Macro-economic assessment of climate
change impacts: methods and findings

The paper introduces the challenges posed by the macro-economic assessment of climate
change impacts and describes the main investigation methodologies used by the economic
literature to address these challenges. Strengths and weaknesses of the different approaches
are presented. The paper then presents the major findings from this literature providing a
critical guidance in their interpretation. The paper concludes highlighting policy implica-
tions and discussing the evolution of the research developments in the future.

El articulo presenta los retos planteados en la evaluacion macroeconémica de los impactos del
cambio climdtico y describe las principales metodologias de investigacion utilizadas en la literatu-
ra econdmica para abordar estos desafios. Una vez que se presentan las fortalezas y debilidades de
los diferentes enfoques, el articulo muestra los principales hallazgos de esta literatura proporcio-
nando una guia critica para su comprension. El documento concluye destacando las implicacio-
nes politicas y debatiendo la evolucion de la investigacion en el futuro.

Klima-aldaketaren inpaktuen ebaluazio makroekonomikoan planteatutako erronkak
aurkezten ditu artikuluak, eta erronka horiei aurre egiteko literatura ekonomikoan
erabilitako ikerketa-metodologia nagusiak deskribatzen ditu. Ikuspegi desberdinen
indarguneak eta ahuleziak aurkeztu ondoren, artikuluak literatura horren aurkikuntza
nagusiak erakusten ditu, artikulua ulertzeko gida kritikoa ematen baitu. Amaieran, ondorio
politikoak nabarmentzen ditu eta etorkizuneko ikerketa-garapenak eztabaidatzen ditu.
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1. INTRODUCTION

Assessing the economic costs of climate change impacts faces several challenges
that emerged evidently since the first estimates were published in the early 90s’. Eco-
nomic estimates are particularly uncertain and, therefore, debatable, for many rea-
sons. Firstly, they cannot help incorporating the uncertainty transmitted across the
evaluation chain by the other non-economic disciplines that necessarily concur in
the assessment. Secondly, they have to incorporate social or human reactions, which
are inherently unpredictable. Thirdly, they cannot avoid elements of subjectivity
coming from the evaluator herself/himself. On the one hand, as a reaction, the eco-
nomic assessment of climate change translated into the development and applica-
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tion of a wide range of different methodologies trying to respond to the different
challenges. Probably, the most distinctive example of this process is the birth of inte-
grated assessment models. However, many other quantitative and qualitative inves-
tigation approaches have been used. On the other hand, the consequence of this
multi-disciplinarity and methodological diversity is a wide range of cost estimates
and even of cost concepts that may confuse the non-expert. In fact, as will be high-
lighted in the paper, there are results which are extremely robust across the different
assessments. More importantly, the differences, when present, can be explained and
motivated. They all concur in defining the economic implications of climate change
and need to be interpreted organically.

The aim of this paper is to help orientating in this wide, constantly developing
and almost 30 years old literature by clarifying concepts, methodologies, estimates
and the interpretation of the economic impacts of climate change. A precious help
in this endeavour is offered by recent meta-analyses that did for us the work of com-
bining the available climate change cost estimates into a summarizing and struc-
tured framework. We revise further studies shedding light on the important equity
consequences of climate change considering either spatial or income distribution is-
sues. Finally, this paper adopts a macro-economic or aggregated perspective. That is,
it refers only marginally to all the literature, albeit important and perhaps wider,
that assesses local impacts and costs of climate change.

The paper is structured as follows. Section 2 introduces the challenges posed by
the macro-economic assessment of climate change impacts. Section 3 describes the
different cost concepts applied and introduces the main investigation methodolo-
gies used by the economic discipline. Section 4 critically summarizes the major find-
ings from the literature. Section 5 discusses the strengths and weaknesses of the dif-
ferent assessment approaches providing critical guidance in their interpretation.
Section 6 concludes and discusses future research developments.

2. CHALLENGES IN THE MACRO-ECONOMIC ASSESSMENT OF CLIMATE
CHANGE IMPACTS

In the spirit of the many surveys on the macro-economic assessments of climate
change impacts (see e.g. Sanstad and Greening, 1998; Bosello, 2014; Auffhammer,
2018) we cannot avoid to briefly mention the enormous challenges that these assess-
ments have to face.

