processes link these emissions to atmospheric concentrations of s. ese concentrations in uence climatic and
radiative processes resulting in changes in climate. ese changes in climate
* e analysis in this chapter has been used in S. Agrawala, F. Bosello, C. Carraro,
K. C. de Bruin, E. de Cian, R. B. Dellink and E. Lanzi (). Plan or React? Analysis of
Adaptation Costs and Bene ts Using Integrated Assessments Models. Working Paper . ,
Paris.
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result in biophysical and socio-economic impacts. Integrated Assessment
Models (s) represent the above mentioned component processes as well as
associated policy responses to climate change within a formalized modelling
framework. Mitigation is studied in s, where the costs are weighed against
the bene ts (i.e. avoided climate change and thus avoided damages). In this
way s are an important tool for policy makers to determine mitigation
policies. Whereas s have studied mitigation policies extensively, policies of
adaptation are not oen considered.
In previous chapters of this thesis adaptation is represented in an 
framework creating the - and - models. e drawback, however, of the analysis in previous chapters is that adaptation is modeled solely
as a ow variable, where adaptation costs and bene ts fall within the same
period. Adaptation can be modeled both as a ow variable (replicating the
characteristics of reactive adaptation) and as a stock (replicating the characteristics of proactive adaptation). Reactive adaptation refers to adaptation which
takes place aer climate change damages have occurred or while they occur.
Examples of such measures are the use of air-conditioning , the adaptation of
new heat resistant crops or adjusting the planting times of crops. Anticipatory
adaptation refers to adaptation measures which are taken before the climate
change damages are felt and should be modeled as an adaptation stock. Such
measures oen involve investments beforehand which build adaptation capital
or infrastructure which limit the damages associated with climate change when
it occurs. Examples of such adaptation measures are the building of sea walls
and early warning systems.
Assuming that all adaptation is reactive (as in previous chapters) oversimpli es the nature of adaptation. From an inter-temporal integrated assessment
modelling perspective, it is important to distinguish between adaptation investments where both costs and bene ts accrue in the same time period and
those where initial investments oﬀer bene ts that extend beyond the time
period when the costs were incurred (Lecocq and Shalizi a). e time lag
between costs and bene ts will change the optimal time pro le of adaptation.
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Furthermore, the optimal mix of adaptation and mitigation depends crucially
on the discount rate, as the cost-to-bene t time lag of mitigation is (much)
larger than that of adaptation. Introducing a time-lag for a share of the adaptation bene ts will aﬀect this relationship. Bosello () incorporates a stock
form of adaptation into a  version of the  model, however, he does
not include reactive adaptation and he does not base his implementation of
adaptation on estimates of adaptation costs and bene ts.
Due to the increasing attention given to the nancing of adaptation there
is a need for a better understanding of the costs and bene ts of adaptation.
Local project partners are interested in the local costs and bene ts whereas
policymakers will particularly be interested in the costs and bene ts at the
aggregate level. Financing adaptation which was key to the negotiations at the
Fieenth Conference of the Parties (o ) to the United Nations Framework
Convention on Climate Change () and is a prominent element of
the Copenhagen Accord. It continues to be a core element in the ongoing
international negotiations on climate change. Consequently there has been
considerable analytical eﬀort in recent years in estimating the aggregate costs
of adaptation (cf. Parry et al. ; Stern ;  ;  b; 
a). ese estimates have a very narrow empirical base, however, and/or
are generally static, whereas the estimates in this chapter (and the previous)
are based on extensive empirical literature and are dynamic. Furthermore,
estimates can be made of the optimal stock and ow adaptation paths.
e objective of this chapter is twofold. e rst objective is to distinguish
between both forms of adaptation and create an  (-) with this
diﬀerentiation implemented, accomplishing a more detailed representation of
adaptation in an  framework. Secondly, distinguishing between stock and
ow adaptation can answer some important questions concerning adaptation
and its interactions with mitigation. e second objective is to examine the
following questons; how much capital is needed to adapt? What are the optimal
mixes of stock adaptation, ow adaptation and mitigation over time? What
interactions are there between stock and ow adaptation and mitigation? How
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can stock and ow adaptation compensate for suboptimal mitigation and vice
versa? Finally how do the chosen discount rate and other important parameters
aﬀect the choice between the two forms of adaptation and mitigation?
is chapter is structured into six sections. e second section describes the
characteristics of stock adaptation and ow adaptation in more detail. e third
section reviews the literature on climate change damages and adaptation costs
and bene ts, attempting to collect estimates for the diﬀerent damage sectors
and regions. e fourth section develops a framework that combines the stock
and ow approaches to adaptation. e h section presents the results of
the simulations with the - model. e information collected and
described in the third section are used for the calibration of the new gross
damage function, the optimal adaptation level and the costs and bene ts
of diﬀerent forms of adaptation. In the h section a sensitivity analysis is
presented and the nal section concludes.

5.2

Stock and Flow Adaptation

To reduce climate change damages diﬀerent forms of adaptation can be applied. ese forms of adaptation diﬀer in various ways, and hence alternative
classi cations of adaptation are possible. Adaptation can be categorized based
on many criteria, e.g. who adapts (public vs. private), when adaptation occurs
(anticipatory (proactive) vs. reactive), how it occurs (autonomous vs. planned)
etc. (Smit ; Smit et al. ;  b). From an economic modeling
perspective we make a distinction between adaptation based on the time lag
between the costs and bene ts of applying adaptation. In other words: if one
invests in adaptation now and instantaneously incurs costs for that, when will
the bene ts be reaped of this investment?
Flow adaptation has the characteristic that adaptation costs and bene ts
fall within the same period, as modeled in previous chapters. Furthermore
bene ts are only felt for one period. For example as the climate gets warmer,
farmers may choose to plant new heat resistant crops. e farmer will incur the
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costs of the new crops and reap the bene ts in the same period, which in most
s consist of  or  years. is form of adaptation generally falls within
the category of reactive adaptation, which refers to adaptation done in reaction
to actual climate change stimuli. Flow adaptation is also oen autonomous
(applied automatically) and private (applied by individuals). As we assume
ow adaptation is synonymous to reactive adaptation, in this paper we will use
the former term.
Stock adaptation is characterized by a build-up of stock through investments, similar to the build-up of ordinary capital goods (eﬀectively, the adaptation stock is just a special type of capital stock). In this case the costs of
adaptation are borne before the bene ts (by at least one period). e bene ts
are, however, reaped for as long as the stock is in place, i.e. for more than
one period. e stock of adaptation is increased by investments in adaptation
stock and decreases every period due to depreciation. Due to the timeframe
involved, stock adaptation mostly falls within the category of proactive adaptation. Proactive adaptation refers to adaptation strategies which are undertaken
in anticipation of climate change. Proactive adaptation is planned and generally
public. For example, sea walls should be put in place by governments before sea
level rise becomes threatening.
Both forms of adaptation reduce the residual damages of climate change
and can be used to combat climate change. For example, in agriculture to
deal with the decreased amount of water available, one can build irrigation
infrastructure to ensure there is enough water for the crops. In this case
investments are made in a capital good which will create a stream of bene ts
over the periods to come. However, one can also change the planting dates
or crop types to decrease the amount of water needed. is is a ow form of
adaptation. ere are some damages that can be reduced much more eﬀectively
with either stock or ow adaptation. For example it is hard to think of a ow
substitute to a seawall. us stock and ow adaptation can substitute each other
to a certain degree, but are de nitely not perfect substitutes.
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5.3

Data and Calibration

To be able to formulate optimal policies regarding adaptation and mitigation
within an integrated assessment framework, the impacts of climate change
need to be assessed and monetarised, i.e. given a monetary value. In this
manner the bene ts of policies, namely avoided climate change damage can be
compared with the costs. Many diﬀerent forms of impacts may occur making
the process of assessing these damages diﬃcult. ere have, however, been
several attempts to do so, where a direct relationship between temperature
change and impacts as a fraction of  is estimated. e most notable of these
impact assessments are that of Nordhaus in the / model (Nordhaus
; Nordhaus and Boyer ), that of Tol in the  model (Tol ;
Tol et al. ), that of Hope in the  model (Hope ) and that of
Mendelsohn and Neumann (). Many other models, such as  and
, incorporate an impact function based on that of /.
To assess the climate change impacts in a comprehensive manner, they
are furthermore, oen divided into diﬀerent categories. e impacts are then
estimated per category and aggregated. ese estimates are oen based on regional studies that are extrapolated to the whole globe. Adaptation options are
oen region speci c, which brings into question whether such extrapolations
are credible. A thorough bottom-up analysis would lead to a better representation of real world adaptation option and climate change damages. Such an
analysis is, however, not yet possible due to a lack of data.
In this section we will describe our calibration procedure where we separate
the  and  damages into residual damages and stock adaptation costs
and ow adaptation costs. To calibrate our model we will assess each impact
sector described in the / models. We rst describe each sector that
is used by Nordhaus and Boyer () and how impacts are estimated in this
category, we then identify relevant literature or where necessary use expert
Impacts can be both positive and negative. Because in most cases impacts are negative, we
also refer to them as damages.
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judgment to estimate the levels of the adaptation variables. As the damages
from climate change in  represent the global aggregate of the regions
in the  model, we need to rst estimate the regional adaptation costs
and bene ts and then aggregate these. As will be described in more detail in
the next section; the net damages of Nordhaus and Boyer consist of residual
damages, stock adaptation costs and ow adaptation costs. Besides estimating
these variables we need to estimate the levels of gross damages, i.e. damages
before adaptation. We do this by estimating the eﬀectiveness of the diﬀerent
forms of adaptation, i.e. which fraction of the gross damages can be reduced
through adaptation in each impact sector. To simplify our estimation we use
an intuitive indicator of adaptation as used in previous chapters, namely Pt .
e adaptation level (Pt ) indicates the ratio of gross damages that are avoided
as a result of the adaptation measure. e adaptation level is expressed on a -
scale, with  implying that  of the gross damages were avoided. Estimating
the optimal level of adaptation will allow us to understand what the damage
would be if adaptation did not take place and what the bene ts of adaptation
are.
Very few empirical estimates exist on the costs and bene ts of adaptation.
is is because the costs and bene ts of adaptation are oen very location speci c. Several studies have been carried out on the aggregate costs of adaptation
(cf. Oxfam ; Stern ;  ;  a;  b). A major
advantage of adaptation cost curves presented here over these adaptation cost
estimates is that they can provide a dynamic pro le of adaptation costs. is is
important, as projections of damages, adaptation and mitigation are expected
to increase substantially over time. Furthermore, in - the costs are
mapped onto the bene ts that might result from investing in adaptation. e
other recent estimates generally do not quantify the bene ts. e estimates
presented here, however, should still be interpreted with caution. Due to the
large uncertainty involved in the estimation of climate change and its eﬀects
estimating exact numbers for adaptation costs remains diﬃcult.
Agrawala and Fankhauser () give an excellent overview of the current
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literature available on adaptation costs and bene ts. We have drawn strongly
on this literature in our analysis and gathered other literature where possible.
We then assess the various variables: gross damages, residual damages, ow
adaptation costs, stock adaptation costs, optimal ow adaptation and optimal
stock adaptation. e / damage function is calibrated at the point
where temperature has increased by . degrees compared to the  level.
We calibrate our damage function to replicate the Nordhaus and Boyer damage
function over the whole model horizons of  and , in the optimal
scenario.
Nordhaus and Boyer () estimate climate change impacts for  regions divided into  categories. e regions included in the  model are;
Japan, , Europe, Other High Income Countries (), High Income
Oil-Exporting Regions (),⁴ Middle Income Countries (),⁵ Russia, LowMiddle-Income Countries (),⁶ Eastern Europe (), Low-Income Countries
(),⁷ China, India and Africa.⁸
We use these categories to estimate the costs and bene ts of adaptation
per region and for the globe as a whole. We do not re-estimate climate change
damages but unravel the net climate change damages of the  model
into stock adaptation costs, ow adaptation costs and residual damages. We will
discuss each category in turn and how the adaptation variables were estimated.
Austria, Belgium, Denmark, Finland, France, Germany, Greece, Greenland, Iceland, Ireland,
Italy, Liechtenstein, Luxembourg, Netherlands, Norway, Portugal, Spain, Sweden, Switzerland,
and the United Kingdom.
Includes Australia, Canada, New Zealand, Singapore, Israel, and rich island states.
⁴ Includes Bahrain, Brunei, Kuwait, Libya, Oman, Qatar, Saudi Arabia, and .
⁵ Includes Argentina, Brazil, Korea, and Malaysia.
⁶ Includes Mexico, South Africa, ailand, most Latin American states, and many Caribbean
states.
⁷ Includes Egypt, Indonesia, Iraq, Pakistan and many Asian states.
⁸ Includes all sub Saharan African countries, except Namibia and South Africa.
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is data analysis was summarized in the previous chapter and is described in
more detail here, where a further distinction is made between stock and ow
adaptation.
Agriculture

Nordhaus and Boyer use sub-regional agricultural impact

estimates (in most cases from Darwin et al. () but also from Dinar et al.
()) and estimates of sub-regional temperature to produce a relationship
between agricultural damage and temperature change. e damages in agriculture as a fraction of  are given as a willingness to pay () function
for each region. ese damage estimates re ect the adaptation incorporated
in the Darwin et al. () study. is includes farmers selecting the most
pro table mix of inputs and outputs on existing cropland, adjustments in domestic markets and international trade, and increases in the amount of land
under cultivation. Incorporating all of these adaptation options leads to a slight
increase (.-.) in world cereals production under the climate change scenarios Darwin et al. () consider. It should be noted that 2 fertilization is
excluded in this study.
Adaptation can be very eﬀective in combating the eﬀects of climate change
in agriculture. Measures such as irrigation, crop planting time changes, crop
changes, and the use previously inarable land can decrease the damages or
increase the bene ts in agriculture. Many studies include the eﬀects of adaptation in reducing the agricultural damages (or enhancing the bene ts) of climate
change (e.g Kane et al. ; Reilly ; Rosenzweig and Parry ). More
recent studies include Cline (); Easterling et al. ().
For consistency we use one study (as opposed to various regional studies)
to estimate the eﬀects of adaptation. We use the estimates by Tan and Shibasaki
() as this study includes various world regions. ey estimate the eﬀects
of climate change on the amount of crop yield for various regions for the year
. Table . shows the eﬀect of adaptation for the various regions of Tan
and Shibasaki () and how they have been translated into the  regions.
e form of adaptation that Tan and Shibasaki () consider is the changing
of crop planting dates.
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Table .: Adaptation estimates in the agricultural sector
Source: Own calculations based on Tan and Shibasaki (), data for the year
 and protection is given as a fraction of yield loss avoided by adaptation.
Tan and Shibasaki consider the amount of water available in regions
without irrigation and assume that water is available for regions that do have
irrigation facilities. ey do not estimate the extra costs of water needed in
these regions or the costs of changing the planting timing as they assume these
are very small. Consequently, we assume here that the percentage of adaptation
costs in total net damages is  (and thus residual damages constitute ).
Table . gives the diﬀerent estimates of the adaptation variables.
As Tan and Shibasaki only consider certain low cost adaptation options, we
extend our assessment with estimates by Rosenzweig and Parry (), who
include two forms of adaptation, one including small changes in agricultural
systems and other more substantial changes. e rst form of adaptation corresponds to that of Tan and Shibasaki, we therefore additionally include only the
second form of adaptation including `more substantial change to agricultural
systems, possibly requiring resources beyond the farmers' means, investment
in regional and national agricultural infrastructure and policy changes. Such
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measures include large shis in planting dates (>  month), increased fertilizer
application, installation of irrigation systems and the development of new
varieties. Table . gives the breakdown of net damages in residual damages
and adaptation costs for the various regions for the agricultural sector.
Other vulnerable markets

is impact sector examines the eﬀects of cli-

mate change on forestry, energy systems, water systems, construction, sheries,
and outdoor recreation. However, based on estimates by Cline (), Nordhaus and Kokkelenberg (), and Mendelsohn and Neumann () which
estimate small losses, zero impacts, and small bene ts in these sectors for the
,  assumes that the impacts in this category are negligible for temperate
climates. e only market that is substantially aﬀected according to the authors
is that of energy. ey estimate a decline of  in energy expenditures in cold
climates, and an increase of  in tropical and semi-tropical climates for a
.ºC warming. Note that more recent studies show diﬀerent results (De Cian
et al. ; Fankhauser ; Mendelsohn ; Rosenthal et al. ).
To our knowledge there are no quantative estimates of the eﬀects of adaptation in this sector. Cooling and heating have a great potential to decrease
damages and enhance bene ts of climate change. Exposure to heat can cause
discomfort, illness and even death, which cooling can prevent (Martens ;
Martens and McMichael ). is form of adaptation in relatively easy to
apply as it is mostly an extension of regular behaviour (heating and cooling);
we therefore estimate the adaptation potential to be high. We assume that the
optimal level of adaptation is .. at is, by consuming more energy one can
decrease  of the discomfort and sickness caused by the warmer climate.
Adaptation will mostly be of the ow variety as the infrastructure (energy
supply) is oen already in place. Investments in infrastructure may be needed,
especially so in developing regions where energy demand is growing fast.
Because most gross damages can be reduced, we assume that most costs in
this category are adaptation costs, i.e. adaptation costs compose  of total
net damages. Note that some regions have bene ts in this sector, i.e. the costs
of increased air-conditioning are lower than the costs saved due to decreased
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Table .: Adaptation estimates for the  regions in the agricultural sector for a . ºC increase in temperature

Source: Own calculations based on Tan and Shibasaki (), Rosenzweig and Parry () and Nordhaus and Boyer
().
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heating. e corresponding estimates are given in Table ..
Coastal impacts

 estimates of coastal damages use the work of Yohe

and Schlesinger () on the impacts from sea-level rise and a consideration of
- storm damages from the  (), based on which they estimate
. of income as a reasonable  for preventing a .ºC warming for the .
For other sub-regions, they scale this estimate based on the ratio of `coastal
area' (within  km of the coast) to total land area, divided by the same ratio
for the .
Many studies have been done on coastal adaptation to sea level rise (e.g
Baarse ; Deke et al. ; Fankhauser ; Hoozemans et al. ; Nicholls and Klein ; Nicholls ; Nicholls ; Nicholls and Leatherman
; Nicholls et al. ; Nicholls et al. ; Yohe and Tol ; Yohe et al.
). e main means to adapt to coastal threats is to build sea walls, because of the high potential losses, such measures become very bene cial. In
most regions with coastlines, most of the coast is protected. Another form of
adaptation is migration (resettlement).
To estimate the adaptation costs, adaptation level and residual damages,
we use the  . model. e  model uses the framework proposed
by Fankhauser () to calculate the optimal level of coastal adaptation. e
methodology used in  . is described in detail in Tol (). is model
estimates the costs of wetland loss, dryland loss, adaptation costs, migration
costs and the adaptation level for more than  countries. Wetland losses are
caused by both the rising sea level and the building of adaptation measures.
Dryland losses and wetland losses due to sea level rise together constitute the
residual damages. e adaptation costs and wetland losses due to adaptation
and migration costs as given by  are totaled to get adaptation costs. e
migration costs, however, are extremely low compared to sea wall construction
costs. e  estimates of adaptation costs diﬀer from those of the 
model, as they are more recent. Because we want to replicate the original 
damage function and divide it into residual damages and adaptation costs,
we will use the  data only to estimate the ratio of adaptation costs and
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Table .: Adaptation estimates for the  regions in the other vulnerable markets sector for a . ºC increase in
temperature
Source: Own calculations based on Nordhaus and Boyer ().
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residual damages and retain the total net damages of the  model.
Table . gives the results obtained concerning the adaptation variables.
As can be seen from Table ., the level of adaptation in the coastal sector
is extremely high for most regions. is is because these are the optimal
adaptation levels where the costs of protecting land are much lower than the
costs of losing that land due to sea level rise. For Russia the level of adaptation
is , as it has no vulnerable coastlines and thus no coastal damages to protect
itself against. e levels of Europe and Other High Income countries are also
relatively low. ese regions have coastal areas where the costs of protecting are
higher than the costs of losing land, creating a lower optimal adaptation level.
ere is a negligible amount of ow adaptation, as most coastal adaptation is
stock, i.e. building of seawalls, strengthening coastlines, etcetera.
Health In , health impacts are assessed based on the occurrence of
diseases (malaria, dengue and other tropical diseases) and pollution related
in ictions. Heat and cold deaths are not considered. Due to increased climate
change the spread of certain diseases will increase. Pollution will increase
respiratory diseases, cardiovascular diseases and damage lungs. e 
impact estimates are based on Murray and Lopez (). Murray and Lopez
() assume a certain amount of adaptation through their assumption of
baseline improvements in health care, such as antimicrobials and vaccines,
using time as a proxy, based on the rate of improvement over the th century.
ey account for expected additional improvements in public health in the
region, these improvements reduce the incidence of climate-related diseases.
Furthermore, Murray and Lopez estimate what they consider likely to happen
in the line of adaptation and incorporate that in their damage estimates. ey
estimate e.g. that damages will be reduced for Africa from . to . 
loss for a .ºC warming. is estimate is in the same order of magnitude as
the adaptation levels to malaria estimated by the  (). We use the 
report to estimate the level of adaptation in the case of diseases.
e costs and bene ts of adapting to climate change in the health sector
remain hard to assess as it is hard to disentangle the eﬀects of climate change
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Table .: Adaptation estimates for the  regions in the coastal sector for a . ºC increase in temperature

Source: own calculations based on Nordhaus and Boyer () and  ..
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and other factors. We assume that the adaptation costs are so high that they
are in the same order of magnitude as the residual damages for the pollution
impacts. Adaptation measures in the case of pollution include weather forecasts
to predict air quality levels, the development of air quality advisory systems
and public education.
e estimates regarding adaptation costs and bene ts when assuming the
same adaptation level as in Murray and Lopez () are given in Table .. In
the case of diseases adaptation is relatively cheap as compared to the damages
created by the diseases. For example the costs of losing a year of a life due to
malaria is two times the  per capita of that person (Murray and Lopez
), whereas a mosquito net costs  dollars and will likely prevent malaria.
In this case we assume that adaptation costs are  of net damages in the
case of diseases and . in the case of pollution. Adapting to pollution will be
more costly and less eﬀective and we assume that adaptation costs will be some
 of net damages. Most adaptation strategies in this category are reactive
strategies. General facilities such as hospitals and institutions will, however,
be needed to adapt eﬀectively. In developing regions health infrastructure is
severely lacking.
Non-market time use

e non-market time use impact sector focuses on

outdoor recreation. Due to a change in climate, people can enjoy more outdoor
activities in cold regions and less in warm regions. Nordhaus and Boyer ()
cite a study by Nordhaus () on the value of climate-related time use in
the , the authors estimate a bene t of .  for a .ºC warming and
a quadratic relationship between subregional mean temperature and time
use impacts. ese estimates are based on increased outdoor activities, thus
assuming adaptation in the form of people engaging in more or fewer outdoor
activities. is estimate is extended to other countries adjusting for diﬀerences
in per capita  and average hourly earnings. Note that in many regions this
category creates bene ts of climate change.
Adaptation in this category involves adjusting one's leisure activities. If it is
nice weather people will go outdoors more, when it is too hot people will stay
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Table .: Adaptation estimates for the  regions in the health sector when adaptation level is set at the expected level for
a .ºC increase in temperature

Source: own calculations based on Nordhaus and Boyer (),  () and Murray and Lopez ()
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inside more. e adaptation level is quite high here as adaptation is needed to
enjoy most bene ts of better weather and avoid most costs of severe heat. We
assume a level of adaptation of . in developed regions and . in developing
regions, as developing regions have less exibility and luxury to adjust their
leisure activities. Furthermore we assume that it is harder to adapt to severe
heat (when there are damages) than to nicer weather (when there are bene ts).
When there is severe heat, we estimate that the adaptation level will be .. It
remains, however, hard to estimate how much of the gross damages are avoided
by adapting one's activities in this case.
We assume that adaptation here is virtually cost free. It does not cost much
to adapt ones activities. We, therefore, assume very low adaptation costs, i.e.
 of total net damages. e estimates are given in Table .. As this form
of adaptation consists of the changing of ones leisure habits and does need a
beforehand investment we categorise it as ow.
Catastrophic risks is sector estimates the impacts of abrupt climate
change creating catastrophic damages. Examples are rapid sea-level rise from
an ice sheet collapse, shiing monsoons, and changing ocean currents. Only
events with damages of  of  or higher are considered. Nordhaus
and Boyer assume that there is a linear damage function up to ºC, and an
unspeci ed power function for temperatures above ºC. Nordhaus and Boyer
bases his estimates of catastrophic damages on the expert survey by Nordhaus
(b), which reported results for scenarios of ºC warming by  and
ºC warming by . Citing growing concerns over abrupt changes such as
shutdown of the thermohaline circulation since the survey was completed,
Nordhaus and Boyer estimate the probability of catastrophic change for .ºC
as double the original probability estimate for ºC warming (.), and the
probability for ºC as double the original estimate for ºC (.).  also
assumes that some sub-regions such as India and  Europe have a higher
vulnerability than others. To calculate ,  assumes a rate of relative
risk aversion of , and a loss of  of global  for a catastrophic event,
distributed between sub-regions based on their relative vulnerability. Given
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Table .: Adaptation estimates for the  regions in the non market time use sector for a . ºC increase in temperature

Source: own calculations based on Nordhaus and Boyer (),  () and Murray and Lopez ()
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these assumptions and the probabilities of occurrence, the authors calculate
 for each subregion to avoid both temperature levels.
e diﬃculty of adapting to such impacts is a central criterion for inclusion
in this sector. We assume that some the damages of a catastrophic event can
be prevented through knowledge of the forthcoming disaster (early warning
systems, scienti c research etc.). ough early warning systems have been
found to be very eﬀective for extreme events (e.g. Adams et al. ), they
will not likely be very eﬀective for such catastrophes as considered here. We
conservatively assume that in the optimum some  of damages can be
reduced through stock adaptation (i.e. through anticipatory adaptation). We
also assume that good adaptation strategies aer a disaster (i.e. reactive) can
further decrease damages by . Most damages will be in the category of
residual damages, so we assume that they comprise  of total net damages.
Table . gives our estimates regarding adaptation costs and bene ts and
damages.
Settlements  considers two general settlement categories: natural
settlements (ecosystems) and human settlements (cities, states).  uses an
impact index function similar to that for coastal impacts, based on global
temperature changes to estimate the damages to settlements. e authors cite
unpublished estimates (of their own) of the capital value of climate-sensitive
human settlements and natural ecosystems in each sub-region, and estimate
that each sub-region has an annual  of  of the capital value of the
vulnerable system, for a .ºC increase.
 acknowledges the diﬃculty of adaptation for coastal cities, islands,
and natural ecosystems. Ecosystems cannot easily adapt to the changing climate
and will oen disappear, thus the adaptation potential is rather low (.), as
are the associated adaptation costs ( of net damages). Ecosystems form
a smaller part of the total than do human settlements. Human settlements,
such as the example given by Nordhaus and Boyer (), namely Venice, can
adapt at high costs. Here the adaptation costs will be high, we assume  of
net damages, and the adaptation level will also be high namely . but will be
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Table .: Adaptation estimates for the  regions in the catastrophic events sector for a . ºC increase in temperature

Source: own calculations based on Nordhaus and Boyer (),  () and Murray and Lopez ()
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lower in developing regions, namely, .. Adaptation here is of the stock form
as vulnerable settlements are protected before climate change impacts occur.
e corresponding aggregated estimates of ecosystems and human settlements
are given in Table ..
Total Impacts

Table . presents the overview of impacts per category

for the diﬀerent regions, summarizing the information from this section. Not
only are the levels of total impacts diﬀerent across regions, but the relative
importance of the various categories diﬀers widely across regions. is also
implies diﬀerences in adaptation options and costs for the regions. We present
the damage weighted totals of the adaptation variables in Table . for all
regions. Furthermore the global aggregates are presented based on the damage
(in  terms) weighted average of all the regions. ese global estimates are then
used in Section . to calibrate the parameters of - model.

5.4

Stock and Flow Modeling Framework (

-

09)

In this section an  framework including both stock and ow adaptation,
-, is presented. We use the  model but substitute the original
damage function with a series of equations describing the costs and bene ts
of both stock (SAD) and ow (FAD) adaptation. en empirical estimates are
used to calibrate the parameters of these equations and create the -
model.
In  net climate change damages are represented by a quadratic function
as follows:
D t = a 1 · TATM t + a 2 · TATM 2t ,

(.)

where the subscript j represents the region and the subscript t the time period
– which is de ned as  years. a 1 and a 2 are regional damage coeﬃcients and
TATM t is the degrees of climate change compared to  levels. Note that in

more recent versions of the  model () a 1 is set at . is damage
function represents the net damages when assuming optimal adaptation. e
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Table .: Adaptation estimates for the  regions in the settlements sector for a . ºC increase in temperature

Source: own calculations based on Nordhaus and Boyer (),  () and Murray and Lopez ()
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Table .: Calibrated parameter values
Adaptation cost ratio
(PC/RD)
estimated calibrated
.
.

Adaptation level
(P )
estimated calibrated
.
.

Net damages (RD +
PC )

calibrated
. .

Table .: Calibration t of -: data estimates compared with
calibrated values at calibration point

damages are given as a fraction of , and we assume that all damage-related
variables we introduce (RDt ,PC t , GDt , FADt , SADt , IAt ) are also given as a
fraction of .
We de ne a new approach which consists of six equations. Firstly the gross
damages are de ned as follows:
α

GDt = α1 · TATM t + α2 · TATM t 3 .

(.)

is is the most commonly used form for damage costs of climate change in
s, where α3 generally takes a value between  and  (Tol et al. ). is
is a generalised version of equation (.), where α3 is not assumed to be  as in
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the / model, but is le to be determined through calibration. ese are
the damages that occur if no adaptation takes place, and are thus higher than
the net damages. ese damages can be reduced through the use of adaptation.
We assume the following relationship:⁹
RDt =

GDt
,
1 + PT t

(.)

where PT t is the total level of adaptation measures (stock and ow) and RDt
are the residual damages. Note that PT t diﬀers from the level of adaptation
Pt , which represents the fraction of gross damages reduced as introduced in

previous chapters and the previous section. e functional form of equation
(.) chosen because it limits the fraction by which the gross damages can
be reduced to the interval of  to . When total adaptation reaches in nity,
all gross damages are reduced (the residual damages are zero) and when no
adaptation is undertaken no gross damages are reduced (residual damages
equal gross damages). is functional form also ensures decreasing marginal
bene ts of adaptation, that is the more adaptation is used the less eﬀective
additional adaptation will be. is is assumed as more cost eﬀective measures
of adaptation will be applied rst whereas less cost eﬀective measures will be
applied aer that.
We now de ne how the two forms of adaptation (stock and ow) together
create the total level of adaptation measures. e two forms of adaptation are
aggregated together using a Constant Elasticity of Substitution () function.
Here the elasticity of substitution can be chosen to re ect the observed relationship between the both forms of adaptation. We assume that both forms are
imperfect substitutes for each other and estimate that ρ = 0.5. e total level
of adaptation options is then given by:


ρ
ρ β3 /ρ
PT t = β1 · β2 · SADt + (1 − β2 ) · FADt
,

(.)

⁹ Chapter  provides some insight into the implications of this functional form, contrasts it
with a speci cation of RDt = GDt · (1 − Pt ), and nds that the diﬀerences are limited.
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where SADt is the total amount of adaptation capital stock. FADt is the amount
spent on ow adaptation in that period. Furthermore ρ =

σ−1
,
σ

where σis

the (constant) elasticity of substitution. Adaptation capital stock is built up as
follows:
SADt +1 = (1 − δk )SADt + IADt

(.)

where δk is the depreciation rate and IADt are the investments in adaptation
stock (SADt ). For the depreciaton rate of capital the same value is chosen as for
capital in the  model. e total adaptation costs in each period are thus:
PC t = FADt + IADt .

(.)

As mentioned before the net damages given by equation (.) represent the
optimal mix of residual damages and adaptation costs. erefore, combining
equations (.) and (.) with the calibration equation that the sum of residual
damages and adaptation costs need to equal the original damages from the
 model, we have:
D t = RD∗t + PC ∗t =

GD∗t

1 + PT ∗t

+ FAD∗t + IAD∗t .

(.)

where the asterisks indicate that these are the optimal levels of these variables.
In this framework of climate change damages there are two choice variables
namely investments in stock adaptation (IADt ) and expenditures on ow
adaptation (FADt ). e choice of these two variables in turn determine the
levels of PT t , RDt , SADt .
e calibrated values of the parameters of the gross damage equation (.),
the total protection equation (.) and the adaptation capital stock equation
(.) are given in Table .. ρ is assumed to have a value of ., in line with
the assumption that stock and ow adaptation are imperfect substitutes. In
Table ., we assess the calibration t of the - concerning both the
replication of the original  damages and the replication of the empirical
estimates described in this section. e calibrated ratio of residual damages to

.. Results

adaptation costs and the level of adaptation with the estimated values based on
the literature review are both given as well as the - net damages and
the original  net damages.

5.5

Results

To understand the eﬀects of adaptation and mitigation policies we de ne six
reference scenarios for -: no controls, optimal controls, no adaptation
and no mitigation, no ow adaptation, no stock adaptation. In the “no controls”
scenario, adaptation and mitigation levels are set at zero. ⁰ is is the case where
no climate change policies are undertaken and business as usual is assumed.
In “optimal controls,” both adaptation and mitigation levels are determined
endogenously within the model to maximise social welfare (utility), i.e. for both
variables optimal levels are chosen. In the “no adaptation” scenario, mitigation
is at its optimal level while the adaptation level is zero. In the “no mitigation”
scenario, adaptation is at its optimal level while the mitigation level is zero.
In the “no ow adaptation” scenario, mitigation and stock adaptation are at
their optimal levels while ow adaptation levels are zero. In the “no stock
adaptation” scenario, mitigation and ow adaptation are at their optimal levels
while investments in stock adaptation are not made. When one of the climate
change controls (mitigation, stock adaptation and ow adaptation) is not
applied, this can be compensated by an increase in the other controls. We use
the - model to rstly investigate the composition of climate change
costs (consisting of adaptation costs, mitigation costs and residual damages)
in the diﬀerent reference scenarios. Secondly, adaptation costs and bene ts are
studied. Finally the eﬀects of the discount rate, damage level and depreciation
rate are investigated in a sensitivity analysis.
⁰ It should be noted that in - mitigation will not be exactly zero, as the model contains
some mitigation eﬀorts due to the exhaustion of fossil fuels (the Hotelling rents, which do not
represent a policy option).
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5.5.1

Composition of Climate Change Costs

Our - model results can be used to investigate the composition of
climate change costs. Total climate change costs consists of mitigation costs,
ow adaptation costs, stock adaptation costs and residual damages. Applying
the reference scenarios we can get a better understanding how mitigation
and the diﬀerent forms of adaptation interact with each other and aﬀect total
climate change costs.
Figure . illustrates the eﬀects of diﬀerent policies in terms of the 
of climate change costs as a percentage of the  of . When comparing
the no controls scenario and the optimal control scenario it is clear that
adaptation and mitigation can severely decrease the costs associated with
climate change. Furthermore, the climate change costs in all scenarios mostly
consist of residual damages. e optimal controls scenario logically results in
the lowest climate change costs. e other reference scenarios can be ranked
from the lowest associated climate change costs to the highest as follows; no
ow adaptation, no stock adaptation, no adaptation, no mitigation scenario and
no controls scenario. According to the results of this model it is best to apply
both adaptation and mitigation. However, if only adaptation or mitigation
can be applied, only mitigation results in lower climate change costs. In 
terms, aggregated over the entire model horizon, and given the discount rate,
mitigation is thus more eﬀective than adaptation in combating climate change
in this speci cation. Naturally, a lower chosen discount rate will increase the
role that mitigation plays compared to adaptation, and a higher discount rate
will have the opposite eﬀect.
Furthermore, only applying stock adaptation results in lower climate
change costs than only applying ow adaptation, suggesting that over the model
horizon stock adaptation plays a more important role in damage reduction
than ow adaptation. is result is driven by the data assessment of section .,
where especially sea level rise damages can be combated (cost) eﬀectively by
stock adaptation (such as seawalls).

.. Results

When comparing the optimal controls scenario with the no mitigation
scenario (thus studying the eﬀect of taking away the option of mitigation) we see
that the share of stock adaptation increases more than that of ow adaptation to
compensate the lack of mitigation. When mitigation is limited, stock adaptation
serves as a better substitute for mitigation than ow adaptation. Adaptation
strategies have a shorter delay between their costs and bene ts than mitigation
and have shorter lived bene ts. Flow adaptation even has no delay at all and no
bene ts beyond the period in which it is applied. Stock adaptation, however,
does have a delay between its costs and bene ts and has a stream of bene ts over
time. e time pro le of the costs and bene ts of stock adaptation therefore
resemble that of mitigation more compared to ow adaptation and stock
adaptation is a better substitute for mitigation.
When one form of adaptation is limited, the other form of adaptation acts
as a better substitute than mitigation, i.e. the other form of adaptation increases
relatively more than mitigation. is is because the time lag between the costs
and bene ts of stock and ow adaptation are closer than that of mitigation.
ough mitigation and stock adaptation both involve the build-up of a stock
with a stream of bene ts, the bene t stream of stock adaptation starts aer
one period whereas the bulk of mitigation bene ts only aer several periods.
Flow adaptation has direct bene ts and therefore it more closely represents the
characteristics of stock adaptation than mitigation does.
Figure . shows the total climate change costs for the reference scenarios
over time. When comparing the no controls scenario and the optimal control
scenario it can be seen that adaptation and mitigation have an increasingly
important eﬀect over time. Furthermore, adaptation and mitigation aﬀect
the time pro le of climate change costs in diﬀerent ways. On the one hand
applying mitigation (as can be seen in the no adaptation scenario) decreases
costs speci cally in the longer run and slightly increasing costs in the rst
periods. On the other hand adaptation decreases costs more in the earlier
periods, and less in later periods compared to mitigation.
When both controls are applied (in the optimal scenario) climate change
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Figure .: Composition of climate change costs in  as percentage of 
of  over the next two centuries

costs are spread more evenly over time. Moreover when mitigation and either
stock or ow adaptation are available, the climate change costs are spread over
time largely in the same manner as in the optimal scenario. at is to say using
mitigation as a long term control and either form of adaptation as a short
term control will spread the climate change costs in the same manner as in
the optimum. is re ects that both forms of adaptation are good substitutes
for each other. us, the diﬀerences between adaptation and mitigation are so
large that even when adaptation is modeled as a stock, it much more closely
represents ow adaptation than mitigation. Furthermore, it can tentatively be
concluded that in this setting though representing adaptation both as a stock
and ow variable is a better re ection of the real world, the results concerning
the climate change costs over time will generally not be greatly aﬀected by this
further speci cation.
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Figure .: Total climate change costs over time for the reference scenarios

5.5.2

Adaptation Costs and Bene ts

Using the same set of stylized scenarios we can plot adaptation costs as a
function of the level of adaptation. e level of adaptation, expressed as
a fraction of gross damages reduced, can be interpreted as the bene ts of
adaptation. e bene ts and costs of both stock and ow adaptation are given,
where the costs are expressed in percentage of . e adaptation cost curves
can give an indication of the relation between adaptation costs and bene ts
in each scenario run. e resulting adaptation cost curves for each reference
scenario are given in Figure .. ese cost curves represent the adaptation
costs associated with a speci c level of adaptation in the scenarios, i.e. the
adaptation costs are given over adaptation levels and not time.
Note that in the previous chapter, as there was no adaptation capital stock build up, an
adaptation costs curve could be presented that was valid for each time period and scenario. In
this stock and ow representation the cost curve will depend on the investments in adaptation
stock over time, and therefore will diﬀer across scenarios and over time.
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e optimal scenario results in the lowest lying adaptation cost curve. In
the optimal scenario both forms of adaptation are applied at their optimal
level without having to compensate for sub optimal levels of mitigation. When
mitigation is not possible, adaptation compensates resulting in a quicker build
up of adaptation capital than would otherwise be optimal. is increases the
costs of adaptation relatively more than the bene ts. Note that at low levels
of adaptation (and thus in earlier periods) the diﬀerence between the optimal
and no mitigation adaptation cost curve is small as restricting mitigation will
predominately have eﬀects in the longer run.
As it is most cost eﬀective to apply both forms of adaptation, when one form
is not applied adaptation costs will increase for each level of adaptation. e 
function describes in section ., will then only have one possible input, decreasing the level of total adaptation measures associated with adaptation costs.
In our framework stock adaptation plays a greater role in decreasing damages
of climate change, resulting in a higher adaptation cost curve without stock
adaptation compared to the adaptation cost curve without ow adaptation.
e net bene ts of adaptation are high. e  of the costs of adaptation
in the no mitigation scenario are . of the  of world . e bene ts of
adaptation (calculated as diﬀerence in between the gross and residual damages)
are . of the  of world . erefore, the net bene ts of adaptation are
. of the  of world  and the bene t-cost ratio of adaptation in the
no mitigation scenario is around .. us adaptation is highly cost-eﬀective.
e bene t-cost ratio of adaptation when mitigation is also applied is lower at
a level of .. Adaptation is thus more bene cial when mitigation is not used
in  terms, whereas in Figure . we saw that for a given level of adaptation
expenditures the adaptation bene ts are lower in terms of fraction of gross
In previous chapters we saw that a lack of mitigation increased the eﬀectiveness of
adaptation, ceteris paribus this still holds. However, in the case of stock adaptation a capital
stock needs to be built up to combat climate change in the future, a lack of amitigation results
in high adaptation capital costs in earlier periods when damages are low, increasing the costs of
adaptation compared to their bene ts.
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Figure .: Adaptation costs curves in the reference scenarios over the next
two centuries

All curves do not span the whole range of adaptation levels, as the curves can only be drawn
for adaptation levels applied in the corresponding scenario.

damages reduced when mitigation is not applied. When mitigation is not
applied the same amount of adaptation reduces a lower fraction of a much
higher level of gross damages.
Figure . examines the relative importance and evolution of stock and ow
adaptation costs in the optimal scenario. Note that adaptation, and especially
stock adaptation, starts immediately, even if at low levels. e total adaptation
costs build up slowly in the rst few decades of this century but rise as climate
damages increase in the latter half of the century. In the year , the total
adaptation costs compose . of world  in the - model. At the
end of the ⁿ century both adaptation costs decrease, however, the decline
of stock adaptation is before that of ow. Stock adaptation needs at least one
period to build up and the bene ts are felt for several periods, hence stock
adaptation costs decline before ow.
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Figure .: Stock and ow adaptation costs over time in the optimal scenario

5.6

Sensitivity Analysis

To understand the robustness of our results and to what degree they depend on
certain parameter values, a sensitivity analysis is conducted here. e discount
rate, damage level and depreciation rate are discussed.