The keyword is uncertainty. In rigorous terms, uncertainty is a situation in
which the probability distribution function associated to a given event is not defined
exactly (Knight, 1922). This situation is pervasive in all the investigation phases that
eventually lead to an economic, or more correctly, a socio-economic evaluation of
climate change impacts. Typically, the reaction of the climate system (usually inter-
preted as a variation of global temperature) to increasing concentrations of GHG, as
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well as the reaction of the environmental system to climate change stressors, are not
perfectly known. These uncertainties clearly affect the economic evaluation. In addi-
tion, economic assessments of climate change suffer from their own peculiar uncer-
tainty sources. These are: the intertemporal dimension, the global dimension and
the non-market dimension of the problem.

The intertemporal dimension of climate change implies that climate change im-
pact and policy assessments need to evaluate costs and benefits not only for the pre-
sent, but also for the future (often far future) generations. This originates two differ-
ent, albeit connected, issues. The first is the need to characterize the future society.
Indeed, the type of society impacted — i.e. its wealth, its technology, its demographic
structure etc. — do play a role in the determination of impacts. It influences what the
IPCC defines as the exposure and vulnerability components of climate change risk
(IPCC, 2014). Due to the near impossibility to forecast societal development fifty or
more years ahead, this issue is typically accommodated through the use of scenarios
based on storylines. These storylines are internally consistent descriptions (i.e. not
predictions) of how the future may unfold. The Shared Socioeconomic Pathways,
SSPs (Riahi et al, 2017), are just the last out of many examples in this field. The sec-
ond problem pertains to the evaluation of streams of costs and benefits occurring at
different times. This implicitly asks for weighting the present against the future to
reach comparable and/or aggregated measures of costs and benefits over time. This
process originates the well-known problem of discounting (Pearce et al., 1996): each
weighting system unavoidably introduces an element of subjectivity in the assessment.

The global dimension of climate change poses somewhat similar challenges.
There is firstly the complexity linked to an evaluation of impacts that are highly di-
versified by type and region. Furthermore, the problem arises of either comparing
or aggregating losses and gains for different societies or societal groups. This process
of horizontal aggregation can eventually be performed, but, once again, using some
equity-weighting systems. These systems, however, cannot avoid an element of sub-
jectivity (Anthoff et al., 2009).

The last source of uncertainty reported here, refers to the existence of climate-
change gains and losses induced on non-market goods and services. Often, climate
change impacts affect items which are highly relevant for human welfare but are not
traded in official markets. Typical examples are the supporting and regulating ser-
vices of ecosystems and biodiversity. Therefore, in many circumstances, the eco-
nomic evaluation cannot benefit from the support of prices that, as imperfect indi-
cators they may be, are anyway a starting point for an economic assessment. In
particular cases (i.e. that of cultural services), the benefits originated and potentially
at risk are not even related to the use of the service itself, but to its mere existence.
No observable transaction or behavior can thus reveal the value lost or gained. Con-
tingent valuation techniques or their evolution, choice experiments, have been de-
veloped to elicit these values. Nonetheless, notwithstanding continuous improve-
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ments, these methodologies, based on direct interviews/surveys, cannot totally
eliminate the biases of responses determined by the hypothetical nature of the ex-
periment. Furthermore, the results of these exercises are context specific and are dif-
ficult to generalize.

All this said, notwithstanding the uncertainties, current macroeconomic assess-
ments provide enough information on costs of climate change and of climate
change policies to offer some useful support to policymaking.

3. COST DEFINITION AND METHODOLOGICAL APPROACHES

The literature proposes different perspectives to consider climate change costs.
The first refers to the concept of the social cost of carbon. This is defined as the
money evaluation of the long-term damages produced by one unit (ton) of CO, (or
carbon) emitted into the atmosphere. Economically speaking, it is a marginal cost
concept (Anthoff et al., 2009, Arent et al., 2014). The second is a more aggregated
measure where costs are expressed in terms of lost gross domestic product (GDP)
(or of other indicators of economic performance) for a country, region, or commu-
nity. Usually, these last exercises specify costs in given combinations of climate
change and socio-economic scenarios (Riahi et al., 2017).

Another differentiation distinguishes direct from indirect costs. The former ac-
counts for an immediate economic evaluation of damages where a physical loss (e.g.
of land, capital, but also life) is multiplied by a price. The latter takes into account
the adjustments in the economic system triggered by the initial negative shocks.
Changes in GDP are typical indicators of indirect costs as this variable should cap-
ture how the ability to produce goods and services of an economic system, consid-
ered with all its interactions and feedback, is affected by a climatic stressor.