5.6.1

Discount Rate

One of the most debated issues in the economic analysis of climate change is the
choice of discount rate (Weitzman ). e results and policy suggestions of
s are highly dependent on the discount rate. On the one hand e.g. the Stern
review has a relatively low discount rate, weighing future generations virtually
equal to our generation and this suggests immediate stringent climate policies.
Nordhaus on the other hand assumes a relatively high discount rate in his 
model re ecting consumer time preference and suggests less stringent nearterm policies. As a lower discount rate is chosen, increasing importance is put
on future generations, i.e. those who feel the bene ts of mitigation. Mitigation
will thus be increased as a lower discount rate is chosen. e discount rate will

.. Sensitivity Analysis

also aﬀect the levels of adaptation, as a lower discount rate is chosen adaptation
will decrease and mitigation increase. Furthermore, the relative importance of
stock adaptation with respect to ow adaptation will increase as the discount
rate decreases. is is because the bene ts of stock adaptation are also reaped
with a delay, thus a lower discount rate will result in higher bene ts in 
terms.
To test the eﬀect of the discount rate assumptions we run our model using
diﬀerent discount rate speci cations. We have chosen to use two alternative
discount rates, that suggested by the  treasury and that applied in the Stern
Review. We have chosen these because the Stern Review has an opposing view
to , namely a low discount rate. e  Green treasury is an intermediate
rate suggested by the  treasury for the costs-bene t analysis of climate change
investments.
e discount rates are based on the Ramsey equation (Ramsey ). is
equation states that the discount rate is equal to ρ + µg, where ρ is the rate
of pure time preference, µ represents the negative of the elasticity of marginal
utility with respect to consumption per capita, and g the per capita growth
rate of consumption. e rst term ρ in the Ramsey equation re ects the
discount rate that would apply if future generations had the same wealth as the
current generation. e second term µg is the wealth-based component and
re ects the assumption that one extra dollar is worth more to a person with a
low income than to a person with a high income. e diﬀerent assumptions
on these parameters for the diﬀerent discounting methods are given in Table
.. Note that because  endogenously estimates economic growth, the
assumptions about that are not changed within the model.
Figure . shows the composition of total climate change costs for the three
diﬀerent discount rates Figure . shows that as a lower discount rate is chosen,
the share of mitigation costs increase and the share of residual damages and
adaptation costs decrease. Furthermore, stock adaptation costs decrease by
much less than ow adaptation costs because the bene t of stock adaptation
(which lies in the future) is valued more with a lower discount rate.
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Table .: e parameter values assumed in the diﬀerent discounting
methods
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Figure .: Composition of climate change costs in percentage (calculated
based on  divided by  of ) for the Stern,  Treasury and
Nordhaus discount rates

e choice of discount rate has an interesting eﬀect on the optimal paths
and relative importance of stock and ow adaptation. Figure . shows the
optimal paths of stock and ow adaptation costs over the next centuries;
several observations can be made. Firstly, as a lower discount rate is chosen,
the bene ts of mitigation increase and therefore also the level of mitigation,
decreasing both stock and ow adaptation costs. is is the case in later periods
when mitigation plays an important role and mitigation substitutes adaptation.
Secondly, as a lower discount rate is applied ow adaptation becomes
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Figure .: Optimal stock and ow adaptation cost paths for the Stern, 
Treasury and Nordhaus discount rates
relatively less important compared to stock adaptation. is is due to the
increased weight put on the bene ts of stock adaptation with a lower discount
rate. is results in higher stock adaptation costs in the beginning periods as
stock adaptation substitutes ow adaptation.
Finally, the peak of the optimal paths shis forward in time as the discount
rate decreases. us adaptation investments are shied to earlier periods as the
discount rate increases. Note that the level of stock adaptation is high in the rst
period for the Stern and  treasury discount rates and sharply decreases in
the second period. is is due to the assumption made in the  model that
the level of mitigation is xed in the rst period to a level lower than optimal
for these discount rates. Adaptation thus compensates in the rst period for
the lack of mitigation.

5.6.2

Damage Level

e  and  models are oen criticized for having too low damages.
We look at the eﬀects of using a damage function that has higher damages.
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Recent estimates by Hanemann () suggest that damages could be . times
higher than the  model suggests. We rerun some key scenarios with a
gross damage function that is scaled up . times. Figure . shows the optimal
levels of adaptation and mitigation adaptation using the original and the higher
damage function in . As can be seen both the adaptation and mitigation
levels increase substantially when the gross damage function is scaled up.
Furthermore, the level of adaptation increases much more in beginning years
than that of mitigation, while mitigation increases much more in later periods.
Due to the large time lapse between the costs and bene ts of mitigation and the
decreasing positive discount rate mitigation eﬀorts are shied to later periods.











































































Figure .: Optimal adaptation and mitigation levels (in percentages) with the
original and upscaled damage functions

5.6.3

Depreciation Rate of Adaptation Capital

is section investigates how the choice of adaptation capital depreciation rate
in uences the choice between policy measures over time. In  capital is
depreciated at a rate of  per year, which is what we assume for adaptation

.. Sensitivity Analysis

capital as well. We conduct this sensitivity analysis, however, as the adaptation
capital depreciation rate is debatable. e - model is recalibrated
with two alternative annual depreciation rates for comparison, namely 
and . We examine the eﬀects on the optimal paths of stock and ow
adaptation and on the composition of climate change costs in .
e rst panel of Figure . shows the optimal stock adaptation investment
path whereas the second panel shows the optimal ow adaptation expenditure
path for the three diﬀerent depreciation levels. Particularly the ow adaptation
expenditures are sensitive to the chosen depreciation rate. As a higher capital
depreciation rate is chosen stock adaptation investments decrease, as these
are less pro table. is translates into a slower build-up of adaptation capital
resulting in increasingly lower levels of adaptation capital stock over time
compared to a lower depreciation rate. Flow adaptation expenditures increase
to compensate for lower levels of adaptation stock. erefore, though stock
adaptation investments decrease somewhat evenly over the rst century as a
higher depreciation rate is chosen, ow adaptation expenditures decrease at an
increasing rate. Due to the high level of mitigation aer the rst century, both
stock and ow adaptation starts to decrease due to the decreased gross damages
and hence decreased adaptation bene ts. With a lower chosen depreciation
rate of adaptation capital, stock adaptation investments will decrease faster as
the bene ts of adaptation stock in the future will be lower due to the high level
of mitigation.
Figure . shows the  of the components of climate change costs for
the three depreciation rates for the optimal scenario and the no mitigation
scenario.With a higher depreciation rate of stock adaptation, stock adaptation
investments decrease as the bene ts of stock adaptation last less long as the
capital depreciates faster. Flow adaptation and mitigation increase to compensate for the lower eﬀectiveness of stock adaptation investments. is eﬀect
is stronger for ow adaptation than mitigation. Residual damages also increase
Note that the depreciation rate of physical capital remains the same: at .
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Figure .: Optimal stock and ow adaptation paths for alternative adaptation
capital depreciation rates

as it becomes optimal to accept more damages as opposed to combating them
with controls.
When mitigation is not applied, we again see an increase in ow adaptation
and residual damages as the depreciation rate of stock adaptation increases.
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ese changes are larger than in the optimal case and more so for residual
damages. is again re ects the role mitigation can play in compensating for
lower levels of stock adaptation.





















  













Figure .: Diﬀerence in stock and ow adaptation costs compared to base
speci cation for alternative depreciation rates

5.7

Conclusion

e purpose of this chapter is to create a framework with which the optimal
mix of emission reduction, reactive ( ow) adaptation and proactive (stock)
adaptation can be investigated. An Integrated Assessment Model is developed,
namely -. ough previous frameworks to model adaptation have
been developed such as in previous - models, this model not only
includes reactive adaptation actions, but also investments in adaptation stocks.
Consequently, the dynamic aspects of adaptation, as well as the interactions
between adaptation and mitigation can be much better understood using this
new model. is chapter applies - to investigate various questions
concerning climate change policies and draws the following conclusions.
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Firstly, both adaptation and mitigation are important in responding to
climate change and should be part of a climate policy portfolio. e timing
of adaptation and mitigation expenditure is also very important, a gradual
build-up of mitigation expenditures is optimal. For adaptation, this implies
that there would be a greater emphasis on adaptation in earlier decades in
response to the impacts of climatic changes that are already locked-in. In the
optimal mix climate change costs consists for a large part of residual damages.
Total adaptation costs and mitigation costs are of the same magnitude, where
ow adaptation costs are slightly larger than stock adaptation costs.
Secondly, this analysis demonstrates that both types of adaptation options
are important in oﬀsetting some of the adverse impacts of climate change.
ese range from autonomous, reactive measures ( ow adaptation) at one
end to anticipatory investments in adaptation stock (stock adaptation) such
as coastal adaptation infrastructure on the other. e costs and the policy
mix of these investments, however, vary considerably across regions, over
time, and depend upon the level of mitigation as well as assumptions about
climate damages and discount rates. ese numerical estimates of adaptation
costs should thus be considered preliminary and critically dependent upon
the speci cation of the climate damages used. ere is an urgent need for a
comprehensive eﬀort to update information on regional damages that are used
as inputs into s to re ect more recent information. More important than
the speci c numbers, this paper seeks to highlight the key drivers behind the
choice of policy options.
irdly, the three diﬀerent climate policy options are both complements
and substitutes: they are complementary in the sense that any least-cost policy
response to climate change will need to involve substantial amounts of mitigation eﬀorts, investments in adaptation stock and reactive adaptation measures
to limit the remaining damages. ese options are substitutes in the sense
that they compete for limited resources and can substitute each other when
one option is limited, e.g. increased adaptation can limit the damages of no
mitigation action. Furthermore stock adaptation, ow adaptation and mitiga-
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tion negatively aﬀect the marginal bene ts of each other. Increased mitigation
will decrease the bene ts of adaptation by decreasing the gross damages. Adaptation decreases the bene ts of mitigation as it decreases gross damages to
residual damages. Furthermore increased reactive adaptation will decrease the
marginal bene ts of stock adaptation and vice versa.
Fourthly, when one climate change policy option is limited, the other two
options will compensate. In this case the most similar available option will
play a more important role in compensating. Due to increasing marginal costs,
however, both available options will be applied. If ow adaptation is limited e.g.,
the stock adaptation compensates for this to a higher degree than mitigation
does. In the case of limited mitigation, stock adaptation is the most similar due
to the delay of bene ts.
Finally, in our sensitivity analysis we investigated how robust our ndings
are. We found that the choice of discount rate has immense eﬀects on the results
and policy prescriptions of our model. e optimal mix of the three climate
policy options depends primarily on the discount rate. A lower discount rate
will result in a shi of importance away from ow adaptation and towards
mitigation. e Stern discount rate suggests aggressive mitigation action,
whereas higher discount rates suggest less aggressive policies where adaptation
and mitigation both play an important role. Furthermore, an increased damage
level increases the levels of both adaptation and mitigation in the optimum,
and the eﬀect on adaptation is stronger particularly in early periods. Finally,
a higher depreciation rate of adaptation capital results in higher investments
in stock adaptation to compensate. Furthermore, ow adaptation compensates
for the decreased eﬀectiveness of stock adaptation. A lower depreciation rate
has the opposite eﬀect.



6
Assessing the robustness of the and results
6.1

Introduction

In this thesis it has been argued that to achieve a comprehensive analysis of
climate change policies both adaptation and mitigation need to simultaneously
be studied in a consistent framework. erefore in the previous chapters of this
thesis adaptation was included as an explicit variable into an  framework,
creating the - and - models based on the  and  models
(Nordhaus and Boyer ). Various versions of the - and -
models were presented with varying underlying assumptions.
In previous chapters diﬀerent sensitivity analyses have been conducted,
based on the speci cation of the adaptation costs, the discount rate, the level of
climate change damages, the assumed climate sensitivity and the depreciation
rate of adaptation capital. ese analyses, however, only compared the eﬀect
of changing parameter values within a certain version of - or -.
An assessment of the diﬀerences in assumptions and results across the models
has, however, not been attempted. is chapter is therefore devoted to an intra
model analysis and comparison. e results of the various - and  models will be compared to understand how the underlying assumptions
in each model aﬀect the results. And ultimately to answer the question of
how sensitive the results of the previous chapters are to various modelling
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assumptions and consequently how robust the results presented in this thesis
so far are.
is chapter is structured as follows. First, the general methodology to
represent the costs and bene ts of adaptation eﬀorts explicitly in a typical
Integrated Assessment Model will be presented, i.e. the general set-up of
the -. Secondly, the various - and - models will be
described and their diﬀerences summarised. e results will then be compared
across models, focusing on the adaptation cost curves, optimal adaptation path,
the composition of climate change costs and the eﬀectiveness of adaptation.

6.2

e

-

and

-

models

In this section we describe the system of equations that create the -/ models. is methodology has been discussed in previous chapters
in more detail and is summarised here. e net damage function of 
model is replaced by the sum of protection costs and residual damages. e
diﬀerent models diﬀer in the speci cation of certain relationships concerning
adaptation. First the -/- models will be introduced aer which
the other -/- models and their revisions compared to the rst
versions will be explained.

6.2.1

-

99 and

-

99

e - model was introduced in Chapter  and the - in
Chapter . e general framework of - and - replaces the net
damage function of the  and  models with a system of ve equations.
e original  net damages as a fraction of output is given by:
Dt
= a 1 TE t + a 2 TE 2t .
Yt

(.)

where TE is the global atmospheric temperature change compared to .
Note that the regional subscript which are used in the  and - models

.. e - and - models



are omitted here. As net damages are dependent on the level of output (Yt ) we
assume that our adaptation variables are also dependent on the level of output.
us net damages are separated into residual damages and adaptation
costs:
Dt
= RDt (GDt , Pt ) + PC t (Pt ).
Yt

(.)

Adaptation to gross damages is given by Pt , adaptation costs by PC t and
gross damages by GDt .
Residual damages, i.e. damages aer adaptation, depend on both the gross
damages (GDt ) and the level of adaptation (Pt ) as follows:
RDt = GDt · (1 − Pt ).

(.)

As can be seen from this equation, the adaptation variable Pt has an
intuitive interpretation, it represents the fraction of gross damages reduced.
Gross damages are de ned as a function of temperature change;
GDt
α
= α1 TE t + α2 TE t 3 , where α2 > 0 and α3 > 1.
Yt

(.)

Adaptation costs are an exponential function of adaptation.
PC t
γ
= γ1 Pt 2 , where γ1 > 0 and γ2 > 1 and 0 ≤ Pt ≤ 1.
Yt

(.)

e model is calibrated in such a way that it best replicates the results of the
optimal control scenario of the original  model. To do this, we minimize
the discounted squared diﬀerence between net damages (D t ) in the original
 and net damages (RDt +PC t ) in -, holding TE t at the level obtained
in the  optimal control scenario. It is also assumed that adaptation (Pt ) is
set at an optimal level and thus

∂ Dt
∂ Pt

= 0 must hold for each point in time. e

new model parameters (i.e. the alphas and gammas) are then estimated to best
t the data on adaptation costs and bene ts. e estimates of adaptation costs
and bene ts are based on Tol et al. () where it is estimated that residual
damages are around  times larger than protection costs.
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6.2.2

-

07

e - model is created and calibrated in the same manner as the  model and was presented in de Bruin et al. (c). e only diﬀerence
is that this model is based on the  model and not the  model.
Nordhaus () describes the revisions in the latest generation of the 
model, i.e. the  model. ese revisions will shortly be described here.
Data inputs All the economic and geophysical data were updated, with
the new rst period centered on  as opposed to  in the previous version
(Nordhaus and Boyer ). Data inputs include economic data, energy data,
₂ emissions and geophysical data. Furthermore, prices have been updated
to   dollars and outputs are calculated based on purchasing power
parity () exchange rates as opposed to market exchange rates as in previous
versions. e climate module as well as the carbon cycle module have been
updated. e most important changes in the climate change module are the
shortened time lag from radiative forcing to temperature change. e increased
climate sensitivity (from . ºC to . ºC per equilibrium ₂-equivalent
doubling), resulting in a higher estimated level of climate change for a given
amount of emissions.
Regional aggregation along with economic and emissions projections
In  the economic, emissions, and impact estimates are based on
twelve regions and are then aggregated to a global total using  exchange
rates. e  used  regions. ough these regions are very similar there
are some diﬀerences. e common regions used to calibrate both models are:
the United States, the European Union, Other High-Income Countries, Russia,
Japan, China, India, the Middle East (High Income Oil Exporting countries),
Eastern Europe, and Sub-Saharan Africa. In addition  includes the
regions: Low Income Countries, Middle Low Income Countries and Middle
Income Countries whereas  includes Latin America, Other Asia and
the Non-Russian Former Soviet Union.
Social welfare function One of the major concerns about the earlier
 model was its assumption of a relatively high pure rate of social time
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preference ( percent per year). In the latest  version the pure rate of
social time preference is . percent per year and the utility function has been
recalibrated to match market returns, resulting in an elasticity of the marginal
utility of consumption of  whereas this value was  in the previous version of
the model.
Damage function e basic structure of the regional damage functions
follows the approach used in the , however, the costs of catastrophic
damages have been recalibrated and the damages at low temperature changes
have increased. Furthermore using  estimates of output results in a signicantly higher damages as regions with higher damages (oen low income
regions) generally have higher  outputs than market outputs, increasing
their weights in the new global aggregate. Overall the damages are estimated
to be  higher than in  than in  in the calibration point (at
a temperature increase of . ºC).
Mitigation cost function e basic functional form for the mitigation
cost function in the  models assumes that there is a “backstop technology”
which can replace all carbon-emitting processes at a relatively high cost. 
mistakenly assumed that the cost of the backstop technology increased over
time. e new version assumes decreasing backstop technology costs based on
estimates from a.o. the fourth assessment report. Due to technological progress
over time, the associated mitigation costs decrease.
Limited fossil fuel resources and the Hotelling rents e 
model, furthermore, introduces long-run fossil fuel availability constraints.
erefore, in the new model, total resources of economically available fossil
fuels are limited and thus in addition to mitigation for the sake of limiting
climate change, mitigation arises in consideration of limited fossil fuels.

6.2.3

-

07$

- diﬀers from the - model in one aspect; it models adaptation costs in dollars and not as a fraction of output. In this case equation (.)
is replaced by:
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γ

PC t = γ1 Pt 2 .

(.)

e model is then calibrated to replicate the data in the calibration point.
e - model was not discussed in the previous chapters but is
examined here to study the eﬀects of the assumption that adaptation costs grow
with the level of output, as assumed in the other - models. It is assumed
in all other -/- models that adaptation costs as a fraction of
output for a given level of adaptation P are independent of the level of damages.
is re ects two opposing mechanisms. Firstly, as gross damages increase we
would expect adaptation to become more expensive. Gross damages increase
over temperature change, which increases over output and time. Secondly, we
would expect adaptation costs to increase less than proportional to output: as
output increases the value you protect increases by a larger amount than the
costs to protect it. e obvious example here is that of a dyke, where the value
of the settlement behind the dyke increases as output increases whereas the
costs of building a dyke increase only marginally. As we have no estimates on
the relative strength of either mechanisms, in the -/- models
we assume that these two eﬀects even each other out and thus that adaptation
costs grow at the same rate as output.
It can be argued, however, that the second mechanism dominates and
adaptation costs do not grow with output while damages do. It is important
to understand how the results are aﬀected by this assumption, as it is a highly
debated assumption.

6.2.4

-
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e - model is equivalent to the - model with exception
of the adaptation costs and bene ts data used. e - was introduced
in Chapter . e - and - models used very limited aggregate estimates of adaptation costs and bene ts based on Tol et al. (). In
subsequent models a more extensive literature review is used – as described
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in Appendix .A, which summarises the method and data used to estimate
adaptation costs and bene ts. In the same way - only diﬀers from
- in the data estimates used for adaptation.

6.2.5

-
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-/- are based on the same empirical data as -/ models but include a distinction between reactive adaptation (modelled
as a ow variable) and anticipatory adaptation (modelled as a stock variable).- was introduced in Chapter  and - in Agrawala et al.
()e costs and bene ts of ow adaptation are felt within the same period
whereas stock adaptation requires a build up of adaptation stock which reduces
damages in the future, creating a stream of bene ts. Chapter  describes the
empirical data and distinction between stock and ow adaptation in detail. e
added model equations are shortly discussed here.
In -/- equation . is replaced by:
RDt =

GDt
,
1 + PT t

(.)

here PT t is the total level of adaptation production (stock and ow).
RDt are the residual damages, as de ned above. is functional form ensures

decreasing marginal damage reduction of protection and limits the fraction by
which the gross damages can be reduced to the interval of  to .
Both forms of adaptation are imperfect substitutes for each other. e
two forms of adaptation are aggregated together using a Constant Elasticity of
Substitution () function:
ρ

ρ

γ2

PT t = γ1 · (β · SADt + (1 − β ) · FADt ) ρ ,

(.)

where SADt is the total amount of adaptation capital stock at time t. FADt
is the amount spent on reactive adaptation in period t . Furthermore, ρ = σ−1
,
σ
where σ is the elasticity of substitution. e adaptation capital stock is built up
as follows:
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SADt +1 = (1 − δk )SADt + IADt ,

(.)

where δk is the depreciation rate and IAD j are the investments in stock
adaptation (SADt ). e total adaptation costs in each period are thus (replacing
equation .);
PC t = FADt + IADt .

(.)

Table . summarises the main diﬀerences across the models

6.3

Results

In this section we discuss the - results and how they diﬀer across
models. For tractability sake we focus on the - models for most results
We rst compare the adaptation cost curves across model versions. en the
optimal adaptation paths over time are discussed. Finally the climate change
cost components and adaptation eﬀectiveness are compared across model
versions.

6.3.1

Adaptation Cost Curves

In the - models the adaptation costs and bene ts are summarised using
adaptation cost curves, were adaptation costs as a percentage of output are
plotted against the reduced damages due to adaptation (as a fraction of gross
damages). Diﬀerent underlying assumptions across models lead to diﬀerent
adaptation cost curves, which we will compare here.
Figure . presents the adaptation cost curves for the diﬀerent -
models. e curves diﬀer substantially from each other, though all curves grow
exponentially over the level of adaptation. Note that the curves are only shown
for the model range, that is for a maximum adaptation level of ..
e adaptation cost curve for the - model is much steeper than
that of the - model. ese diﬀerences between - and  are a result of the diﬀerences between  and . ere are

Model
-
-
-
-
-
-
-
-

Based on









Data
Tol et al. 
Tol et al. 
Tol et al. 
Own estimates
Own estimates
Tol et al. 
Own estimates
Own estimates

Adaptation
Flow
Flow
Flow
Flow
Stock and ow
Flow
Flow
Stock and ow

Table .: Summary of - models and their main assumptions

Adaptation costs
 of output
 of output
 
 of output
 of output
 of output
 of output
 of output

Features in
Chapter 
de Bruin et al. c
Chapter 
Chapter 
Chapter 
Agrawala et al. 
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Figure .: Adaptation cost curves implicit in the - model
two main diﬀerence between these models, the rst being the assumptions the
level of damages. Firstly, due to increased damages (per degree of temperature
change) and increased estimates of temperature change (as a result of the
updated climate module) damages are much higher in the  model
compared to the  model. Increased damages will increase the calibrated
total adaptation costs increase as these are calibrated as a fraction of damages.
is results in a higher lying adaptation costs curve. Note that the bene ts of
adaptation also increase in absolute terms as these are measured in fraction
of gross damages reduced and gross damages also increase. us for the same
level of adaptation more damages are reduced in absolute terms.
Secondly, several key assumptions concerning mitigation costs and benets changed considerably from  to .  includes the
Hotelling rents of mitigation, i.e. it accounts for the fact that fossil fuels are
limited and extracting them will come at an increased cost. e mitigation
bene ts thus include not only decreased climate change damages but also decreased carbon extraction costs. Furthermore, it is assumed that the costs of the
backstop (carbon free) technology decreases over time, decreasing the costs of
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mitigation. is results in higher mitigation levels particularly in later periods
decreasing the optimal level of adaptation slightly. Comparing - and
- we see a small decrease in the optimal level of adaptation from 
to .
By comparing - and -, the eﬀects of our new empirical
adaptation costs and bene t estimates (presented in Chapter ) can be studied.
From our empirical estimation adaptation is estimated to be less expensive
than rst assumed in - and -. e -/-
curves are based on global estimates of adaptation costs and bene ts mostly
from the agriculture and coastal protection literature. Many other forms of
low cost adaptation, however, were not included. Considering all adaptation
forms (availability permitting) results in a lower curve as seen in Figure ..
Furthermore, the estimated level of optimal adaptation is much higher than
rst assumed. e average level of optimal adaptation increases from  in
- to  in -. e updated empirical analysis thus leads
to an increased cost to bene t ratio resulting in a lower lying adaptation cost
curve and increased optimal adaptation levels.
Moreover in - adaptation is modelled as a stock and a ow
variable, i.e. it is no longer assumed that adaptation bene ts are direct but but
that these are a stream of future bene ts. In this case a adaptation stock needs
to be built up over time, which decreases gross damages. e corresponding
adaptation cost curve which is calibrated based on the same data estimates as
used in - is given in Figure .. As can be seen the - and  curves do not diﬀer much. e - curve is somewhat higher at
higher levels of protection and lower at lower levels. is because introducing
an adaptation capital stock increases costs slightly at lower levels of adaptation
as adaptation capital needs to be built up. At higher levels of adaptation,
larger amounts of adaptation capital are in place making adaptation relatively
cheaper. e curves, however, closely resemble each other and we can conclude
that when summarising the adaptation costs and bene ts in the form of an
adaptation cost curve the time lag between the costs and bene ts does not
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seem to aﬀect the curve itself.
Finally, it can be seen that when adaptation costs are modelled in dollars
(as in -) as opposed to as a fraction of output (as in other -
versions), the adaptation cost curve becomes almost linear. e reason for this
is the fast growth of output over time. As output grows over time, so do the gross
damages (both due to increases in output and increases in temperature change).
e bene ts of adaptation thus also grow over time. e costs of adaptation,
however, do not grow over time but only over the level of adaptation. erefore,
the same level of adaptation will cost the same in dollars whereas the bene ts of
adaptation will grow over time. In earlier periods, lower levels of adaptation are
applied, at the same time the output level is low. is results in lower bene ts
and higher costs, as can be seen in the higher lying adaptation cost curve in
earlier periods. In later periods as output grows so do the bene ts of adaptation
resulting in relatively cheaper adaptation and a lower lying adaptation curve
compared to -. Note that the - and - curves
cross at the calibration point where adaptation is approximately .. us the
eﬀect of specifying adaptation costs in dollar terms results in a atter adaptation
cost curve.
In Figures . and . the adaptation cost curves are given for the  and the - model. e same can be seen as in the -
models, namely that the adaptation costs curves increase more steeply in the
- model compared to when the new data is used in the -
model. ough the curves increase less steeply, for lower levels of adaptation,
the associated adaptation costs are higher. Furthermore, the relative costs of
adaptation across regions remains the same, i.e. Africa, India, Low income
countries and Europe have the highest adaptation cost curves in both versions
while Japan, China,  have the lowest lying adaptation cost curves.

6.3.2

Adaptation Over Time

One of the main features of the - models, is their ability to present
optimal adaptation paths, i.e. the optimal level of reduced gross damages over
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Figure .: Adaptation cost curves implicit in the - model


















































































Figure .: Adaptation cost curves implicit in the - model
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time. ese results give insights into the role of adaptation in climate change
policies now and in the future. In this section we compare the estimated optimal
adaptation path for the various - models. All models have increasing
levels of adaptation in earlier periods. In later periods, mitigation presents itself
as a very eﬀective option and adaptation levels decrease accordingly. As the
mitigation bene ts were estimated to be much lower in the  model, in
the - model adaptation is less aﬀected by increased mitigation than
in the other versions of -.
In - the optimal level of adaption increases at a higher rate
compared to - due to the increased damages and decreases at a
higher rate due to the increased optimal level of mitigation compared to
-.
In the - and - model the adaptation bene ts are higher
than in the other - models. is results in very steep adaptation paths in
earlier periods and higher optimal adaptation levels. Furthermore, due to the
build up of adaptation capital stock needed in the - model adaptation
levels start very low in the - model. e level of adaptation increases
at a higher rate in the - model than in the - model and
peaks earlier. is is due to the stock characteristic of adaptation in the model,
where the costs now are weighed against the bene ts in the future, whereas
ow adaptation bene ts are instantaneous.
In the - model adaptation continues to increase throughout
the model horizon. is is because adaptation costs are represented in dollars
whereas the gross damages are represented as a fraction of output. As time
increases, output increases substantially increasing the bene ts of adaptation
while the costs remain the same (per level of adaptation). is results in an
increasing bene t to cost ratio over time and thus an increasing level of optimal
adaptation throughout the model horizon.
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Figure .: Optimal adaptation paths for the various - models

6.3.3

Composition of Climate Change Costs

When comparing the climate change costs of the - models given in
Figure ., the most apparent diﬀerence is the low level of costs in the  model compared to the other - models. is is a direct results
of the increased climate change costs in the  model compared to the
 model, which are both also included in the gure. Furthermore, the
relative level of mitigation costs increases in the , resulting in higher
mitigation costs in the corresponding - models. e relative level of
adaptation costs increases in the - and - models compared
to the earlier models due to the updated data analysis. e adaptation costs
are estimated to be higher than the previous data estimated. is is not due to
increased costs per level of adaptation but due to increased adaptation levels
as was discussed in section ... e higher adaptation also results in lower
residual damages. Due to the lag time needed to build up adaptation capital
stock, the level of mitigation and hence mitigation costs are slightly higher
in - compared to -. is also results in lower residual
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Figure .: Composition of climate change costs in the optimal scenario for
the various - models given in  of costs as a percentage of  of
output over the model horizon
damages.

6.3.4

Eﬀectiveness of Adaptation

Another important result of the - models is how eﬀective adaptation is
in terms of utility increase, i.e. how much will the use of adaptation increase
welfare? Figure . shows the utility index for the case of no adaptation and
no mitigation, where  represents the utility in the optimal scenario (with
both adaptation and mitigation) and  represents the utility level when both
adaptation and mitigation are not applied. Due to the decreased mitigation
costs in the  model, no mitigation leads to a lower level of utility in
the - model compared to no mitigation in the - model.
For the same reason no adaptation leads to a lower utility in the -
as mitigation is not as eﬀective in compensating for the lack of adaptation. In
the - and - the utility index associated with no mitigation
is higher, as adaptation is more eﬀective in compensating for the lack of
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Figure .: Utility index for the various - models for the cases of no
adaptation and no mitigation. Where  represents the utility level in the case
of no adaptation and no mitigation and  represents the case of both
adaptation and mitigation

mitigation. In all - models not being able to apply adaptation is more
harmful than not being able to apply mitigation. Note however that as shown
in earlier chapters this conclusion is dependent on the chosen discount rate.

6.4

Final Remarks

is chapter presented an assessment of the diﬀerences in assumptions and
results across the various - models. Attempting to answer the question
how do the diﬀerent assumptions across models aﬀect the results obtained
in the previous chapters. We nd that the general conclusions regarding the
interactions between adaptation and mitigation hold. Where it is optimal to
start adapting straight away, increasing adaptation over time. On the other hand
mitigation starts slower and increases rapidly to the point where all emissions
are mitigated. At this point adaptation starts to decrease. e exact levels of
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adaptation and mitigation vary across models but these general mechanisms
hold throughout the models. e exact amounts of adaptation costs, and
residual damages, and timing of adaptation, however, change depending on
the data underlying the model. Modelling adaptation as both a stock and
ow variable, as in -, has little eﬀect on the results of the model.
e adaptation curve, climate change cost composition and eﬀectiveness of
adaptation remain more or less the same. However, as we have seen in Chapter
, this does have consequences when using a diﬀerent discount rate.

7
e Role of Proactive Adaptation in
International Climate Change Mitigation
Agreements
7.1

Introduction

Due to its increasing urgency, climate change has attracted increasing attention
speci cally in science and politics. International Environmental Agreements
(s) have been developed to decrease emissions and limit climate change.
ese agreements prescribe emission limits to the member nations. e negotiations and enforcement of such agreements, however, remain problematic. e
root of this problem lies in the fact that regions act predominantly in their self
interest. Due to the strong externalities involved in climate change mitigation
and the large number of players (regions), free rider incentives are large. us
though in the global best interest, s are not oen successful.
In climate change economics literature, game theoretical analyses are used
to study the formation and stability of s. In this analysis we apply noncooperative game theory, assuming that regions act in rational self-interest
and there is no supranational authority to impose obligations on regions.
An agreement needs to be self-enforcing (McEvoy and Stranlund ) to
be successful (Hoel ). A self enforcing agreement should be stable. A
coalition is considered stable if it adheres to both internal and external stability
(d’Aspremont et al. ; Barrett ; Hoel ). Internal stability holds when
no member region within the coalition wishes to leave the coalition. External
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stability holds when no non-member region outside the coalition wishes to join
the coalition. In the literature it is found that only small coalitions or coalitions
with few bene ts are stable.
Mitigation is, however, not the only way for a region to decrease its exposure
to climate change. rough adaptation regions can decrease the level of climate
change damages they face without decreasing the level of climate change itself.
rough adjustments in social or economic systems regions can moderate
potential damages or bene t from opportunities associated with climate change
(Smit et al. ). An important diﬀerence between these two measures is that
mitigation is a public good whereas adaptation is a private good. at is the
bene ts of adaptation are felt within one region. As adaptation aﬀects the
bene ts of mitigation through reduced vulnerability to climate change and
therefore incentives to join an agreement, it may therefore aﬀect coalition
formation.
In the literature on s adaptation is not explicitly considered, but implicitly included in the damage function; or not considered at all. In fact, the only
cases where it is mentioned are in Barrett () and Zehaie (). Barrett
assumes that players rst choose whether or not to join a coalition aer which
they set their adaptation levels. As adaptation is chosen aer the coalition
formation process it will have no eﬀect on the process as any threats of higher
(or lower) levels of adaptation will not be credible.
Zehaie () studies the strategic role of adaptation in a two-stage twoplayer model where regions in the rst stage of the game invest in adaptation
and in the second stage choose their mitigation levels. He nds that adaptation
can have a strategic role when the two regions do not cooperate and when the
two regions cooperate on mitigation only. Increased irreversible investments
in adaptation in one region decreases the need for mitigation in that region,
increasing the level of mitigation in the second region. ere are several
limitations to the Zehaie ()'s study. Firstly, he only considers two regions,
whereas any climate coalition would include many players. Secondly, he does
not consider how adaptation will aﬀect the coalition formation and stability.

.. Introduction

irdly, he does not consider a sharing rule for the bene ts of the mitigation
cooperation. Fourthly, though he can show theoretically that adaptation can
have a strategic eﬀect, whether this is in fact possible in practice remains
undetermined. For overinvestment of proactive adaptation to be worthwhile
the bene ts need to outweigh the costs. Parameter estimates of adaptation and
mitigation costs and bene ts are needed to understand if in fact adaptation
can strategically aﬀect mitigation choices. Finally, Zehaie, like Barret, treats
adaptation as a homogeneous issue, without considering the varying forms of
adaptation and the roles they can play. In this chapter we address these issues.
Based on their timing, adaptation measures can be categorised as either
proactive (anticipatory) or reactive. Proactive adaptation refers to adaptation
measures taken before climate change occurs. ese measures are oen large
scale and irreversible. Reactive adaptation takes place in reaction to climate
change where costs and bene ts are felt simultaneously. To illustrate these
diﬀerent forms of adaptation we use an example. Heat and droughts associated
with climate change will cause increasing amounts of crops to fail. To limit
the losses both reactive and anticipatory adaptation can be applied. Reactive
adaptation options include using more water (where irrigation systems are in
place), changes to other more heat resistant crop types or changing the planting times of the crops. Proactive adaptation measures include investments in
irrigation systems or investments in the development of diﬀerent more heat
resistant crop types. As this example illustrates reactive adaptation measures
are oen easier to implement and less costly than proactive adaptation. Adaptation investments which are irreversible, such as proactive adaptation, limit
the amount of climate change damages for a region far into the future. An
adaptation capital is built up of which the bene ts will be reaped in the future.
Such an investment changes the damages of climate change for a region thereby
changing its business as usual damages and mitigation level. is may give a
region a strategic advantage in an  game.
Adaptation as described in Barrett () that takes place aer the coalition
fomation process or can be adjusted aer the formation process is comparable
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to reactive ( ow) adaptation as described in Chapter . Irreversible adaptation
investments as described in Zehaie () are comparable to the proactive
(stock) adaptation described in Chapter . Using our analysis of Chapter ,
we can distinguish between these two forms of adaptation in our analysis of
mitigation coalition formation. Distinguishing reactive adaptation will have
no eﬀects on the coalition formation process and we can implicitly include
this adaptation in the damage function. Proactive adaptation, however, oen
includes irreversible investments that require long-term planning and that thus
send a signal to other regions that a certain level of self protection is ensured in
the investing region. By changing its proactive adaptation level, a region invests
in adaptation, changing its future vulnerability to climate change and hence its
payoﬀs in a mitigation coalition. Consequently, although at rst glance Barrett’s
treatment of adaptation is more logical, the distinction of proactive adaptation
from reactive adaptation lends credit to the phasing of the game in Zehaie.
We present a three-stage non-cooperative cartel game of coalition formation, where in the rst stage the level of proactive adaptation is chosen. In
the second stage (the coalition formation stage) regions choose whether to
join a unique coalition or not. e third stage of the game is a transboundary
mitigation game, where mitigation and reactive adaptation levels are set to
maximise pay-oﬀs. In this stage the coalition acts as a single player maximising coalition bene ts. e model can then be solved for the optimal levels
of proactive adaptation and mitigation using backward induction. An analytic
solution can, however, only be found given a coalition.
We introduce a numerical model (-) which incorporates adaptation into the existing  model. is model divides the globe into 
geo-political regions with estimated ,  emissions, damages, adaptation
costs and bene ts and mitigation costs and bene ts (Nagashima et al. ).
is model checks all possible coalitions () for external and internal stability to nd stable coalitions. We use this model to examine the eﬀects of diﬀerent
levels of proactive adaptation. Regions will need to set their level of adaptation
beforehand without the knowledge of which coalition will be formed. us,
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though the model does not include uncertainty there is uncertainty over which
coalition will form. We restrict ourselves to two levels of proactive adaptation,
namely Grand Coalition adaptation and All Singletons adaptation. Grand Coalition adaptation refers the the optimal level of adaptation associated with the
temperature change path of the Grand Coalition, i.e. the coalition consisting
of all regions. All Singletons adaptation refers to the optimal level of adaptation with the temperature path given no coalition, i.e. the All Singletons case.
Regions set their levels of proactive adaptation assuming there is no strategic
advantage of under or over-adaptation for coalition members.
We, rstly, study what eﬀects the diﬀerent levels of adaptation will have
on the Grand Coalition payoﬀs and incentives to withdraw from the Grand
Coalition. Secondly, we look which stable coalitions are found for the diﬀerent
levels of adaptation and how and why they diﬀer. irdly, we study the best
performing stable coalition and investigate whether over-adaptation or underadaptation by a single region can be used to gain an advantage.
In the second section we introduce our three-stage game theoretical model.
Using backward induction the optimal level of proactive adaptation and mitigation are found for both coalition members and non-members. In the third
section a numerical model (-) is introduced which incorporates adaptation into the existing  model.e fourth section presents our results
and the nal section concludes.

7.2

Model

In this chapter, we interpret  formation as a coalitional game between
heterogeneous regions. We model this interaction as an extensive form game
played in three stages. In the rst stage regions choose their proactive adaptation levels simultaneously. Given this in the second stage regions choose
whether to join a coalition or not. Here coalition is understood as a binding
agreement, where multi-coalitions are not possible. In the nal stage regions
set their mitigation levels. e three stages are referred to as:
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. Proactive adaptation stage (protection)
. Coalition formation stage (rati cation)
. Transboundary pollution game (mitigation)
ere is a nite set of players (regions) |N | ≥ 3. If there is a coalition with
signatories, S ⊆ N , if there is no coalition, S = ;. Regions are denoted by i
where i ∈ N .
If a region acts as a singleton it maximises its individual net bene ts, i.e.
minimises the sum of its individual climate change damages, adaptation costs
and mitigation costs. Signatories maximise joint net bene ts of all agreement
members. As the coalition acts as one player and as all singletons are individual
players there are |N | − |S| + 1 players in the transboundary pollution game. By
using backward induction we can analyse our three-stage game. erefore, the
stages of our game will be described backwards.
Stage : e transboundary pollution game

In this stage the levels of

proactive adaptation p i are xed and the agreement of stage  has become
binding for the signatories S ⊆ N . Each player i then sets its level of mitigation
qi simultaneously, where qi ∈ [0, ē i ], where ē i is the regional business as

usual emissions. e mitigation bene ts for each player depend on the total
level of global mitigation. Where total mitigation is given as the sum of all
individual mitigation eﬀorts; q =

∑

i ∈N

qi . Climate change costs consist of the

sum of residual damages, adaptation costs and mitigation costs. e residual
damages (which implicitly include optimal reactive adaptation) are given by:
D i (q, p i ) = d i · (ē − q ) · (1 − p i ), where ē represents the business as usual level

of global emissions, p i denotes the individual level of proactive adaptation
(p i ∈ [0, 1]), and d i > 0 is a parameter that represents the marginal damages
of climate change. Proactive adaptation decreases the regional damages of
climate change. Proactive adaptation can therefore decrease the bene ts of
mitigation and vice versa; increased mitigation decreases the marginal bene ts
of adaptation. Proactive adaptation levels are given in this stage as they are set
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in the rst stage of the game. e associated adaptation costs are region speci c
and (strictly) convex and assumed to be PC i = 12 · a i · p i2 , where a i > 0. e
costs associated with mitigation also vary between regions and are denoted by
M C i = 12 · m i · qi2 , where m i > 0.

e bene ts of adaptation and mitigation are the avoided damages, which
are given as the business as usual damages minus the actual damages, assuming
that in the business as usual case proactive adaptation is zero and no mitigation
measures are taken:
B i (q, p i ) = d i · (ē ) − d i · (ē − q ) · (1 − p i )

(.)

Rewriting the avoided damages as bene ts, we can now write the payoﬀs of
each player i of climate change policies:
Wi (q, p i ) = B i (q, p i ) − MCi (qi ) − PC i (p i )
= d i · (ē ) − d i · (ē − q ) · (1 − p i ) − 12 · m i · qi2 − 12 · a i · p i2

(.)

e payoﬀs to each player (the coalition and the non-signatories) are a
function of the unique coalition formed. Each coalition is associated with a
unique optimal level of proactive adaptation and mitigation for each player.
We can now restate the payoﬀs of abatement and adaptation ( Wi (q, p i ) from
equation .) as a function of the coalition formed. Here we assume that
optimal mitigation levels are adopted as these are a function of the coalition
formed. We nd the payoﬀs as a function of others and regional mitigation for
non-signatories :
1
1
Vi (S) = d i ·(ē )−d i ·(ē −q ∗ (S))·(1−p i∗ (S))− ·m i ·qi∗ (S)2 − ·a i ·p i∗ (S)2 . (.)
2
2

e coalition payoﬀs represents the value of the coalition, i.e. the sum of climate
policy bene ts minus policy costs over all coalition member regions:
VS (S) =

∑

Vi (S).

(.)

i ∈S

In our model the gains of the coalition are shared among its members using
the optimal sharing rule as proposed by Weikard (). We use a sharing rule



Chapter . e Role of Proactive Adaptation in International Agreements

where the coalition bene ts are shared according to each region’s bene ts if
they choose not to join the coalition, i.e.
Vi = ∑

Vi (S −i )
j ∈S Vj (S −j )

· VS .

(.)

Here there is a coalition S with members j . Member i chooses to join the
coalition or not. If the region i chooses to leave, the coalition le is denoted
as S −i . the bene ts the region would receive outside the coalition are denoted
as V (S −i ). Hence the larger a region’s outside option, the largerits share of
coalition payoﬀs will be.
An optimal sharing rule will guarantee internal stability of a coalition
whenever that is at all feasible, i.e. whenever the coalition payoﬀ equals or
exceeds the sum of the outside option payoﬀs. If a coalition is internally stable
under some arbitrary sharing rule, then it is stable under an optimal sharing
rule (Eyckmans and Finus ; Weikard ). For this reason we apply an
optimal sharing rule.
Stage : Coalition formation stage e second stage of the game is the
coalition formation stage. Each region i ∈ N has a choice to either join a unique
 or not, as any player may join this game, it is an open membership game.
Each region i thus has a binary strategy space; σi ∈ {0, 1}. σi = 1 implies a
choice to join the unique ; σi = 0 implies the choice to not join.
Stage : Proactive adaptation stage

In the rst stage regions set their

levels of proactive adaptation aﬀecting their bene ts function by reducing the
gross damages associated with a certain level of climate change and hence
mitigation. Here p i represents the amount of adaptation in an individual
region as a fraction of damages reduced by adaptation and p i ∈ [0, 1] . In this
stage each region i , chooses a level of investment in proactive adaptation that
maximises its own bene ts given the expected actions by others.

.. Analysis of Optimal Proactive Adaptation in Mitigation Strategies

7.3

Analysis of Optimal Proactive Adaptation in Mitigation
Strategies
Stage 

We rst look at the last stage of the game, where the mitigation

level is chosen. As the level of proactive adaptation is chosen in the rst stage,
a level mitigation can be chosen in the third stage given the level of proactive
adaptation. In the nal stage a region is either a singleton or a coalition member,
depending on its choice in the second stage. We will rst discuss the case of a
singleton.
A singleton maximises its own bene ts given the level of others mitigation.
In that case qi is chosen to maximise Vi , which is given as the bene ts of climate
change policies (adaptation and mitigation) minus the costs. is is given by
Equation .:
Wi (p i ,q ) = d i · (ē ) − d i · (ē − q ) · (1 − p i ) −

1
1
· m i · qi2 − · a i · p i2 .
2
2

(.)