There are also different methodologies used to perform the economic assess-
ment that we group in three broad categories. The first makes use of simulation
models, the second uses statistical/econometric approaches, and the third is the elic-
itation of expert opinions.!

Models used for the macroeconomic assessment of climate change impacts and
policies are of many types and nature (for a comprehensive treatment of these see
e.g. Sathaye and Shukla, 2013; Bosello, 2014). Their common feature is, however, to
use explicit relations (structural or behavioral equations), to describe, even though
in a simplified way, the process leading to the final economic outcome. Integrated
Assessment Models (IAMs) offer a topical example in this vein: they summarize in a

I For the sake of the discussion we present the three methodologies as separated, however they are

strictly intertwined. For instance, either the econometric instrument or expert elicitation are amply used
to parameterize the structural relations, including the damage functions informing integrated as-
sessment and economic models.
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unifying mathematical structure (i.e. a single equation system) the causal chain go-
ing from climate pressures to socioeconomic reactions, costs and the related feed-
back. Enabling the joint description of the climate, the environment and the social-
economic system within one model, a process called hard-linking, requires huge
simplifications. In IAMs (that, can be extremely complex), this translates into the
use of reduced-form relations. These are equations that compact with relatively few
parameters complex behaviors, for instance, of the climate system in response to
GHG emissions, or of the economic system (in the form of GDP, income, welfare
losses) in response to temperature increase. The latter case originates reduced-form
climate change damage functions. Examples in this vein are offered by models like:
RICE (Nordhaus and Yang, 1996), FUND (Tol, 2006), and WITCH (Bosetti et al.,
2006). This simplification is at the same time the major pro and con of IAMs. On
the one hand, it enables the study of complex dynamic and interacting decision pro-
cesses; on the other hand, it can do this just «on aggregate», losing many specificities
of the causal links and becoming more able to describe a result than to explain it.

However, also more traditional macroeconomic models like macro-economet-
ric models or, especially, computable general equilibrium models are supporting cli-
mate change impact assessment. They do this downstream, i.e. processing climate
change impact information from other models (e.g. crop, sea-level rise, energy,
etc.), to get the final economic cost estimate. This is the so-called soft-link approach,
where different models exchange information through an output-input-output pro-
cess. This methodology allows to couple different models from different disciplines
without the need to excessively simplify the different processes. However, it requires
more computational time and power needed to operate many different models in
sequence. Examples of this literature include: Kainuma et al. (2003), Bosello et al.
(2012), Stehfest et al. (2014), Ciscar et al. (2018), Dellink et al. (2019).

Another stream of impact assessment studies uses econometric approaches. Not-
withstanding the technical differences pertaining to the many different methodologies
applicable (spanning from the analysis of cross section to panel data, country-level to
spatially explicit data), their common feature is to estimate relations from past evi-
dence to then project these relations into the future. Econometrics has been thus am-
ply applied to estimate the impact of climate change on many dimensions relevant for
human welfare (see e.g. Carleton and Hsiang, 2016 for a survey). Part of this literature
analyses historical data to identify and estimate the relationship between observed
changes in climate or weather and impact endpoint indicators such as GDP or income
(see e.g. Dell, et al., 2012; Burke et al., 2015; Kahn ef al., 2019).

The last methodology applies expert elicitation. It consists of asking recognized
experts to express their informed quantification (of different types) of climate
change damages, under different climate scenarios usually coupled with confidence
intervals and self-assessment on the degree of expertise. These methods are typically
used when the evaluation refers to circumstances whose quantitative knowledge is
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extremely uncertain/low. They are meant either to replace or support quantitative
approaches still insufficiently precise or to test the degree of confidence of experts in
their modelling tools. Examples of these are Kriegler et al. (2009), Pindyck (2019),
and also part of the parameterization of the damage function of the RICE model
(Nordhaus and Boyer, 2000).

The next sections will present the findings of this literature in more detail.

4. SUMMARY OF COST ESTIMATES
4.1. Aggregate estimates

Many are the studies conducted to assess the economic costs of climate change.
All of them rely on one or more of the methodologies cited in section 3 to provide es-
timates for different regions of the world and considering also a variegated set of cli-
mate impacts. Along time, a series of meta-analyses has been developed to synthesise
the corpus of damage estimates and to systemize it according to the different charac-
teristics of the studies. Examples of these meta-analyses are Tol (2018), Howard and
Sterner (2017), Newbold and Marten (2014), Nordhaus (2013), and Tol (2009). This
section draws from the most recent two meta-analyses, being also the most complete.

Tol (2018) reviews 22 studies containing 27 estimates of the total economic im-
pact of climate change measured in terms of welfare equivalent-income loss and
considering temperature increases with respect to preindustrial levels. According to
those studies, there could be a benefit from global warming below 1.7°C, while for
temperature increases above that level, net damages will be experienced. On average,
the impacts of a 2.5°C increase of global mean temperature, translates into a 1.3 per
cent of income loss for the average person. However, there is quite some disagree-
ment about the size and sign of the impact across studies for the same level of
warming (Tol, 2018). The studies examined, provide comparative static impacts,
but there is the possibility that climate change could affect also the growth rate of
the economy when analysed in a dynamic framework (Bretschger and Valente, 2011;
Bosello and Parrado, 2014; Dellink et al., 2019; Eboli et al., 2010; Fankhauser and
Tol, 2005; Hallegatte, 2005; Lemoine and Kapnick, 2016). This highlights the im-
portance of looking not only at the effects on final output but also at the indirect ef-
fects that may affect productive processes which could be harmed and therefore re-
duce the expected economic growth in the future.

In another meta-analysis, Howard and Sterner (2017) review 41 studies includ-
ing studies from grey literature. The final selection of 20 studies reporting 26 non-
duplicate estimates is used to estimate the global willingness to pay to avoid total
impacts of climate change measured as percentage of global GDP. Results from the
study suggest that climate damages are likely between 7%-8% of GDP for a 3°C tem-
perature increase when catastrophic risks are not factored in, while damages would
rise to 9%-10% when these risks are included in the estimation.
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The study also classifies damage estimates into six categories depending on the es-
timation methodology (Table 1).2 The first category represents what the authors de-
fine the enumerative strategy. It is based upon bottom-up or sectoral economic im-
pact assessments that are then aggregated to get insights into the total cost of climate
change. Fankhauser (1995) and Tol (2002a,b) represent prominent examples in this
field. Enumerative approaches have often provided the basis for the calibration of the
reduced-form climate change damage function of IAMs.? These estimates report what
in section 2 has been defined as the direct costs of climate change. Enumerative ap-
proaches indicate estimates ranging between a net benefit of 2.3% of GDP and a dam-
age of 11.5% for a temperature increase between 1°C and 3°C. The second category re-
gards expert elicitation. These assessments express losses in the range of 0% - 10.2% of
GDP for a range of temperature increase between 1°C and 6°C.

Econometric evidence is divided into cross-section and panel regression results.
The former highlights values ranging from a benefit of 0.1% to a damage of 16.3% of
GDP for temperature increase between 0.7°C and 3.2°C. Panel regression estimates
group more recent studies relating weather-climate and GDP data over time. Damages
are estimated between 0.3% and 23% of GDP for temperature increases between 3.4°C
and 4.3°C. The fifth category is represented by CGE models. These are able, starting
from enumerative bottom-up estimates, to provide economic damage assessment ac-
counting for market adaptation and economic feedbacks. They offer an evaluation of
the indirect costs of climate change. CGE damage estimates are between 0.2% and
4.6% for temperature increases in the range of 1.5°C and 4.8°C. The last category rep-
resents science-based damage estimates. These consider physical thresholds to derive
the damage estimates and are definitely in the higher range featuring losses of 4.9% to
99% of GDP for temperature increases between 3°C and 12°C.

Table 1. RANGE OF DAMAGE ESTIMATES BY CATEGORY OF STUDY

Estimate category Temperature increase range GDP variation
Enumerative 1°C-3°C 2.3% to -11.5%
Expert elicitation 1°C-6°C 0% to -10.2%

Cross sectional 0.7°C-3.2°C 0.1% to -16.3%
Panel 3.4°C-4.3°C -0.3% to -23%
Computable General Equilibrium (CGE) 1.5°C-4.8°C -0.2% to -4.6%
Science-based 3°C-12°C -4.9% to -99%

Source: Howard and Sterner (2017).