In the last stage of the game a level of mitigation qi is chosen given the level
of adaptation chosen in the rst stage. Note that we do not consider coalition
formation just now, i.e. the coalition S is given at this stage. e optimal level
of mitigation for a singleton in the third stage for a given level of proactive
adaptation can then be derived using the rst order condition:
∂ Wi
= d i · (1 − p i ) − m i · qi = 0,
∂ qi

i∈
/ S.

(.)

Here d i · (1 − p i ) represent the marginal bene ts of mitigation, i.e. the avoided
marginal residual damages and m i · qi represents the marginal costs. e
marginal bene ts of mitigation are thus decreasing in the level of proactive
adaptation. e optimal level of mitigation is given by:
qi∗ =

di
· (1 − p i ),
mi

i∈
/ S.

(.)

Equation . states that, for singletons, every level of proactive adaptation
chosen in the rst stage is associated with a particular level of optimal mitigation chosen in the third stage. Furthermore the level of mitigation increases
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with the damage parameter d i and decreases with the costs of mitigation m i
and the level of proactive mitigation p i .
When a region is a coalition member it will choose its mitigation level
as to maximise coalition payoﬀs. ese bene ts are given as the sum of the
individual bene ts of all coalition members:
WS (q, p ) =
=

∑

∑

i ∈S Wi (q, p i )
i ∈S


∑ 

d i · p i · ē − d i · qi · (1 − p i ) − i ∈S 21 · m i · qi2

∑ 
− i ∈S 21 · a i · p i2 .

(.)

Maximising this with respect to regional abatement we nd;

∑
qi∗

=


∂ Ws ∑ 
d j · (1 − p j ) − m i · qi = 0,
=
∂ qi
j ∈S
j ∈S d j

· (1 − p j )

mi

∑

=

j ∈S\{i } d j

mi

· (1 − p j )

+

d i · (1 − p i )
.
mi

(.)

(.)

Comparing equations . and ., we can see that the optimal level of
mitigation of a coalition member will be higher than for the singleton. In
the singleton case only the bene ts of mitigation (avoided damages) to the
singleton were considered. In the case of the coalition member the bene ts
to all other coalition members are considered in addition. Furthermore, the
optimal level of mitigation for a coalition member will increase in the coalition
size.
Stage 

In the coalition formation stage a Nash equilibrium is given by a

vector of rati cation decisions (σi )i ∈N such that no single region would prefer
to change its decision. A coalition S a stable coalition if the strategy pro le
(σi )i ∈N that corresponds to S is a Nash equilibrium. A coalition is stable if it

is both internally and externally stable (d’Aspremont et al. ). A coalition
is internally stable if and only if for all i ∈ S it holds that Vi (S) ≥ Vi (S −i ) and
externally stable if Vj (S) ≥ Vj (S +j ). Given the large number of asymmetric
regions in this game, the number of possible coalitions is large. We cannot
derive analytically for each coalition whether it is stable or not, but will use our
applied model in Section .. We move on to the rst stage of the game and
solve the model for a given coalition.

.. Analysis of Optimal Proactive Adaptation in Mitigation Strategies

Stage 

Now we can turn to the rst stage of the game to nd the optimal

level of proactive adaptation. A region’s optimal level of proactive adaptation
will depend on two factors, rstly the global level of mitigation and secondly
whether and in which coalition the region will be. Hence for each coalition
there is a unique optimal level of adaptation for members and non-members.
As the agreement only refers to mitigation decisions, in the adaptation decision
in the rst stage, each region will maximise its own bene ts. At this stage there
are no obligations to other (future) members of the coalition. We rst assume
that mitigation in the third stage is given, later we de ne the level of mitigation
for each coalition, in terms of the level of proactive adaptation.
Optimising equation . with respect to the level of proactive adaptation
leads to the optimal level for singletons:
∂ Wi
= d i (ē − q ) − a · p i = 0,
∂ pi
p i∗ (S) =

d i (ē − q )
,
ai

i∈
/ S.

i∈
/ S.

(.)
(.)

However when a region is a coalition member its level of proactive adaptation will aﬀect the value of the coalition as well as the regions share of the
coalition bene t. A coalition member’s share of the coalition value is given
by Vk (S), this was de ned in Equation .. e coalition member will set his
proactive adaptation level to maximise this. Hence, the following rst order
condition must hold:
∂ Wk (S) ∂ V (S)
=
·
∂ pk
∂ pk

Assuming:

∂

∑

∂



∑ Vk (S −k )
j ∈S Vj (S −j )

∂ pk
j ∈S Vj (S −j )

∂ pk

we have:


= 0,

k ∈ S.

= 0,

∂ V (S) ∂ Vk (S −k )
1
·
·∑
= 0.
∂ pk
∂ pk
j ∈S Vj (S −j )

(.)

(.)

(.)
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furthermore:

∂ V (S) ∂
=
∂ pk

∑

j ∈S Vj (S)

+

∂ pk

∂ Vk (S)
∂ pk

(.)

∂ Vk (S)
= d k · ē − d k · q (S) − a k · p k
∂ pk
∑
∑
∑
∂ j ∈S Vj (S) ∂ j ∈S Vj (S) ∂ q
dk
=
·
=
d j (1 − p j ) · −
∂ pk
∂q
∂ pk
mj
j ∈S

(.)
(.)

Resulting in:

∂ Wk (S)
=
∂ pk



d k · ē − d k · qS − a k · p k +

∑


d j (1 − p j ) · −

j ∈S

dk 

mj

· (d k · ē − d k · qS−k − a k · p k )
= 0. (.)

p k∗ =

∑



−1
· d k · ē − d k · qS−k − 1
d
(1
−
p
)
·
j
j ∈S j
m
j

a k · d k · ē · qS−k
+

d k · qS − d k · ē
ak

(.)

Where qS is the total level of emissions, given the coalition S , which can be
written in terms of p i , where regions denoted by f are singletons and regions
denoted by j are coalition members.
qS∗

∑

=

f ∈N \{S}

∗
qS−k
=

∑
f ∈N \{S}

df
mf

df
mf

· (1 − p f ) +

· (1 − p f ) +

∑

∑

j ∈S\{k }

· (1 − p j )

mj

j ∈S

∑

j ∈S d j

∑

j ∈S d j

· (1 − p j )

mj

(.)

(.)

.. e - Model

us we nd a unique level of proactive adaptation given the other regions’
levels of proactive adaptation for both the singleton and coalition member in a
speci c coalition. is problem is too complex to study further in an analytical
framework. Hence we develop the - model in the next section to run
empirical simulations of coalitions.

7.4

e

-

Model

7.4.1

e Numerical Model

e original  model consists of a two-stage, non-cooperative game
of coalition formation. At the rst stage, regions announce whether or not
they will join, i.e. become signatories of a unique coalition, the cartel. ose
announcing not to join the coalition remain singletons. At the second stage,
regions set their mitigation strategies for the planning horizon. e -
model adds an additional stage to the  model which takes place before
the two stages of . ese three stages are in essence identical to those
described in Section .. is rst stage is the proactive adaptation stage
where a level of proactive adaptation is chosen based on the expectation of
which coalition will form. Investments in adaptation will decrease the residual
damages associated with climate change in the future.
e welfare of the regions in the model is based on a payoﬀ function, which
represents the discounted net bene ts from mitigation (i.e. mitigation eﬀorts)
and adaptation over the model horizon. We assume that undiscounted bene ts
in each period depend not only on the current global mitigation level but also
on global mitigation in previous periods through reduced concentrations of
₂ and correspondingly lower gross damage levels; in contrast, mitigation
costs only depend on current mitigation levels within the region. e level
of proactive adaptation is set in the rst stage but the costs and bene ts of
adaptation are felt each period throughout the planning horizon.
Singletons (i.e. regions that do not participate in the coalition) choose their
mitigation level by maximising their own payoﬀs, taking the other regions’
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mitigation levels as given. Coalition members choose the mitigation levels
that maximise the sum of the mitigation payoﬀs of the signatories, taking the
mitigation levels of singletons as given. We refer to the situation where none
of the regions choose to join the coalition as “All Singletons;” the associated
optimal mitigation paths are an open loop Nash equilibrium. In the “Grand
Coalition”, all regions cooperate and global marginal mitigation costs and
bene ts are equated achieving the social optimum. If no region can receive
a higher payoﬀ by diverging, i.e. by unilaterally changing its strategy, the
coalition structure is called stable. us a coalition is stable if it adheres to
internal stability and externally stability.
Emission permit trading is incorporated in the model to allow for transfers
among regions in the coalition, such that emission permits can be traded only
among signatories. e transfers imply that if a region reduces its emissions
more than required for achieving the assigned emission permit level, the region
can sell permits to other signatories. On the other hand, if a region reduces
emissions less than the assigned mitigation level, the region has to compensate
the diﬀerence by purchasing permits. e price of a permit is endogenous
and equals marginal mitigation costs (as a result of the cost-bene t analysis).
Emission trading in the model ensures that the global optimum will be achieved
and creates a tool to incorporate the sharing rule of a coalition. We apply two
diﬀerent allocation schemes:
. No permit trading, where each year the distribution of permits follows
from the actual emissions; i.e. no transfers are allowed.
. Incentive allocation, where permits are allocated according to an “optimal” transfer scheme that maximises potential participation in the
international agreement (Carraro et al. ; Fuentes-Albero and Rubio
; McGinty ; Weikard ).
e incentive-based grandfathering scheme distributes emission permits proportional to the
outside option payoﬀ as described in Equation ..

.. e - Model

7.4.2

Calibration of the



-

Model

e original  model was introduced in Finus et al. () and has been
updated and extended to a forward-looking speci cation by Nagashima et al.
(). A detailed description of the speci cation of the  model is given
in Dellink et al. (). e  model includes twelve world regions; 
(), Japan (), European Union -  (), other  regions (),
Eastern European regions (), former Soviet Union (), energy exporting
regions (), China (), India (), dynamic Asian economies (),
Brazil () and the rest of the world (). e planning horizon in the
model consists of  years, ranging from  to . is ensures a proper
re ection of the long-term aspects of climate change, while the period for
which the international agreement holds is limited. Essentially, in  the
signatories strike an agreement that sets their mitigation path until , while
taking into account all future bene ts and costs from that mitigation path.
Future costs and bene ts are discounted at a regional discount rate, based on
region-speci c  growth rates and a pure rate of time preference that is
assumed to be equal across regions (cf. the Ramsey rule). Data from the 
model (Paltsev et al. ) is used to calibrate regional  emission and 
paths in the  model.
Bene ts from mitigation represent avoided damages, which in turn depend
on global atmospheric temperature change. e climate system is approximated
by a linear system of three equations (for concentrations, radiative forcing and
atmospheric temperature increase, respectively) assuming exogenous forcing
from non-₂ greenhouse gases and ignoring the non-linear feedbacks between
the atmosphere and the oceans. e original damage function is calibrated such
that global damages are calibrated separately from regional damage shares. is
is not restrictive given the assumption in  of linear bene ts and it allows
for the direct calibration of marginal global bene ts from mitigation, for which
much better information exists than for regional damage estimates (Nordhaus
). e mitigation cost function follows estimates of the  model by
Ellerman and Decaux ().
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Furthermore, exogenous technological progress is assumed implying an
annual reduction of marginal mitigation costs that is relatively small for the
developed regions (, , , , , ) and twice as high for the
other regions; this provides an approximation of the reduction in marginal
mitigation costs between  and  as projected by Morris et al. ().
Region
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Table .: Parameter values of -, where the cost and bene t
parameters are given as a fraction of the original net damages
e - model recalibrates the  damage function into a damage
function consisting of two forms of damages. e model equations of  are given in the appendix. We assume there are damages that can be
combated through proactive adaptation and damages that can be combated
by reactive adaptation. e net damages in the  model are split into
stock (proactive) damages and ow (reactive) damages based on the empirical
assessment of Chapter . As reactive adaptation has no eﬀect on the coalition
formation process, this form of adaptation can be implicitly included in the
damage function. As we have shown in Chapters  and  this will not aﬀect
the mitigation decision in a rst best world. Hence the ow damage part of

.. Results

the damage function represents the net ow damages assuming optimal ow
adaptation. e stock part of the damage function is given by the stock gross
damages which can be reduced through proactive adaptation. e level of
proactive adaptation is set in the rst period for all periods, the costs and
bene ts of which are felt in each period of the planning horizon. e costs and
bene ts of proactive adaptation are calibrated based on the empirical estimates
of Chapter , where each region has a unique proactive adaptation potential
and adaptation cost function. We assume a quadratic proactive adaptation cost
function for each region; pci t (p i t ) = a 1i · p i2t .
Table . gives the adaptation cost parameter estimates for the various
regions. In this chapter we focus on three levels of adaptation, which we refer
to as  adaptation,  adaptation and no adaptation. ese levels refer to
the optimal level of proactive adaptation in the All Singletons case and the
optimal proactive adaptation level in the Grand Coalition case. Both these
levels are presented in Table .. ese levels of optimal adaptation refer to
the optimal levels assuming there are no strategic advantages of proactive
adaptation by coalition members. ese values were estimated based on the
empirical assessment of Chapter .

7.5
7.5.1

Results
Analysis of the Grand Coalition

e chosen level of proactive adaptation will aﬀect the payoﬀs of regions in the
Grand Coalition and the incentives of regions to remain in the Grand Coalition.
As the level of proactive adaptation is chosen before the coalition formation
stage, that level will have to be set without the knowledge of which coalition
will form. Here we examine to what extent the payoﬀs of, and the incentives
to join, the Grand Coalition will be aﬀected by diﬀerent levels of proactive
adaptation. We examine two (extreme) levels of proactive adaptation, in which
all regions choose the same level of adaptation. Firstly, assuming that all regions
simultaneously choose the  level of proactive adaptation, i.e. the optimal level
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of proactive adaptation given that no coalition will form (All Singletons). is
is the highest credible level of adaptation as it coincides with the adaptation
level associated with the highest possible temperature in the model, i.e. the
temperature when there is no mitigation cooperation. Secondly, assuming that
all regions simultaneously set their level of proactive adaptation at the  level,
i.e. the optimal level given the formation of the Grand Coalition. is is the
lowest credible level of proactive adaptation as it coincides with the lowest
temperature in the model (when there is global cooperation in mitigation).
Table . shows the payoﬀs in the case of  adaptation and  adaptation for
each region with no transfers (i.e. no sharing rule) and with optimal transfers
(i.e. with an optimal sharing rule).
Region
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Table .: Payoﬀs in the Grand Coalition with optimal transfers and without
transfers in  over the time horizon ( years) in billion 
In the case of no transfers, while some regions have higher gains from the
Grand Coalition when all regions simultaneously adapt at the  level opposed
to  level, others do not. e regions that are worse oﬀ when  adaptation
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Table .: e incentives of regions to withdraw from the Grand Coalition, in
 over the time horizon ( years) in billion 

is chosen are , , ,  and . ese regions have relatively low
marginal abatement costs and hence in the Grand Coalition, these regions will
have high abatement levels to compensate other regions’ damages. If regions
over-adapt, by applying the  level of adaptation, their damages will decrease
resulting in a lower optimal level of global abatement. Hence low abatement
cost regions are better oﬀ when all regions over-adapt. In the case of optimal
transfers all regions with exception of  are better oﬀ in the Grand Coalition
when  adaptation is applied.
We now examine the incentives of regions to withdraw from the Grand
Coalition. e incentive of a region to withdraw is given by the diﬀerence
between a regions outside option payoﬀs and its Grand Coalition payoﬀs. ese
incentives are given in Table .. In the case of no transfers, the payoﬀs of ,
 and  are higher in the Grand Coalition, than in their outside options
(i.e. have negative incentive to withdraw); all others are better oﬀ withdrawing.
e coalition surplus is thus not large enough to pay all regions their outside
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option payoﬀ, making the Grand Coalition unstable.  and  have lower
incentives to stay in the Grand Coalition when  adaptation is applied than
when  adaptation is chosen. is is due to the decreased abatement under 
adaptation, leading to lower payoﬀs for these regions in the Grand Coalition.
ese regions both have high damage levels and would bene t in a coalition
without transfers, where they would not have to compensate other regions
for their mitigation eﬀorts. Other regions have a higher incentive to remain
in the Grand Coalition when  adaptation is applied as this results in lower
mitigation commitments in the Grand Coalition for these regions. In the case
of optimal transfers, a lower level of proactive adaptation ( adaptation) will
lead to higher abatement commitments in the Grand Coalition. is, in turn,
increases the free rider incentives of regions and hence the incentives of regions
to withdraw from the coalition. Even though all regions unanimously prefer
the  level of adaptation in the Grand Coalition, applying  adaptation will
in fact increase the incentives of regions to withdraw from the coalition.

7.5.2

Analysis of Stable Coalitions

e stable coalitions that form will depend on the level of proactive adaptation
chosen in the rst stage. Here we compare the stable coalitions found when
regions simultaneously and uniformly set their proactive adaptation at either
 or  levels. We only discuss the case of optimal transfers. e ten best
performing coalitions are given in .. e performance of a coalition is
measured by the  of global payoﬀ increases in comparison to the case
of the  level of adaptation. is is given as a percentage of gains from
cooperation, i.e. global payoﬀs in excess of the All Singletons global payoﬀ. e
best performing stable coalition found in - is the coalition between
, , ,  and  achieving some  of  of the gains of the
Grand Coalition. is coalition is stable when either  adaptation or 
adaptation is applied. All of the ten best performing coalitions include either
is is the same best performing coalition as found in  (Nagashima et al. ).

.. Results



,  or , these being the regions who contribute the most to the gains
from the cooperation (see Table .). ese mayor players form a coalition with
other regions (e.g. , , , , , , ) and compensate them
for their mitigation eﬀorts.
, , , ,  ()
, , , ,  ()
, , , , ,  ()
, , ,  ()
, , ,  ()
, , , , ,  ( )
, , , ,  ()
, , , ,  ()
, , ,  ()
, , ,  ( )
Table .: Ten best performing stable coalitions, where th eperformace of the
coalition is given in brackets (percentage of Grand Coalition gains achievedI

 adaptation
, , , ,  ()
, , ,  ()
, , ,  ()
, , , ,  ()

 adaptation
, ,  ()
, , ,  ()
, , ,  ()
, , ,  ()
, , ,  ()
, , ,  ()

Table .: Unique stable coalitions to the diﬀerent levels of adaptation, where
the performance of the coalition is given between brackets
Most of the stable coalitions found are stable for both levels of adaptation,
but some are unique to one of the two levels. When regions choose the  level
of adaptation more stable coalitions form ( versus ). is is because as
the bene ts of cooperation decrease (when more adaptation takes place) they
are more likely to be stable (Barrett ). However, several stable coalitions
form in the case of  adaptation that do not form in the case of  adaptation,
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as  adaptation increases the damages of regions, increasing their incentives
to join a coalition. e stable coalitions unique to each adaptation level, are
given in Table ..
Examining Table ., we can for example see that the coalition between
, ,  and  is stable when  adaptation is applied but not when
 is applied. In contrast, the coalition between , , ,  and 
is stable with  adaptation but not when  adaptation is applied. When
adaptation decreases  wants to join the coalition between , , 
and  making it externally unstable. is is because as adaptation decreases
the damages in  increase to such a degree that it becomes worthwhile for
 to join the coalition. e same is valid for  where the coalition between
, ,  and  becomes externally unstable under  adaptation as
 wishes to join it. Furthermore, when adaptation is lower, a coalition is
stable between three of the main players, i.e. ,  and . is coalition
is not internally stable in the  case as the damage levels in  and  are
too high, resulting in high levels of mitigation for .  has an incentive to
leave this coalition and free ride on the others’ mitigation. However, when the
damages of  and  are limited through a higher level of adaptation the
coalition becomes bene cial to  and hence the coalition is stable in the 
case.

7.5.3

Analysis of the Best Performing Stable Coalition

To get a better understanding of the strategic role that proactive adaptation
can play, we now consider what eﬀects a unilateral divergence of coalition
members would have on their payoﬀs in the best performing stable coalition
(the coalition between , , ,  and ). Firstly, we examine the
case where regions, when deciding their level of adaptation in the rst stage of
the game, assume the Grand Coalition will form, and hence adapt at the 
level. Secondly, we assume that regions in the rst stage expect that no coalition
will form and adapt at the  level.
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Table .: e diﬀerence in payoﬀs in percentage in the case of unilateral
over-adaptation ( by diverger and  by others) for the best performing
coalition, where coalition members are denoted by *
Diverging region
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Table .: Percentage change in outside option payoﬀs due to unilateral
over-adaptation ( by diverger and  by others)
Looking at the rst case, i.e. when a singleton unilaterally increases its proactive adaptation to the  level while the other regions’ adaptation remains at
the  level. We refer to this as unilateral over-adaptation. Table . presents the
changes in payoﬀs in the best performing stable coalition for the diverging region, for all coalition members excluding the diverging region, for all coalition
members, for all singletons and for all regions (global payoﬀs). Examining the



Chapter . e Role of Proactive Adaptation in International Agreements

case of unilateral over-adaptation by a singleton, we see that over-adaptation
results in higher payoﬀs for the diverging singleton. e diverging region increases its adaptation level and reduces its mitigation level, while the mitigation
of others remains the same, on balance increasing its payoﬀs. e payoﬀs to the
other players, and thus also to the coalition decrease as the mitigation level of
the diverging region has decreased. e total singletons payoﬀs increase due to
the diverging region’s increased payoﬀs. e total global eﬀect is in most cases
negligible, but in the case of larger regions ( and ) slightly positive.
Note that though global payoﬀs increase in the case of divergence by ( and
), environmentally the world is worse oﬀ as less mitigation is undertaken.
When a coalition member diverges and over-adapts, this region again
bene ts, for the same reasons as above. e bene ts of divergence are, however,
larger for coalition members than singletons. By over-adapting a diverging
coalition member can increase its outside option payoﬀs, as shown in Table
.. By increasing its outside option payoﬀs, it increases its share in the division
of the coalitional surplus of coalition members. In this way, due to the sharing
rule of the coalition, the diverging region can increase its coalition payoﬀs.
From Table . we see that the payoﬀs of the other coalition members decrease
while total coalition payoﬀs increase. Furthermore, when a coalition member
diverges, total singleton payoﬀs decrease as the mitigation level in the coalition
will decrease. In the case of a divergence by  the negative eﬀect on other
regions outweighs the positive eﬀect for  and the global payoﬀs decrease.
 is a major player with high damages, increasing its adaptation by diverging
will decrease the level of mitigation in the coalition to such a degree that global
bene ts decrease.
e results for under-adaptation and over-adaptation are symmetric in
this speci cation and coalition. In the case of unilateral under-adaptation,
is result is due to the fact that the best performing coalition is roughly halfway between the
All Singletons and the Grand Coalition in terms of gains and our model is linear. erefore, any
diversions from the optimum in either way will have symmetric eﬀects. us the unilateral
bene ts of over-adaptation are the same as the costs of unilateral under-adaptation.
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the diverging region sets adaptation at  while all other regions set their
adaptation at the  level. When a region diverges, its payoﬀs decrease. As
mitigation levels remain the same a reduction in adaptation decreases the
diverging region’s payoﬀs. As the diverging region applies more mitigation to
compensate for the lower level of adaptation, all other regions bene t.