2 For a discussion of the pros and cons of each damage estimate category see section 2 of Howard and
Sterner (2017).

3 More recently, the enumerative approach has been applied also to quantify adaptation cost and effec-
tiveness and to calibrate adaptation modules in IAMS (de Bruin et al., 2009; Agrawala ef al., 2011; Bose-
llo et al., 2013).

Ekonomiaz N.° 97, 1° semestre, 2020

51



52

FRANCESCO BOSELLO, RAMIRO PARRADO

4.2. Distributional Issues

Global estimates provide an idea of the average cost of climate change im-
pacts, but it is also important to consider their distributional effects accounting
for large asymmetries both in impacts and in the country and regional social-
economic characteristics. The consolidated result from the literature is that
poorer areas are more adversely affected than the richer ones (Table 2). In this
vein, just to quote a recent contribution, Dellink et al. (2019), use a dynamic re-
cursive CGE to analyse six types of impacts in a general equilibrium framework
(agriculture, coastal zones, energy demand, extreme precipitation events, health
and tourism demand). They find that for a temperature increase of 2.5°C the
global average loss of GDP is 2%, with health and agriculture contributing to
0.9%, and 0.8% of total GDP loss respectively. However, for the same global
temperature increase, the Middle East and Northern Africa lose 3.3%, South and
South-East Asia 3.7%, Sub-Saharan Africa 3.8%, India more than 4% of GDP.
These figures are in stark contrast with GDP losses in developed regions: OECD
Europe loses 0.2%, OECD Pacific 0.3%, OECD America 0.6%, and USA around
0.5% of GDP.

Similar conclusions are drawn by Diffenbaugh and Burke (2019) using not sim-
ulation models, but fixed-effect panel econometrics to measure the effects on eco-
nomic inequality of global warming. The study finds a very high likelihood of in-
creased economic inequality between countries due to anthropogenic climate
forcing; and larger decreases in GDP per capita for most poor countries due to glob-
al warming.

There are several factors leading to this outcome: developing countries are, for
their majority, located at middle and low latitudes where global warming is more se-
vere; these economies are also more dependent upon agriculture, which is a sector
more sensitive to climatic variations; finally, these countries are endowed with a
lower adaptive capacity deriving from limitation related to institutional and eco-
nomic aspects. Indeed, these considerations led the IPCC’s Fifth Assessment Report
(AR5) to explicitly include equity issues among the five major «reasons for concern»
related to climate change (IPCC, 2014).

Nonetheless, climate change can exert unequal macroeconomic impacts also
across developed regions. An example in this direction is the recently concluded
PESETA III project (Ciscar et al., 2018) that analyses the economic impacts of cli-
mate change in the EU, considering temperature increases of 2°C and 3°C by
2071-2100. It shows that the European Union as a whole could lose between
0.55% and 2% of GDP for those temperature increases. However, while northern
European regions are projected to lose less than 1% of GDP, South Central Eu-
rope is expected to lose between 0.81%-2.57% of GDP and Southern Europe be-
tween 1.65% and 4.2% (Ciscar et al., 2018).
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Table 2.

ACCORDING TO DIFFERENT STUDIES

Study

Nordhaus (1994)
Nordhaus (1994)

Fankhauser (1995)

Tol (1995)

Nordhaus and
Yang (1996)

Plambeck and
Hope (1996)

Nordhaus and
Boyer (2000)

Tol (2002b)

Asian Development
Bank (2009)

Roson and Van der
Mensbruegghe
(2012)

Bosello et al.
(2012)

Bosello et al.
(2014)

Dellink et al. (2019)

Warming
°C
30

3.0

2.5
25

25

25

2.5

42

4.8

2.0

25

2.5

Impact at
the global
level
% GDP % GDP
-1.3 -
-4.8
(-30 to 0.0)
1.4 4.7
-1.9 -8.7
-1.7 -2.1
2.5
-8.6
(-0.05 to
11.4) (-0.6 to -39.5)
-1.5 4.9
2.3 4.1
-2.2 market
impacts
(averagel -6.7 + cat.
annual basis "
in 2100) cvents
(average
annual basis in
2100)
-4.6 -12.5
-0.5 -3.2
-0.6 4.2
-2.0 4.3

Source: Our adaptation from the quoted studies.

Worst-off region

Name

China

Africa

Developing
Countries

Asia w/o China

India

Africa

Indonesia,
Philippines,
Thailand,
Vietnam

East Asia (w/o
China and
Japan)

South Asia

India

India

DISTRIBUTION OF GDP IMPACTS OF CLIMATE CHANGE

Best-off region

% GDP

2.1

0.7

0.7

Name

Eastern EU

and FSU

FSU

Eastern EU
and FSU

Russia

Western
Europe

FSU

FSU

FSU

Russia

4.3. Marginal cost estimates

The information provided by the previous assessments constitutes also the basis
to estimate the social cost of carbon (SCC). During the last decades, several values
have been proposed and have been constantly revised. Probably, the most compre-
hensive overview of this evolution is offered by Tol (2018). The author surveys
around 114 studies published from 1982 to 2015 reporting a total of 1231 estimates.
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Considering a 3% pure rate of time preference, the mode of these studies reports a
damage of $28 per ton of carbon and a mean of $44 per ton of carbon (Tol, 2018).

The estimates of SCC magnify the role of subjective elements in the evaluation.
The main drivers of differences across estimates are the assumptions on the dis-
count factor or on the equity weights applied to account for distributional concerns.
This issue was well exemplified in the recent past by the debate accompanying the
release of the Stern Review (Stern, 2006; Tol and Yohe 2006, 2007; Weitzmann,
2007). In particular, critiques on the high-damage estimates reported by Stern i.e.
the «5% of global GDP each year, now and forever [...] to 20% of GDP or more»
and the corresponding high marginal cost of emissions, 314 $ per tons of carbon —
were indeed largely determined by the very low pure rate of time preference and the
long time period (200 years) considered in the study.

All this said, the literature, and the practice, show some tendency to use values
higher than that mean of studies and to progressively update upward the estimates
of the SCC (Wang et al., 2019). Some examples of this trend follow. On its more re-
cent study, Nordhaus (2017) increases its DICE model calibration of the SCC for the
year 2015 to a value of $79 per ton of CO, (in 2010 USS$), for a discount rate of 3%.
Howard and Sterner (2017) use a damage function in their DICE-2013R model that
computes a SCC that is up to four-fold the SCC estimate produced by the original
DICE model. Pindyck, one of the authors more critical against the modelling ap-
proach to climate change impact assessment (Pindyck 2013, 2017), considering ex-
perts opinions as a more reliable source of information, eventually finds that among
those experts expressing the higher degree of confidence, the estimated SCC ranges
in the interval $80-100. Moore et al. (2017) show that incorporating the most recent
estimates of damage functions for the agricultural sector into the FUND integrated
assessment model would double the SCC.* Ricke et al. (2018), combining more re-
cent climate model projections, social economic projections and economic esti-
mates of damages identify a median of $417 tCO, for the SCC that results also une-
qually distributed across countries. Larger losses are incurred by India, China, Saudi
Arabia, and also the United States.

5. DISCUSSION

By looking at the range of results presented by the different study categories it is
possible to identify some robust findings.

4 To this prudential attitude surely contributes the structural risk and uncertainty of climate change
impacts that can originate low probability catastrophic events. In a series of papers, Weitzman (2007,
2009a,b, 2010), showed that some forms of interaction between declining probability and increasing
damages can increase the willingness to pay to avoid the damages (i.e., to mitigate) nominally to in-
finite. In this uncertain and catastrophic environment, the standard cost-benefit analyses performed by
integrated assessment models, and their prescriptions are considered inadequate.
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Firstly, it emerges that model-based studies, econometric approaches, enumera-
tive methods and expert elicitation find qualitatively similar results on the cost of
climate change. In particular, they agree on the non-linearity in temperature pattern
of economic impacts and their uneven distribution across countries, with develop-
ing regions more exposed and vulnerable to negative climate change effects than de-
veloped areas. However, quantitative estimates differ greatly within and between ap-
proaches. Econometric studies tend to find higher damages, especially for a
temperature increase in the range of 1°C to 2°C than model estimates, especially
CGE based. More specifically and according to cross-sectional evidence, per capita
income could fall up to 8.5% with 1°C additional increase in temperature. Model-
based approaches, on the contrary, report losses often lower than 1% of world GDP
for similar temperatures, with some studies reporting slight gains.

What originates such differences?