7.5.4

Sensitivity Analysis

In this section we conduct a sensitivity analysis of our results. We rst examine
the potential role of strategic over-adaptation. We then set proactive adaptation
at the level optimal for singletons in the best performing stable coalition (
level) and examine what eﬀect that will have on the best performing coalition’s
stability and the results concerning over and under-adaptation.
In Table . the payoﬀs of a unilateral divergence to  of the  level are
given. In this case regions over-adapt by a substantial amount, i.e. outside the
credible range of proactive adaptation choices. e extra costs of adaptation
outweigh the bene ts of increased coalition payoﬀs and decreased mitigation
for most regions. Over-adaptation, furthermore, will result in lower mitigation
levels by the diverging regions, which has a negative eﬀect on the payoﬀs of all
regions. In the case of all regions adapting at the , if  diverges the best
performing coalition is no longer stable, as the  no longer has incentive
to join this coalition. e new best performing coalition is then that between
, , ,  and . e new coalition includes  in the place
of . Hence the burden of compensating the low mitigation cost regions
for their mitigation eﬀorts in the coalition will shi from  to . e
diﬀerences in payoﬀs compared to the previous best performing coalition are
given in Table .. All other regions are worse oﬀ due to the decreased level
of mitigation, where speci cally the  loses with a payoﬀ decrease of .
 .e payoﬀs for  increase by nearly . . Hence by setting its proactive
adaptation level extremely high, the  can in uence the coalition formation
Furthermore, the eﬀect on other regions’ payoﬀs is symmetrical.
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Diverging
region

*



*


*
*
*



Diverging Coalition
region
payoﬀs
payoﬀs
excluding
diverging
region
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.

na
na
na
-.
na
na
-.
-.
-.
na
na

Coalition
payoﬀs

Singletons’ Global
payoﬀs
payoﬀs

not stable
-.
-.
-.
-.
-.
-.
-.
-.
-.
.
-.

-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.

-.
-.
-.
-.
-.
-.
-.
-.
-.
-.
-.

Table .: Diﬀerences in payoﬀs in percentage in the case of unilateral extreme
over-adaptation: all regions apply  adaptation, diverging region applies
 of  adaptation, where coalition members are denoted by *
Global
-.

*
.


-.


-.


-.

*
-.


-.


-.

*
-.

*
-.

*
-.


-.


-.

Table .: Diﬀerences in payoﬀs in percentages between new best performing
coalition (with unilateral extreme over-adaptation of ) and original best
performing coalition

process and cause a new best performing coalition to form which is more
bene cial to the . is is but an illustrative example of an arbitrary level of
over-adaptation, other regions may also be able to bene t from other levels of
strategic over-adaptation by aﬀecting the coalition formation process.
e assumption that regions either choose  or  adaptation is somewhat
ad hoc. We therefore, now look at what the eﬀects are of unilateral divergence
when other regions adapt to the level optimal in the best performing coalition
(, , ,  and ). When the level of proactive adaptation is chosen
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which is optimal for the level of temperature change in the best performing
coalition ( level), this coalition remains stable, and indeed best performing.
Hence, expecting that the best performing coalition will form and adapting
accordingly will result in the best performing stable coalition being stable. We
assume that coalition members set their level of adaptation to be optimal for
the degree of temperature change associated with that coalition, i.e. they do
not consider the secondary bene ts of changes in coalition bene ts and their
share therein, but choose their adaptation level as a singleton would, given this
coalition. e rationale for this assumption is that at stage , regions cannot
be sure which coalition will emerge in stage . Again one region at a time
diverges to either a higher level of adaptation,  adaptation or a lower level of
adaptation,  adaptation.
Diverging
region

*



*


*
*
*



Diverging Coalition
region
payoﬀs
payoﬀs
excluding
diverging
region
.
-.
.
na
.
na
.
na
.
.
.
na
.
na
.
.
.
.
.
.
.
na
-.
na

Coalition
payoﬀs

Singletons’ Global
payoﬀs
payoﬀs

.
.
-.
.
.
.
.
.
.
.
.
.

-.
.
.
.
.
.
.
-.
.
.
.
-.

-.
.
.
.
.
.
.
.
.
.
.
.

Table .: e diﬀerence in payoﬀs in percentage in the case of unilateral
over-adaptation ( by diverger and  by others), where coalition members
are denoted by *
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Diverging
region

*



*


*
*
*



Diverging Coalition
region
payoﬀs
payoﬀs
excluding
diverging
region
-.
.
-.
na
-.
na
-.
na
-.
.
-.
na
-.
na
-.
.
-.
.
-.
.
-.
na
-.
na

Coalition
payoﬀs

Singletons’ Global
payoﬀs
payoﬀs

-.
.
.
.
.
.
.
-.
-.
-.
.
.

.
-.
-.
.
.
-.
.
.
.
.
.
-.

.
-.
-.
.
.
.
.
.
.
.
.
.

Table .: e diﬀerence in payoﬀs in percentage in the case of unilateral
under-adaptation ( by diverger and  by others), where coalition
members are denoted by *

In Table . the eﬀects on payoﬀs of unilateral over-adaptation are given
(applying ), assuming other regions adapt at the best performing stable
coalition level (applying ). e results for the payoﬀs of the diverging
regions are comparable to the previous results of Table ., where once again
we see that regions can bene t from over-adaptation. However, these eﬀects
are of a smaller magnitude as the divergence is less, i.e. the diﬀerence between
the divergers’ adaptation and the other regions’ adaptation is smaller. Here
divergence by a coalition member has ambiguous eﬀects on the payoﬀs of
other coalition members.
Table . shows the changes in payoﬀs when regions unilaterally underadapt. Here the results are of a much larger magnitude than in the case where
other regions apply  adaptation. Due to the decrease in global mitigation as
a result of the increase in other regions’ adaptation levels (from  to ), the
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losses associated with lower proactive adaptation in the diverging region will
increase.

7.6

Conclusion

is chapter investigated the role of proactive adaptation in mitigation coalition
formation. Game theory literature has studied the formation and stability of
coalitions, but does not include adaptation in these analyses. is chapter
introduced adaptation into a three-stage cartel game of coalition formation.
Adaptation can be divided into two categories, namely reactive and proactive
(anticipatory) adaptation. Reactive adaptation takes place aer climate change
occurs and hence any threat of higher or lower levels of adaptation will not be
credible. Proactive adaptation, on the other hand, takes place before climate
change occurs and before coalition formation and hence can change the payoﬀ
function for a region and its position in a coalition. Proactive adaptation may
thus have an eﬀect on coalition formation and stability.
In this chapter we, rstly, analytically derived the optimal level of mitigation
and proactive adaptation for both the singletons and coalition members. We
can, however, only determine these levels for a given coalition. We therefore
introduced the - model which is constructed based on the 
model but includes a proactive adaptation decision. is model combines
game theory and Integrated Assessment Modelling to create an applied threestage cartel formation model. is model consists of  heterogenous regions
and simulates all possible coalitions () and checks all coalitions for internal
and external stability.
Secondly, using - we investigated how diﬀerent levels of adaptation will aﬀect the Grand Coalition (where all members join the coalition)
payoﬀs. We rst assumed two levels of adaptation for illustrative purposes,
namely  adaptation and  adaptation.  adaptation refers to the optimal
level of proactive adaptation for singletons associated for singletons with the
Grand Coalition temperature path.  adaptation refers to the level of op-





Chapter . e Role of Proactive Adaptation in International Agreements

timal proactive adaptation in the All Singletons case (i.e. when no coalition
is formed). We found that when no transfers take place low abatement cost
regions such as, among others,  and  will bene t more when all regions
adapt at the  level as opposed to the  level, whereas other regions do not.
e reason is straightforward: with higher adaptation levels these regions have
to mitigate less. With optimal transfers the bene ts of the Grand Coalition
can be shared across regions and low marginal abatement cost regions can
be compensated for their high levels of abatement. Hence in the case of optimal transfers all regions are better oﬀ when  adaptation is applied, with
the exception of  which still will bene t slightly more by higher levels of
adaptation by all regions.
irdly, the incentives to withdraw from the Grand Coalition were examined. ough payoﬀs are higher when  adaptation is applied in the
Grand Coalition, incentives to withdraw are also higher than in the  case.
As adaptation decreases, mitigation in the coalition will increase resulting in
higher mitigation costs for coalition members and hence higher incentives to
withdraw from the Grand Coalition.
Furthermore, we examined how the diﬀerent levels of proactive adaptation
( and ) will aﬀect the stable coalitions formed. e resulting stable coalitions within the credible range of proactive adaptation levels ( and ) are
largely the same. Some coalitions, however, are unique to one of the two levels
of adaptation.
Fihly, we examined the best performing stable coalition and what strategic
eﬀect proactive adaptation may have. A coalition’s performance is measured in
the percentage of the gains achieved by the coalition through cooperation. e
best performing stable coalition in the - model is the coalition between
, , ,  and , achieving  of the potential cooperation gains.
We investigated the eﬀect of unilateral over-adaptation assuming that all
regions adapt at the  level and one region diverges to the  level. We saw
that diverging regions bene t from this, while all other regions lose (due to
the lower mitigation level in the diverging region). Furthermore, the increased
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bene ts of diverging coalition members are higher than those of singletons as
a coalition member can increase its outside option payoﬀ by over-adaptation,
thus in turn increasing its share of the coalition bene ts.
When we assumed all regions adapt at the  level and one coalition
member diverges to the  level, i.e. that member under-adapts, we saw the
opposite eﬀects: the diverging region loses, and all others gain. When assuming
that the other regions set their level of adaptation to the optimal level for the
best performing stable coalition, we saw roughly the same results but the eﬀects
were no longer symmetric. In this case, increased levels of proactive adaptation
by other regions ( instead of ) decrease global mitigation level, this in
turn increases the costs of under-adaptation by the diverging region.
Furthermore, we found that certain countries can in uence the stability
of the best performing stable coalition, by going beyond the credible level of
adaptation and strategically over-adapting. When  extremely over-adapts
( of  adaptation) the best performing stable coalition is no longer stable
and hence will not form. e new best performing stable coalition creates larger
bene ts for , where  takes the place of  and hence the burden of
compensating mitigation eﬀorts by other coalition members. e  can
extremely over-adapt to ensure the formation of a larger coalition, thereby
increasing its gains.
e main conclusions of this chapter are that adaptation will aﬀect both the
incentives to join the Grand Coalition and the stable coalitions. Furthermore,
excessive adaptation can be strategically applied by regions to gain higher
(coalition) payoﬀs. is is done at the cost of the other members. ough these
eﬀects are small, they nonetheless show that proactive adaptation can aﬀect
coalition formation.
ere are several limitations to this analysis. Firstly, we only investigate
several levels of proactive adaptation (and only unilateral divergences) and
do not identify a Nash equilibrium where each region optimises its proactive
adaptation given the expected outcome of the second stage of the game. is
next step is le for later research. Secondly, we do not consider uncertainty
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in our model. irdly, our results are dependent on our parameter estimates
which are based on the limited empirical literature on the costs and bene ts of
adaptation and mitigation. is work would bene t from better estimates on
the exact eﬀects of climate change, adaptation and mitigation.

7.A

-

model equations

Payoﬀ function (objective function)
max πi (p 1 , ..., p T ,q 1 , ...,q T ) =
T
∑
¦

©
(.)
(1 + ri t )−t · b i t (p t ,q t ) − mci t (q i t ) − pci t (p i t )

t =1

∀i ∈ N with qt ≡

∑N

i =1 q i t

and ri t ≡ ρ + η · ẏ i t

Stock of ₂




M t M t −1 ,qt = (1 − δM ) · M t −1 + γM ·
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∑
¦

©
ē i t − qi t ; M 0 = M 2010
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i =1

Radiative forcing
 
Ft M t = γF · M t + F non 2t
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Tt Tt −1 , Ft = (1 − δT ) · Tt −1 + γT · Ft ; T0 = T2010

(.)

gdi t (Tt ) = θi · (γD · Tt ) · Yi t

(.)

rdi t (p i t , Tt ) = gdi t (Tt ) · (1 − p i t )

(.)

Temperature change

Gross damages

Residual damages

.A. - model equations



Bene ts of mitigation
mb i t (p i 1 , ..., p i t ,qt ) =

∞
∑
¦

©
(1 + ri s )t −s · rdi s (p i s ,qt = 0) − rdi s (p i s ,qt )

s =t

(.)

Mitigation costs
aci t (q i t ) =

1
1
· αi · (1 − ς)t · qi3t + · βi · (1 − ς)t · qi2t
3
2

(.)

Adaptation costs
pci t (p i t ) = a i · p i2t

(.)

8
Conclusions
Climate change is one of the most challenging problems of our time. ough
some still argue that human-induced climate change does not exist (Byatt et al.
; Carter et al. ), the  concluded that much of the observed increase
in the globally averaged temperature since the mid  century is very likely
due to the observed increase in anthropogenic greenhouse gas concentrations
( a).
To comprehend the climate change issue in its entirety, various disciplines
need to be combined, many diﬀerent generations need to be considered, and
many region-speci c, diverse impacts need to be assessed. e impacts of
climate change will largely take place in the future, thus assumptions and predictions need to be made concerning the relationship between  emissions,
concentrations and radiative forcing, and the resulting climate change, the
relationship between climate change and impacts, and other factors such as
population growth and economic expansion. is leads to great uncertainties
in assessing the problems of climate change, and developing advice for climate
change policy.
Furthermore, in part because of the complexities and uncertainties of
climate change, those who take on the challenge of assessing optimal climate
change policies are oen met with critique. Firstly, some insist that there are
more pressing issues than climate change to address (e.g. Lomborg ), such
as the issues of poverty and development. ough I agree that there may be
worthier causes than reducing climate change and/or its impacts, this does not
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make the assessment of climate change redundant. I would rather argue that
such issues should be considered simultaneously, as done to a degree by Tol
and Dowlatabadi ().
Secondly, some insist that the application of cost-bene t analysis to the
climate change debate is not relevant from an ethical perspective, and because
of the uncertainties involved (van den Bergh ; Spash ; Vatn ; Vatn
and Bromley ). Weitzman () argues that the uncertainties are so high
that the small risk of high-impact events are highly underestimated in costbene t analysis, and appropriately accounting for uncertainty could lead to
unbounded suggested mitigation levels. ough uncertainties most de nitely
exist, I am of the opinion that more eﬀort should be put into reducing these
uncertainties through increased research as opposed to abandoning costbene t analysis completely. is is necessary because good alternatives to
cost-bene t analysis are hard to nd. Furthermore, when mitigation is applied
the chances of extreme climate change damage (in nite damages as described
by Weitzman ()) can be neglected, thereby making cost-bene t analysis
valid.
It is my opinion that the problems of cost-bene t analysis, as used in
s, do not lie in the limitations of these models so much as in the restricted
understanding of these limitations. s as they stand now do not include
several important aspects of the climate change problem. e uncertainties
involved in climate change are high, and furthermore, many of the impacts
of climate change are not included in damage assessments. Moreover, the
results of s are largely dependent on the discount rate chosen. ese are
all issues that modellers are, or at least should be familiar with. If, however,
policymakers lack this background understanding of the models, the validity of
the results presented may be misinterpreted. s can be used as tools to better
understand climate change policies, but they are by no means calculators to
determine the exact amount of investments needed in diﬀerent policy options.
When keeping the limitations of s in mind, I believe these models can play
an important role in providing information for combatting climate change
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more eﬃciently and eﬀectively.
For this reason my thesis is dedicated to the task of enhancing the costbene t approach of climate change policy analysis. e main objective of this
thesis is to contribute to the literature on climate change economics by creating
a consistent cost-bene t framework to simultaneously study adaptation and
mitigation at a macroeconomic level. e method chosen in this thesis is
that of , which summarises the whole cause-and-eﬀect chain of climate
change in simpli ed relationships with the hope of grasping the costs and
bene ts involved in mitigation. In this thesis, by creating an  framework
that includes both adaptation and mitigation as explicit policy variables, the
opportunity to simultaneously study both climate change policy options and
better understand their interactions, is created.
In the introduction to this thesis, several research questions were posed
concerning adaptation and its role in climate change policy. In this conclusion
I will rst summarise my main ndings by addressing these questions in turn.
In the second section of this conclusion I will make several general conclusions
concerning policymaking. e nal section makes recommendations for
further research, highlighting the limitations of this thesis.

8.1

Research Questions and Summary of Main Findings

How can adaptation be implemented in a global Integrated Assessment
Modelling Framework?
is research question was addressed in Chapter , where a framework that
can be applied to implement adaptation explicitly into an  was developed.
An explicit adaption choice was then introduced into the global , 
(Nordhaus and Boyer ), using this framework to create the -
model. e adaptation variable reduces the gross damages into residual damages, where the level of adaptation is de ned as the percentage of gross damages
reduced. In this framework, the adaptation costs and bene ts are represented
in adaptation cost curves where costs are expressed as a percentage of , and
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are a exponential function of the level of adaptation. e bene ts of adaptation
are simply represented by the level of adaptation, i.e. the percentage of gross
damages reduced. e model was calibrated to reproduce the net damage of
the original  model and the available data on adaptation costs and bene ts.
When setting adaptation at its optimal level in -, I found that although
the - model is calibrated to replicate the optimal control scenario of
, it also replicates the mitigation results of the  model under diﬀerent
scenarios and parameter values. e results concerning the economic impacts
of mitigation polices are not aﬀected by the explicit representation of optimal
adaptation.
What eﬀects do adaptation policies have on a global level?
e results from the - model of Chapter  show that both adaptation
and mitigation can reduce the impacts of climate change by a comparable
magnitude. In the - setting, only applying adaptation is more bene cial
than only applying mitigation, con rming the importance of adaptation as a
control option in combatting climate change impacts. Adaptation is especially
eﬀective in the short run, i.e. in the current century, aer which mitigation is
more eﬀective. ough adaptation and mitigation can each compensate for the
lack of the other, an optimal policy mix will naturally include both options. In
an optimal policy setting mitigation expenditures should be built up gradually,
whereas annual adaptation expenditures are higher in earlier periods and
decrease with increasing mitigation levels. My results also show that the bulk of
climate change damages consist of residual damages, consisting of more than
 of the net damages in the year , while adaptation and mitigation costs
are lower and of similar magnitude. When either adaptation or mitigation is
absent, the other control option can compensate for this to a certain degree.
However, utility losses are still considerably higher when one control option
cannot be applied than in the rst best setting. Furthermore, as adaptation is
predominantly eﬀective in the short run, and mitigation in the long run. e
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time pro le of climate change costs will change when either control options is
restricted.
is thesis also presented an extensive sensitivity analysis of these global
results in Chapter . e various model assumptions throughout the thesis, as
well as the resulting outcomes, were compared. I looked at ve diﬀerent  models and two - models. ese models vary in their base models
( versus ), their data, their description of adaptation (stock and
ow) and their assumptions about adaptation costs. I found that the general
conclusions of the - models remain the same across model versions.
ese conclusions include the optimal paths of adaptation and mitigation.
In the optimum, adaptation expenditures start directly and initially increase
until , aer which they decrease. Mitigation expenditures, on the other
hand, start slowly and increase over time until all emissions are mitigated. e
exact levels of adaptation and mitigation vary across models, but this general
mechanism holds throughout all models. is re ects that although there
are uncertainties involved in modelling adaptation, some general conclusions
are robust. Early versions of the - model included limited data on
adaptation costs and bene ts, whereas later versions include a more extensive
literature review. e newer estimates results in higher adaptation levels,
gross damages and adaptation costs. Furthermore, the adaptation cost curve
is aﬀected by the diﬀerent model assumptions. Speci cally assuming that
adaptation costs are not dependent on the level of output (as the damages are)
will lead to a much atter adaptation cost curve.
What eﬀects do adaptation policies and international adaptation funding have
on a regional level?
To answer this research question I introduced explicit adaptation into an 
framework in a multiregional setting, creating the applied  -.
is was done in Chapter . In a regional , decentralised decision making
can be modelled, in which case a global decision maker is no longer assumed,
and the results will depend on the degree of cooperation between regions.
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I examined three scenarios of cooperation: Nash (no cooperation), Climate
cooperation (regional diﬀerences in climate change damages are considered)
and Full cooperation (regional diﬀerences in income per capita are considered).
Explicitly including adaptation will not aﬀect the results regarding mitigation
policies when adaptation is assumed optimal, i.e. in a rst best world. Increased
cooperation will increase the optimal level of mitigation and decrease the
optimal level of adaptation.
I also examined the eﬀects of nancial transfers between regions for the
purpose of adaptation. In a rst best world, when adaptation is optimal,
transfers will not increase the level of adaptation in the host (receiving) region. Hence the foreign transfer crowds out domestic adaptation. I applied
- to examine the magnitude and direction of adaptation transfers.
Adaptation transfers will run from regions with low climate change impact to
regions with high climate change impact in the case of Climate cooperation. In
the case of Full cooperation, transfers run from high income regions to low income regions. In this case the transfers act as a form of development assistance.
Furthermore, I examined the case where adaptation is restricted in developing
regions (to better replicate the real world situation) and found that adaptation
transfers increase tremendously. A priori, the overall eﬀect that adaptation
transfers have on mitigation is ambiguous given the diﬀerent mechanisms
at work. An adaptation transfer will increase the budget of the host region,
which the host region can invest in mitigation, or it can increase production
and hence emissions. e transfer will decrease the budget of the donating region, decreasing mitigation investments or decreasing production. Adaptation
transfers can also be used as a substitute for mitigation when providing compensation to regions with high climate change impacts. Applying -, I
found that in the case of Climate cooperation emissions increase slightly. In the
case of Full cooperation, global emissions increase by a much larger amount.
is nal result is due to an overinvestment in adaptation funding, resulting in
excessive levels of adaptation and hence much lower levels of mitigation in the
host regions.
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What are the eﬀects of suboptimal adaptation?
In the  literature it is assumed that optimal adaptation will be implemented.
ere are many reasons, however, to believe that optimal adaptation will
not be possible. For example, lack of knowledge, capacity gaps or inertia
may result in underinvestments in adaptation. Furthermore, high levels of
climate change may lead to damages that cannot be adapted to, or rigidities
in implementing adaptation options may limit the eﬀectiveness of adaptation,
and risk aversion or misinformation may lead to excess levels of adaptation
expenditures. ese possible restrictions identi ed in the literature warrant an
analysis of suboptimal adaptation.
Chapter  was devoted to examining suboptimal adaptation and its eﬀects
on climate change costs, welfare and mitigation policies. I identi ed the prominent adaptation restrictions in the literature and translated these into scenarios
in the - model. e - model was also recalibrated using a
newer base model (-) and aggregated empirical estimates of adaptation costs and bene ts. e empirical literature was surveyed for estimates of
adaptation options. Using the climate change impact categories of the 
model, adaptation costs and bene ts were estimated per sector and aggregated
to calibrate the associated cost curves. e results of the - model
show that over-adapting to limit residual damages, ineﬀective adaptation due
to irreversible climate change and short term inaction are the most harmful
adaptation restrictions in the terms of total climate change costs. Furthermore,
I found that the various adaptation restrictions have diﬀerent eﬀects on the
optimal mitigation paths. For example, an upper limit on the funding of adaptation leads to evenly spread, relatively small increases in mitigation levels. In
contrast, an upper limit on the acceptable amount of residual damages leads to
higher levels of mitigation in earlier periods and lower levels in later periods. I
found that when mitigation is adjusted to help compensate for the restrictions
on adaptation, climate change costs can be limited – especially when adaptation
is restricted at high levels of climate change, or when the level of adaptation is
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restricted. e potential of mitigation to compensate for adaptation restrictions
should not be overestimated, however.
How can reactive and anticipatory adaptation be represented in an , and
what are the eﬀects of each form of adaptation?
Adaptation options are broadly divided into two categories, namely reactive adaptation and anticipatory (proactive) adaptation. Reactive adaptation options
are implemented in response to climate change stimuli, and their concomitant
costs and bene ts fall within the same period. Anticipatory adaptation involves
investments in adaptation before actual climate change impacts are felt. Anticipatory adaptation investments bring direct costs and a stream of adaptation
bene ts in the future. An adaptation capital stock is built up that depreciates and is replenished through investments. In previous - models all
adaptation was modeled as reactive. In Chapter , I addressed this speci c research question and created the - model, which includes two explicit
adaptation options, namely ow adaptation (reactive) and stock adaptation
(anticipatory). e results of this model showed that the level of adaptation
costs and the mix of reactive and anticipatory adaptation vary considerably
across diﬀerent regions and over time, and depend on the level of mitigation.
e three climate change policy tools (mitigation, stock adaptation and
ow adaptation) should all be applied to combat climate change in an optimal
manner, though they compete with each other for limited resources, and can
substitute each other when one option is limited. When a control option is
limited, the most similar available option will play a more important role in
compensating than the less similar other option. In the absence of mitigation,
stock adaptation plays a larger role than ow adaptation. When one of the
forms of adaptation is limited, the other will play a larger role than mitigation.
Flow adaptation, stock adaptation and mitigation have very diﬀerent time
pro les concerning the ow of bene ts. e discount rate will thus have
an enormous eﬀect on the optimal mix of policy options. A higher chosen
discount rate will lead to more adaptation as opposed to mitigation, and
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more ow adaptation as opposed to stock adaptation. Furthermore, a higher
depreciation rate of adaptation capital results in higher investments in stock
adaptation to compensate. Moreover, as stock adaptation is less eﬀective when a
higher depreciation rate is applied, ow adaptation compensates for this lower
eﬀectiveness.
What is the eﬀect of adaptation in coalition formation?
In Chapter  the role of proactive adaptation on mitigation coalition formation
was studied. Due to the large externalities of mitigation, international mitigation agreements are needed to ensure a globally optimal level of mitigation.
However, as regions generally act in their own self-interest, such agreements
are hard to achieve. Each region will have the incentive to free ride on the
mitigation of the other regions. Non-cooperative game theory studies how
self-enforcing coalitions can be formed. An agreement or coalition needs to be
self-enforcing, as there is no supranational authority which can enforce agreement targets. A self-enforcing coalition is considered stable when it adheres
to both external (no non-members wish to join the coalition) and internal
(no members wish to leave the coalition) stability. To understand the role
that adaptation will have on mitigation coalition formation and stability, I developed a three-stage cartel game, where in the rst stage regions choose their
level of proactive (anticipatory) adaptation, in the second stage they choose
whether or not to join a unique coalition, and in the nal stage they play a
trans-boundary pollution game where singletons (non-coalition members) set
their mitigation levels to maximise regional payoﬀs, and coalition members set
their mitigation levels to maximise coalition payoﬀs. Reactive adaptation plays
no role in the coalition formation process, as such adaptation takes place aer
the coalition formation process. Any threat in the form of over-adaptation or
under-adaptation will thus not be credible.
An empirical game theoretical model was developed based on the 
model. is model, -, includes an explicit proactive adaptation variable to the  model, and also includes implicit reactive adaptation in the
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damage function. is model contains  regions, each with a unique damage
function, mitigation cost function, adaptation cost function, projected 
path and projected  emissions path. e model considers each possible
coalition () and checks each for internal and external stability.
I found that the chosen level of proactive adaptation will aﬀect the payoﬀs
of the Grand Coalition, as well as the incentives to withdraw from the Grand
Coalition. I examined two levels of proactive adaptation, namely the level
optimal when no coalition forms ( adaptation) and the level optimal when
the Grand Coalition forms ( adaptation). I found that when no transfers
take place, low abatement cost regions such as  and  gain more when
all regions simultaneously choose  adaptation rather than  adaptation.
With optimal transfers the bene ts of the Grand Coalition can be shared across
regions, and low marginal abatement cost regions can be compensated for their
high levels of abatement. In the case of optimal transfers, regions are therefore
better oﬀ when the Grand Coalition optimal adaptation is applied.
e in uence of over-adaptation ( adaptation) or under-adaptation ()
on the stable coalitions found is small. e results of -, however, show
that regions can increase their payoﬀs through unilateral over-adaptation.
is eﬀect is stronger in the case of a diverting coalition members where,
assuming an optimal sharing rule (i.e. each coalition member receives a share
of the coalition bene ts based on the relative size of its outside option payoﬀs),
a coalition member can increase its share of the coalition payoﬀs. Underadaptation, on the other hand, results in higher residual damages in the region
and hence increased mitigation in the coalition, leading to lower payoﬀs for the
diverting region and higher payoﬀs to other regions. In our setting, the  can
in uence the coalition formation process by strategic over-adaptation. If the
 strategically over-adapts ( ), the previous best performing stable
coalition is no longer stable. Furthermore, the new best performing stable
coalition results in signi cantly higher bene ts for the the , where the 
takes the place of the  in the best performing stable coalition and the 
can free ride on the mitigation eﬀorts of the new coalition.
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8.2

Conclusions Concerning Policymaking

From the work done in this thesis I will now draw seven main policy conclusions. Firstly, in Chapters  and  I found that explicitly including adaptation
in an  and setting adaptation at its optimal level, when compared to an
 with implicit optimal adaptation, will not change the policy recommendations concerning mitigation. If adaptation is assumed to be optimal, the
recommendations of s that do not include explicit adaptation still hold.
My second main policy conclusion, is that if there are restrictions to
adaptation (i.e. it is not applied at the optimal level) the recommendations
of s that exclude explicit adaptation are no longer valid as they assume
optimal adaptation, and cannot represent suboptimal adaptation. In Chapter ,
I investigated this issue and found that when adaptation is restricted, increased
mitigation can compensate for the reduced level of adaptation. However, if
policies are based on the assumption that adaptation is optimal, mitigation
levels will be set too low. Higher costs will arise if restrictions on adaptation
are not considered, and if mitigation policies are not adjusted accordingly.
Furthermore, mitigation policies will need to be adjusted depending on the
adaptation restrictions faced.
I examined six diﬀerent types of adaptation restrictions: an upper limit on
the level of adaptation, an upper limit on the adaptation funding available, an
upper limit on the acceptable residual damages, short term inaction, rigidity
of adaptation policies, and decreased eﬀectiveness of adaptation over temperature increases. In the case of most restrictions, mitigation levels should be
increased gradually over time to compensate for the suboptimal adaptation.
In the case of a limit on the acceptable residual damages, however, mitigation
should increase substantially in this century, aer which the level should be
decreased again. In the case of short-term inaction concerning adaptation,
mitigation will only need to be increased in the periods when adaptation is not
applied. Speci cally, mitigation can play an important role in compensating
for adaptation restrictions and limiting climate change costs in the cases of
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decreasing eﬀectiveness of adaptation as temperatures increase, and of limits
on the level of adaptation. In the case of decreasing eﬀectiveness of adaptation
mitigation becomes more eﬀective, as it will not only reduce gross damages but
also limit the reduction in adaptation eﬀectiveness.
Restrictions on adaptation are likely to exist, though the question of which
adaptation restrictions will be faced in the future cannot be answered. e
restrictions which, in my opinion, are most likely are those of limited adaptation
levels, limited adaptation funding and decreased adaptation eﬀectiveness as
temperatures rise. ese restrictions call for gradual increases in mitigation
over time (compared to the case of optimal adaptation), where my results show
an increase of mitigation of approximately  in . Policymakers should
adjust mitigation policies upward to take adaptation restrictions into account.
irdly, if policymakers choose to implement nancial transfers for the
purpose of adaptation, such as the adaptation fund in the Kyoto protocol,
there are several important issues that should be considered. To ensure that
adaptation transfers achieve their goal, the eﬀects of adaptation transfers on
local adaptation in the receiving region need to be understood. e results of
Chapter  show that in a rst best world, adaptation transfers will fully crowd
out local adaptation eﬀorts. However, assuming a rst best world oen seems
unrealistic, especially in the case of developing regions where restrictions
to adaptation seem more likely. Furthermore, the magnitude and direction
of transfers are very diﬀerent, with diﬀerent forms of cooperation. us,
depending on the ultimate goal or goals of adaptation transfers, the direction
and magnitude of transfers will diﬀer.
When transfers are undertaken solely for the purpose of equalising the
costs of climate change across regions, transfers will ow from low impact
to high impact regions. International adaptation funding, however, generally
concerns developing regions. is is not only because developing regions are
oen hit the hardest by climate change, but also due to the limited resources
in such regions to undertake adaptation and general concern for the welfare
of poorer regions. When transfers are undertaken with the goal of equalising
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incomes across regions, transfers not only increase largely, but they ow from
rich to poor regions as opposed to low-impact to high-impact regions. us,
depending on the goal of a policy, the magnitude and direction of ows of
adaptation transfers will vary.
With regards to my fourth main policy conclusion, I found in Chapter
 that proactive over-adaptation can be used strategically to aﬀect coalition
formation. Over-adaptation and under-adaptation within a credible range (i.e.
between the level optimal in the case of All Singletons and the level optimal
in the Grand Coalition) hardly changes the stable coalitions found, and results
in the same best performing stable coalition. My results do show that in the
case of the , applying strategic over-adaptation (i.e. at a level of  of the
all singletons optimal level) can in uence the resulting best performing stable
coalition. In this case, over-adaptation will make the previous best performing
stable coalition internally unstable, as the  wishes to leave. e resulting
best performing coalition consists of the same regions, however the  takes
the place of the . In this way the  can free ride on the new coalition
predominantly at the cost of the .
Fihly, I suggest that policymakers should ensure they have a good understanding of the assumptions, limitations, and data underlying the model
outputs on which they base policies. If policies are designed without a full understanding of the models used, then this will lead to unsound policies. s
are limited, and understanding their limitations will make for better policy
recommendations.
Sixthly, adaptation and mitigation strategies should be considered simultaneously. roughout this thesis we see that adaptation and mitigation have
strong eﬀects on each other. One cannot recommend a mitigation strategy
without making assumptions concerning adaptation.
For my nal main policy conclusion, I think that policymakers should not
underestimate the role that research can play in creating sound policy advice
to combat climate change. Increased investments in research will increase the
understanding of climate change policy options and their eﬀects. is will in





Chapter . Conclusions

turn lead to better policies. My speci c suggestions on what research should be
undertaken are discussed in the next section.

8.3

Further Research

My recommendations for further research concern two areas, namely acquiring better information and the creation of better models. I will discuss my
recommendation within each area in turn.

8.3.1

Towards Be er Information

While conducting the research for this thesis I came across a distinct gap in
the literature. ere is a severe lack of estimates concerning the costs and
bene ts of adaptation. ough there are many small-scale regional/sectoral
estimates, aggregated estimates of total adaptation costs and bene ts are very
limited. Estimates of adaptation costs and bene ts are strongly linked to the
estimated climate change damages, which should also be improved. In this
thesis I have used the estimates available, and aggregated these to create global
and regional estimates. To fully understand the eﬀects of adaptation and its role
in climate change policies, however, better and more detailed data is needed.
Many possibilities to expand the estimates on adaptation remain, and given the
important role it plays in limiting climate change damages, I feel urgently that
these possibilities need to be explored.
When conducting the sensitivity analyses of this thesis, I found that the
estimated level of climate change damages has a large in uence on the optimal policy mix. ough climate change damage estimates exist, these are
oen outdated and vary to a large degree between authors. is uncertainty
regarding the damages of climate change could be reduced through increased
research on the issue. e debate concerning climate change damage levels
gives policymakers (and consumers, for that matter) reason to ignore the climate change issue. Consistent, well-based regional estimates would not only
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enhance economic climate change research, but would also leave less room for
climate change skepticism.
Besides the lack of data on adaptation costs and bene ts, there is also
very little known about real life applications of adaptation. Most estimates are
theoretical and re ect a rst best world, where there are no limitations to the
application of adaptation. Naturally, most adaptation will take place in the
future, making it hard to assess how much adaptation will be applied in the
real world. However, I do see potential in research into certain restrictions
on adaptation. For example, it is not hard to understand that a developing
region in Africa will most probably not be able to assemble the funds to build a
billion dollar sea-wall. Some research has been done by  (a), where the
adaptation funding gaps are identi ed for various least developed regions. is
is a good starting point, but more research should and can be done concerning
the restrictions to adaptation, speci cally in developing regions.

8.3.2

Towards Be er Models

Cost-bene t analysis and s have limitations: they simplify reality and
involve much uncertainty. I believe improvement can be made in the area of
cost-bene t analysis and s, and would like to make suggestions for further
research in this area. Cost-bene t should be improved, or a decent alternative
should be developed.
Firstly, s present a simplistic version of reality, and models could be an
enhanced by more detailed representation of the real world. Speci cally, this
thesis introduced a consistent framework to study adaptation and mitigation
simultaneously. roughout the thesis this framework is expanded to include
regional diﬀerentiations and a more detailed description of adaptation. ough
this is a good step, there are still many more improvements possible. is
does not only concern adaptation itself, but also the eﬀects of climate change
damages. At this stage simpli cations were necessary, but given better data and
more research on the relationships between climate change and the economy,
a more detailed framework can be developed. For example, climate change
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damages are modelled as a direct eﬀect on economic production, whereas
climate change has direct eﬀects on various inputs in the economy as well as its
nal production. Climate change will aﬀect health, which in turn will aﬀect the
amount of labour available in the economy. Sea level rise will destroy capital
needed for production. Furthermore, the direct eﬀects between adaptation and
mitigation can be included, where some adaptation options may decrease or
increase mitigation and vice versa.
Moreover, in most models the damage function is aggregated across sectors,
which limits the understanding of the impacts in each sector. Adaptation options are diﬀerent in various sectors, and should be modelled sector-speci cally.
Some s do actually model damages on a sectoral basis, even including adaptation in some sectors (as in the  model). However, all these interactions
can be modelled explicitly in an expanded framework. I think that we are a
long way away from such a detailed model, mainly due to the lack of data,
however this is the goal we should be working towards – a truly comprehensive
representation of climate change and its interactions with the economy.
Secondly, I suggest that uncertainties should be considered more rigourously. Weitzman () argues that current cost-bene t analysis, even studies
that consider uncertainty explicitly, do not account for the small chances of
extremely damaging events (the so-called fat tails). e uncertainties of irreversibilities, tipping points and rapid climate change are not considered. is
is an important limitation of this thesis.
irdly, the search for optimal climate change policies could bene t from
further advances in robust decision making () (Lempert et al. ). is
approach attempts to facilitate policymakers in establishing robust policies
when they are faced with a broad range of models and data. Given the uncertainty of future climate change and its eﬀects, policies need to be set that
perform well over diﬀerent alternative futures and parameter values. A robust strategy does this, performing relatively well – compared to alternatives
– across a wide range of plausible futures.  suggests candidate strategies
and identi es clusters of future states of the world, and then evaluates these
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strategies. Due to increasing computational capabilities, advances can be made
in this area, creating policy advice that will be more resilient to various possible
future developments.
Finally, s generally assume one benevolent decision maker, who maximises global bene ts. ough some models that include diﬀerent regions and
decentralised decision making, have been developed (e.g. -), these
models are still very simplistic. To fully understand the interactions between
regions, and how regions can/will cooperate more detailed, sophisticated
multi-player models are necessary. Here too, due to increasing computational
capabilities, advances can be made in this area.



Summary
Due to the increase of atmospheric concentrations of s, our climate is changing. Mean temperatures are rising and the occurrences of extreme weather
events are increasing. To address the issue of climate change, policymakers
have two main control options, namely adaptation and mitigation. Mitigation entails the reduction of  emissions or carbon sequestration, hereby
limiting climate change. Adaptation entails adjustments in ecological, social
or economic systems to better t the new climate, reducing the damages or
increasing the bene ts associated with a certain level of climate change.
To combat climate change eﬃciently, both these options need to be considered and utilised in policymaking. e focus in the economic literature on
climate change, however, has been on the analysis of mitigation, and adaptation is oen neglected due to (among other things) the complexities involved
in the analysis of adaptation costs and bene ts. For accurate climate change
policy recommendations, adaptation and mitigation need to be considered
simultaneously in a consistent framework.
Integrated Assessment models (s) provide such a consistent framework,
which analyses the cause-and-eﬀect chain of the climate change problem.
However, adaptation is generally ignored or only implicitly included in such
models. is thesis focuses on the analysis of the economics of climate change
adaptation within s. By including an explicit adaptation variable into
s, the eﬀects of adaptation policies as well as the eﬀects of mitigation and
adaptation interactions can be studied.
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In Chapter , a general framework which includes an explicit adaptation
variable in s is developed. is framework is applied to the  model
to create the - model. e results of the - model can
inform us about several issues concerning adaptation and its eﬀects on climate
change policies. Adaptation costs and bene ts can be summarised within this
framework by means of an adaptation cost curve. When adaptation is assumed
to be optimal, making it explicit will not aﬀect the results of s concerning
mitigation policies. In the - setting, both adaptation and mitigation
can substantially decrease climate change costs, where the application of
adaptation alone is more bene cial than the application of mitigation alone.
Adaptation plays a larger role in reducing climate change costs in the short run
than does mitigation. Furthermore, adaptation expenditures will be high in
early periods and increase in the next century, aer which they will decrease
as mitigation reaches high levels. Mitigation investments, on the other hand,
will start low and gradually build up over time. Adaptation and mitigation
can compensate for the lack of each other, but an optimal policy will include
both options. e - results show that residual damages compose the
bulk of climate change costs (some ) while mitigation and adaptation costs
constitute some  each. Moreover, the discount rate chosen will largely aﬀect
the optimal policy mix between adaptation and mitigation.
In Chapter , an explicit adaptation variable is introduced into an 
framework in a multiregional setting. In a regional , the results depend on
the degree of cooperation between regions. ree scenarios of cooperation are
examined, i.e. Nash (no cooperation), Climate cooperation (regional diﬀerences in climate change damages) and Full cooperation (regional diﬀerences
in income per capita). As in a global , in a regional  explicitly including
adaptation will not aﬀect the results that regard mitigation policies when adaptation is assumed optimal, i.e. in a rst best world. In an analytical model the
eﬀects of adaptation transfers, i.e. nancial transfers between regions for the
purpose of adaptation in the receiving region, are studied. In a rst best world,
when adaptation is optimal, transfers crowd out domestic adaptation in the
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host region. An applied multiregional , - (based on ), is
created to examine the eﬀects of adaptation transfers. is model ensures that
crowding is completely restricted. In the case of Climate cooperation, adaptation transfers will run from low climate change impact regions to high climate
change impact regions. In the case of Full cooperation, transfers run from
high-income regions to low-income regions. In this case adaptation transfers
act as a form of development assistance. When adaptation is restricted in developing regions, in the case of Climate cooperation adaptation transfers increase
tenfold. e - results show that in the case of Climate cooperation,
transfers will only slightly increase  emissions. is eﬀect will be much
larger in the case of Full cooperation, because over-investment in adaptation
funding will result in excessive levels of adaptation and hence much lower
levels of mitigation in the host regions.
In Chapter , suboptimal adaptation and its eﬀects on climate change
costs, welfare and mitigation policies are examined. In the  literature it
is generally assumed that optimal adaptation will be implemented, however
there are many reasons to believe that optimal adaptation will not be possible
(e.g. lack of knowledge, capacity gaps or inertia). e prominent adaptation
restrictions in the literature are identi ed and translated into scenarios in the
- model. e - model is calibrated using a newer base
model () and aggregated empirical estimates of adaptation costs
and bene ts. e results of the - model show that over-adapting
to limit residual damages, ineﬀective adaptation due to irreversible climate
change, and short term inaction are the most harmful adaptation restrictions.
Furthermore, the various adaptation restrictions are found to have diﬀerent
eﬀects on the optimal mitigation paths. For example, an upper limit on the
funding of adaptation leads to evenly spread, relatively small increases in
mitigation levels. In contrast, an upper limit on the acceptable amount of
residual damages leads to higher levels of mitigation in earlier periods and
lower levels in later periods. When mitigation is adjusted to help compensate
for the restrictions on adaptation in this setting, however, climate change costs
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can be limited, especially when adaptation is restricted at higher levels of
climate change, and when the level of adaptation is restricted.
In Chapter , an explicit adaptation framework that include two forms
of adaptation, namely reactive ( ow) adaptation and anticipatory (stock) adaptation, is developed. Adaptation options are broadly divided into these two
categories in the adaptation literature. Reactive adaptation options are implemented in response to climate change stimuli and their concomitant costs and
bene ts fall within the same period. Anticipatory adaptation involves investments in adaptation before actual climate change impacts are felt. Anticipatory
adaptation investments bring direct costs, but a stream of adaptation bene ts
in the future. An adaptation capital stock is built up that depreciates over time
and is replenished through investments. e - model is calibrated
based on an extensive literature survey on the costs and bene ts of both forms
of adaptation, and shows that ow adaptation costs will be slightly higher than
stock adaptation costs. Both forms of adaptation are important tools to oﬀset
climate change damages.
e level of adaptation costs and the mix of reactive and anticipatory
adaptation vary considerably across diﬀerent regions, over time, and over the
level of mitigation. e three climate change policy tools (mitigation, stock
adaptation and ow adaptation) are substitutes, and as one control option
is limited the marginal bene ts of the other control options will increase,
increasing their optimal levels. When one option is limited, the most similar
available option will play a more important role in compensating than the less
similar control options. In other words, stock adaptation compensates for a
lack of mitigation and one form of adaptation compensates for a lack of the
other. As ow adaptation, stock adaptation and mitigation have very diﬀerent
time pro les with regards to the ow of bene ts, the discount rate will have
a substantial eﬀect on the optimal mix of policy options. Moreover, a higher
depreciation rate of adaptation capital results in higher investments in both
stock adaptation and ow adaptation to compensate.
In Chapter , an assessment of the diﬀerences in assumptions and results
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across the various - and - models is presented. ese models
vary in their base models ( versus ), their empirical data, their
description of adaptation (stock and ow) and their assumptions on adaptation
costs. is chapter shows that many general conclusions of the - models
remain the same across model versions. ese conclusions include the optimal
paths of adaptation and mitigation – adaptation expenditures start directly
and increase aer which they decrease, whereas mitigation expenditures
start slowly and increase over time until all emissions are mitigated. e
exact levels of adaptation and mitigation vary across models but this general
mechanism holds throughout all models. e newer empirical estimates result
in higher adaptation levels, gross damages and adaptation costs. Furthermore,
the adaptation cost curves vary across models. Speci cally assuming adaptation
costs are not dependent on the level of output (as are the damages) will lead
to a much atter adaptation cost curve, i.e. marginal costs increase at a much
slower rate.
In Chapter , the eﬀects of proactive (anticipatory) adaptation in mitigation coalition formation are studied. Due to the lack of a supranational
authority, mitigation agreements (or coalitions) need to be self-enforcing. A
self-enforcing coalition is considered stable when it adheres to both external
(no non-members wish to join the coalition) and internal (no members wish
to leave the coalition) stability. To understand the role that adaptation will
have on mitigation coalition formation and stability, a three-stage cartel game
is developed. As adaptation will only have strategic implications when there
is a commitment to adaptation before the international mitigation agreement
is negotiated, I focus on proactive, anticipatory adaptation. In the rst stage
regions choose their level of proactive adaptation, and in the second stage they
choose whether or not to join a unique coalition. In the nal stage they play a
trans-boundary pollution game where singletons (non-coalition members) set
their mitigation levels to maximise regional payoﬀs, and coalition members
set their mitigation levels to maximise coalition payoﬀs. Reactive adaptation
plays no role in the coalition formation process. As such adaptation takes place
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aer the coalition formation process, and will always adjust to the negotiated
mitigation policies and resulting damages from climate change. Any threat in
the form of over-adaptation or under-adaptation will thus not be credible at
the third stage.
Proactive adaptation can play a role, however, as it sends a signal before the
coalition formation process. An applied game theoretical model is developed
based on the  model. is model, -, adds an explicit proactive
adaptation variable to the  model, and also includes implicit reactive
adaptation in the damage function. e - model contains  regions,
each with a unique damage function, mitigation cost function, and adaptation
cost function. e model considers each possible coalition () and checks
each for internal and external stability.
e results of - show that the chosen level of proactive adaptation
will aﬀect the payoﬀs of the Grand Coalition, as well as the incentives to
withdraw from the Grand Coalition. Two levels of proactive adaptation are
examined, namely the level optimal when no coalition forms ( adaptation)
and the level optimal when the Grand Coalition forms ( adaptation). When
no transfers take place, low abatement cost regions such as China and Eastern
Europe gain more when all regions simultaneously choose  adaptation
rather than  adaptation. With optimal transfers, the bene ts of the coalition
can be shared across regions, and low marginal abatement cost regions can
be compensated for their high levels of abatement. In the case of optimal
transfers, regions are therefore better oﬀ when  adaptation is applied (with
the exception of China), though their incentives to withdraw from the Grand
Coalition increase.
e in uence of proactive adaptation on which stable coalitions emerge
is small. e results of -, however, show that regions can increase
their payoﬀs through unilateral over-adaptation at the cost of other regions.
is eﬀect is stronger in the case of a diverting coalition member where, under
optimal transfers, a coalition member can increase its share of the coalition
payoﬀs by increasing its level of proactive adaptation. Under-adaptation, on
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the other hand, results in higher residual damages in the region, and hence
increased mitigation in the coalition, leading to lower payoﬀs for the diverting
region and higher payoﬀs to other regions. It is thus not rational (nor credible)
to under-adapt.
is thesis draws six main policy conclusions. Firstly, the explicit representation of optimal adaptation does not bias s, and mitigation policy
recommendations based on such models are still valid. Secondly, if adaptation is not optimal, which is likely in the real world, explicit representation
of adaptation is needed, and mitigation policies need to be adjusted based on
the speci cs of the adaptation restrictions. irdly, when designing adaptation
transfers, the secondary eﬀects of such transfers should be considered and the
design of such transfers will depend on their ultimate goal (a combination of
climate impact alleviation and development assistance). Fourthly, proactive
over-adaptation can be used strategically to increase one's payoﬀ in a mitigation coalition at the cost of other regions and the environment. Fihly,
policymakers should ensure that they understand the limitations and assumptions of s that they apply in policymaking to avoid unsound policymaking.
Finally, as the premise of this thesis suggests and the results con rm, adaptation and mitigation policies should be considered simultaneously, as they will
aﬀect each other.



Samenva ing
Door de toename van concentraties van broeikasgassen in de atmosfeer verandert ons klimaat. De gemiddelde temperatuur stijgt en extreme weersomstandigheden komen vaker voor. Om het klimaatveranderingvraagstuk aan
te pakken hebben beleidsmakers twee opties, namelijk mitigatie en adaptatie.
Mitigatie is de reductie van de uitstoot van broeikasgassen of een toename van
₂ opvang en opslag, wat klimaatverandering beperkt. Adaptatie is de aanpassing van ecologische, sociale en economische systemen zodat deze beter bij
het veranderde klimaat passen. Dit beperkt de schade van klimaatverandering
en vergroot de eventuele baten van klimaatverandering.
Om klimaatverandering eﬃciënt te bestrijden moeten beide opties worden
overwogen en toegepast in klimaatbeleid. De nadruk in de economische
literatuur over klimaatverandering ligt echter op de analyse van mitigatie.
Adaptatie wordt vaak onderbelicht, mede door de grote complexiteit bij het
analyseren van kosten en baten van adaptatie. Om accurate aanbevelingen voor
klimaatbeleid te kunnen maken is het noodzakelijk dat adaptatie en mitigatie
samen worden geanalyseerd in een consistent kader.
Integrated Assessment Modellen (s) verschaﬀen een consistent kader
waarin de oorzaken en gevolgen van het klimaatsvraagstuk kunnen worden
geanalyseerd. Adaptatie wordt echter gewoonlijk onderbelicht of alleen impliciet meegenomen in zulke modellen. Dit proefschri behandelt de economie
van klimaatadaptatie binnen s. Door een expliciete adaptatievariabele toe te
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voegen aan s kunnen zowel de eﬀecten van adaptatiebeleid als de interactieeﬀecten van mitigatie en adaptatie worden bestudeerd.
In hoofdstuk  ontwikkel ik een algemeen kader om adaptatie als een
expliciete variabele in s op te nemen. Ik pas dit kader toe op het 
model om zo het - model te creëren. Dit model kan ons inzicht geven
in verscheidene kwesties omtrent adaptatie en haar eﬀecten in klimaatbeleid.
De kosten en baten van adaptatie kunnen binnen dit kader worden samengevat
door middel van een adaptatiekostencurve. Als aangenomen wordt dat adaptatie optimaal is, zal het expliciet maken van adaptatie geen eﬀect hebben op de
resultaten voor mitigatiebeleid van s. In het kader van - kunnen
zowel adaptatie als mitigatie de kosten van klimaatverandering aanzienlijk
verminderen, waar het toepassen van alleen adaptatie voordeliger is dan alleen
mitigatie. Op de korte termijn (deze eeuw) speelt adaptatie een grotere rol dan
mitigatie in het verminderen van de kosten van klimaatbeleid. Uitgaven aan
adaptatie zijn hoog in eerdere perioden en nemen toe tot  waarna ze dalen
op het moment dat mitigatie een voldoende hoog niveau hee bereikt. Uitgaven aan mitigatie zullen laag beginnen en over de jaren geleidelijk toenemen.
Adaptatie kan een tekort aan mitigatie compenseren en vice versa, maar een
optimaal beleid zal beide beleidsvormen bevatten. De - resultaten
laten zien dat klimaatkosten voor het grootste deel uit restschade bestaan (zo’n
) terwijl adaptatie- en mitigatiekosten van vergelijkbare grootte zijn.
In hoofdstuk  wordt een expliciete adaptatievariabele geïntroduceerd in
een multiregionaal  kader. In een regionale  zijn resultaten aankelijk
van de mate van samenwerking tussen landen. Drie samenwerkingsscenario’s
worden bekeken, te weten Nash (geen samenwerking), Klimaatsamenwerking
(rekening houdend met regionale verschillen in klimaatschade) en Volledige
samenwerking (rekening houdend met regionale verschillen in inkomen).
Net als in het geval van een mondiaal model zal het expliciet maken van
adaptatie de modelresultaten wat betre mitigatiebeleid niet beïnvloeden als
aangenomen wordt dat adaptatie optimaal is. In een analytisch model worden
de eﬀecten van adaptatieoverdrachten onderzocht—dat zijn nanciële over-
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drachten tussen landen ten behoeve van adaptatie. Als adaptatie optimaal is
zullen adaptatieoverdrachten lokale adaptatie verdringen. Een toegepaste multiregionaal , - (gebasseerd op ), is gebouwd om de eﬀecten
van deze overdrachten te onderzoeken. In dit model wordt verdringing van
lokale adaptatie niet toegelaten. Adaptatieoverdrachten zullen van landen met
lage klimaatschade naar landen met hoge klimaatschade lopen in het geval
van Klimaatsamenwerking. In het geval van Volledige samenwerking lopen
de overdrachten van landen met een hoog inkomen naar landen met een laag
inkomen en werken deze overdrachten als een vorm van ontwikkelingshulp.
Wanneer adaptatie beperkt wordt in ontwikkelingslanden, zullen adaptatie
overdrachten tien keer zo groot zijn in het geval van Klimaatsamenwerking.
De - resultaten laten zien dat in het geval van Klimaatsamenwerking
de mondiale uitstoot van broeikasgassen licht stijgt. In het geval van Volledige
samenwerking zal dit eﬀect veel groter zijn. Dit laatste omdat door overinvesteringen in adaptatie in het overdrachtontvangende land de investeringen in
mitigatie in dit land erg zullen dalen.
In hoofdstuk  wordt suboptimale adaptatie en haar eﬀecten op klimaatskosten, welvaart, en mitigatiebeleid bestudeerd. In de  literatuur wordt
aangenomen dat adaptatie op het optimale niveau zal worden toegepast. Er
zijn echter veel redenen waarom dit niet het geval zou zijn (bijv. gebrek aan
kennis, tekort aan middelen, en traagheid van implementatie). De voornaamste adaptatierestricties in de literatuur worden geïdenti ceerd en vertaald in
scenario’s in het - model. Het - model is gekalibreerd met
een nieuw basis model () en geaggregeerde empirische schattingen
van adaptatiekosten en baten. De resultaten van het - model laten
zien dat overadaptatie ter beperking van restschade, ineﬀectieve adaptatie door
onomkeerbare klimaatverandering, en het ontbreken van korte termijnbeleid
de meeste schadevolle restricties zijn. Verder hebben verschillende restricties
ook verschillende eﬀecten op de optimale mitigatietrajecten. Zo zal bijvoorbeeld een bovenlimiet op fondsen voor adaptatie leiden tot een relatieve kleine
toename van mitigatie in alle perioden. Een bovenlimiet op de aanvaardbare
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hoeveelheid restschade leidt echter tot veel hogere mitigatie in vroege perioden
en lagere mitigatie in latere perioden. Als in dit model mitigatie wordt aangepast om te compenseren voor een tekort aan adaptatie kunnen klimaatkosten
worden beperkt. Dit is vooral het geval bij restricties op de eﬀectiviteit van
adaptatie in geval van temperatuurstijging en bij restricties op het absolute
niveau van adaptatie.
In hoofdstuk , wordt een expliciet adaptatiekader ontwikkeld met twee
vormen van adaptatie, namelijk reactieve ( ow) adaptatie and proactieve
(stock) adaptatie. Adaptatieopties worden vaak in deze twee brede categorieën
ingedeeld in de adaptatieliteratuur. Reactieve adaptatieopties worden toegepast
in reactie op het optreden van eﬀecten van klimaatverandering en hun bijbehorende kosten en baten vallen in dezelfde periode. Proactieve adaptatie behelst
investeringen die worden genomen voordat de gevolgen van klimaatverandering zichtbaar zijn. Deze investeringen brengen een directe kostenpost met zich
mee maar een stroom van baten in de toekomst. Een adaptatiekapitaal wordt
opgebouwd dat langzaam wordt afgeschreven maar weer wordt aangevuld door
adaptatie-investeringen. Het - model is gekalibreerd gebaseerd op
een uitgebreid literatuuroverzicht van de kosten en baten van beide vormen
van adaptatie. - laat zien dat de kosten van reactieve adaptatie iets
hoger zijn dan de kosten van proactieve adaptatie. Beide vormen van adaptatie zijn echter belangrijk in het beperken van klimaatschade. Het relatieve
niveau van beide adaptatiekosten verschilt erg tussen landen, tussen perioden
en hangt af van het mitigatieniveau. De drie beleidsopties (mitigatie, reactieve
adaptatie en proactieve adaptatie) zijn substituten. Als een optie wordt beperkt
zullen de marginale baten van de andere beleidsopties toenemen waardoor
hun optimale niveaus toenemen. Als een optie wordt beperkt, zal de meest
gelijksoortige andere optie de belangrijkste rol spelen ter compensatie van de
beperking. Proactieve adaptatie compenseert voor beperkingen van mitigatie
en beide vormen van adaptatie compenseren voor beperkingen van de andere
vorm van adaptatie. Omdat de tijdspro elen van de kosten en baten van alle
drie beleidsopties erg verschillen zal de keuze van discontovoet bepalend zijn
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voor de optimale combinatie van beleidsopties. Verder zal een hogere afschrijvingsvoet van adaptatiekapitaal leiden tot hogere investeringen in proactieve en
reactieve adaptatie.
In hoofdstuk , worden de verschillende aannames en resultaten van de
verscheidene - and - modellen vergeleken. Deze modellen verschillen in hun basismodellen ( versus ), hun empirische data,
hun beschrijving van adaptatie (reactief en proactief) en hun aannames wat
betre adaptatiekosten. Dit hoofdstuk laat zien dat de algemene conclusies van
de - modellen geldig zijn voor alle verschillende modelversies. Deze
conclusies bevatten de optimale trajecten van adaptatie en mitigatie: adaptatie
begint direct en neemt toe over de tijd tot het eind van deze eeuw waarna het
afneemt. Mitigatie daarentegen begint langzaam en neemt toe over de tijd tot
het punt dat alle uitstoot van broeikasgassen wordt gemitigeerd. De precieze
niveaus van adaptatie en mitigatie verschillen over de modellen maar deze
algemene conclusies gelden voor alle modellen. De nieuwere empirische schattingen leiden tot hogere adaptatieniveaus, bruto schade en adaptatiekosten.
Verder zijn de adaptatiekostencurves anders in de verschillende model versies.
De aanname dat adaptatiekosten niet aangen van het productieniveau (zoals
de schade) zal speci ek leiden tot een veel vlakkere adaptatiekostencurve.
In hoofdstuk , worden de eﬀecten van proactieve adaptatie op de vorming
en stabiliteit van een internationaal mitigatieverdrag bestudeerd. Door de
afwezigheid van een internationale organisatie die bindende afspraken kan
afdwingen, zullen mitigatieovereenkomsten (of coalities) vrijwillig moeten
zijn. Een vrijwillige coalitie is stabiel als het extern stabiel is (geen enkel ander
land wil lid worden van de coalitie) en intern stabiel (geen enkel coalitielid wil
uit de coalitie stappen). Om te begrijpen welke rol adaptatie hee in het vormen
van een mitigatiecoalitie, wordt een kartelspel met drie fasen ontwikkeld.
Omdat adaptatie alleen strategische implicaties zal hebben wanneer er een
adaptatie verplichting tot stand komt voordat een internationaal akkoord wordt
onderhandeld. Daarom ligt de focus in dit hoofdstuk op proactieve adaptatie.
In de eerste fase kiezen regio’s hun niveau van proactieve adaptatie, in de tweede
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fase besluiten ze om wel of niet lid te worden van een speci eke coalitie. In
de laatste fase wordt een grensoverschrijdend vervuilingspel gespeeld. In dit
spel kiezen coalitie leden hun mitigatieniveaus om de totale netto baten van de
coalitie te maximaliseren terwijl niet-leden hun mitigatieniveaus zo kiezen om
hun eigen regionale netto baten te maximaliseren. Reactieve adaptatie speelt
geen rol in dit proces van coalitievorming, omdat deze vorm van adaptatie
pas plaatsvindt na de totstandkoming van de coalitie en zal altijd worden
aangepast aan de onderhandelde mitigatiebeleid en daaruit voortvloeiende
klimaatschade. Elke dreiging in de vorm van overadaptatie of onderadaptatie
in de derde fase is dus niet geloofwaardig. Proactieve adaptatie, echter, kan
een belangrijke rol spelen, omdat het een signaal gee vóór het proces van
coalitievorming. Een toegepaste spel-theoretisch model wordt ontwikkeld, dat
is gebaseerd op het  model. Dit model, -, voegt een expliciete
proactieve adaptatievariabele en impliciete reactieve adaptatie door middel van
de schadefunctie toe. Het model kent  regio’s met ieder unieke functies voor
klimaatschade, mitigatiekosten, adaptatiekosten, evenals de verwachte groei
van het nationaal inkomen en emissies van broeikasgassen. Het model berekent
de interne en externe stabiliteit voor elk van de  mogelijke coalities.
De resultaten van - laten zien dat de netto baten van de Grand
Coalition en de prikkels van regio’s om uit de coalitie te stappen veranderen met
verschillende niveaus van proactieve-adaptatie. Twee niveaus van proactieve
adaptatie worden onderzocht, namelijk het optimale adaptatie niveau als de
Grand Coalition tot stand komt ( adaptatie) en het optimale adaptatie niveau
als er geen coalitie tot stand komt ( adaptatie). Als er geen overdrachten
plaatsvinden zullen regio’s met lage mitigatie kosten zoals China en Oost
Europa meer baten hebben indien alle landen  adapteren dan wanneer
alle landen  adapteren. In het geval van optimale overdrachten kunnen de
baten van de coalitie over landen verdeeld worden en kunnen landen met
lage mitigatiekosten gecompenseerd worden voor hun hoge mitigatie niveaus.
Derhalve, als er optimale overdrachten zijn zijn de baten in alle regio’s (met
uitzondering van China) hoger als  adaptatie wordt toegepast in de Grand
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Coalition dan wanneer  adaptatie wordt toegepast. Hun prikkels om zich
terug te trekken uit de Grand Coalition zullen in dit geval echter wel toenemen.
De invloed van overadaptatie () of onderadaptatie () op de stabiele
coalities is klein. De resultaten van - laten zien dat regio’s hun netto
baten kunnen vergroten door unilateraal teveel adaptatie maatregelen te nemen. Dit eﬀect is sterker als een coalitielid overadapteert omdat zij op deze
manier hun aandeel in de verdeling van de coalitie baten kan vergroten, tenminste als er een optimale verdelingsregel wordt toegepast (d.w.z. elke regio
krijgt een aandeel in de baten van de coalitie proportioneel aan haar netto baten
als zij de coalitie zou verlaten). Onderadaptatie resulteert in hogere restschade
in de regio en daardoor hogere mitigatie in de regio. De netto baten voor de
regio zullen afnemen terwijl door de hogere mitigatie de netto baten van andere
regio’s zullen toenemen. Onderadaptatie is dus niet een rationele strategie.
Dit proefschri bevat zes hoofdconclusies voor beleid. Ten eerste, de
expliciete representatie van optimale adaptatie hee geen invloed op de
beleidsconclusies aangaande mitigatie; de beleidsadviezen van deze modellen blijven geldig. Ten tweede, als adaptatie niet optimaal is, wat in de praktijk
zeer waarschijnlijk is, is expliciete representatie van adaptatie nodig en zal
mitigatiebeleid moeten worden aangepast, gebaseerd op de kenmerken van
adaptatierestricties. Ten derde, bij het opzetten van adaptatieoverdrachten
moet rekening worden gehouden met de bijbehorende secundaire eﬀecten
en de structuur van de overdrachten zal aangen van het uiteindelijke doel
(een combinatie van compensatie voor klimaatschade en ontwikkelingshulp).
Ten vierde, proactieve overadaptatie kan strategisch worden gebruikt om
hogere netto baten te verkrijgen in een mitigatieverdrag, ten koste van andere
landen en het milieu. Ten vijfde, beleidsmakers moeten ervoor zorgen dat ze
de beperkingen en aannames van s, die zij toepassen op klimaatbeleid, begrijpen om tot gedegen beleidsconclusies te komen. Tot slot, de resultaten van
dit proefschri bevestigen dat adaptatie en mitigatie samen moeten worden
geanalyseerd omdat ze elkaar beïnvloeden.
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