The first remark regards the inclusion of adaptation in the damage estimates. All
approaches could do this to some extent but in different ways. CGE models do this
by construction. More specifically, they have been explicitly built to capture market
adjustments triggered by shocks that perturb price signals. They thus account for
market-driven adaptation mechanisms, i.e. changes in firms and households de-
mand and supply decisions in response to changing prices. These adjustments are,
however, typically instantaneous and friction/cost less. The optimism of CGE mod-
els in factoring adaptation has indeed been indicated as a shortcoming and one of
the reasons for the low estimates of climate change costs (Patt et al., 2010). Econo-
metric approaches could be better equipped than CGE models to account for the
many frictions in autonomous and planned adaptation processes, because these are
implicitly part of the data scrutinized. This is thus a potential explanation of the
higher damage estimates by econometric studies. There is then an extended litera-
ture that discusses how different econometric approaches can account for adapta-
tion (for an extensive discussion see Aufthammer, 2018). Namely, cross sectional
approaches appear to be ill suited to capture long-term adaptation, but only short-
term one.’ Differently panel approaches, can account for long-term adaptation ap-
plying appropriate techniques (e.g. including polynomial specification of the ex-
planatory climate variables or resorting to a «long differencing» approach®). This
thus can explain why, for instance, cross sectional data tend to provide larger esti-
mates of climate change economic damages than panel estimates.

5> For completeness of the treatment, it is worth mentioning that if the omission of long-run adaptation may
bias upward estimates of macroeconomic cost of climate change in cross sectional analyses, the short-term
adaptation they consider is anyway assumed to be costless, which, on its turn can bias downward the cost es-
timates. This has been shown for instance in the context of Ricardian analyses (Quiggin and Horovitz, 1999).

¢ For instance, Burke and Emerick (2016) suggest to regress the difference between five year moving ave-
rages of the dependent variable (e.g. crop yields) over a sufficient time (e.g. two decades apart), on five year
moving averages of the weather/climate explanatory variable (e.g. temperature) also two decades apart, all
measured in areas showing sufficient climate variation, to account for long-run adaptation.
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The second remark to explain differences in evaluation is related to which impacts
are considered. CGE models, even though able to examine many impact areas (see e.g.
Eboli et al., 2010, Ciscar et al., 2018, Dellink ef al., 2019), cannot include all impacts. In
particular, CGE models, whose economic assessments are based upon observable mar-
ket transactions, encounter the largest difficulties in measuring non-market losses due
for instance to ecosystem and biodiversity, but also health deterioration. Therefore,
these impacts are not usually part of the economic estimation, even though, in the
practice, they could be added on top of the losses computed by the CGE models, once
they have been quantified with other methodologies (see e.g., Ciscar et al., 2018).

The economic evaluation of extreme events/disaster losses is also challenging.
Typically, CGE models account for extreme events or disasters increasing expected
annual losses (in assets, land etc.). Therefore, on the one hand, they span overtime
losses that in reality happen in one year. On the other hand, the evaluation remains
deterministic missing to include elements like uncertainty and risk aversion that can
have non-negligible effects on damage evaluation. Both issues thus contribute to
underestimating losses estimates.

On the contrary, these aspects can be better captured by econometric approach-
es (in principle) as long as they influence the dependent variable (e.g. GDP loss) one
wants to explain. Naturally, also econometrics finds it difficult to include cata-
strophic (not extreme) impacts linked to the existence of climate tipping points.
These are low probability events that can provoke sudden or abrupt changes trigger-
ing economic losses of a totally different order of magnitude (see e.g. Lenton et al.,
2008 for examples and quantification). The economic consequences of these events
are hardly captured by econometric studies because they have not been observed in
the historical period that provides the data for the estimations.

These events can be more easily included by enumerative approaches and be
duly incorporated in the educated opinions elicited from experts. The inclusion of
these elements obviously contributes to increasing the estimate of economic losses
from climate change.

6. CONCLUSIONS

In roughly 30 years of research, the literature on the economic assessment of cli-
mate change impacts expanded greatly. And so did methodologies: integrated as-
sessment models became progressively more elaborated; soft linked approaches pro-
duced increasingly complex coupled modelling frameworks; econometric
techniques were innovatively applied to investigate the relationship between tem-
perature change and economic performance.

All this literature produced a wide spectrum of estimates. In this huge variety,
some results are robust across studies and methodologies. There is a consolidated
agreement that while there could be some economic benefits for global temperature
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increases below 1°C, higher temperatures will produce net GDP losses. However, at
this point, estimates diverge. Losses can be considerably high, larger than 10% of
world GDP, already for a relatively low level of warming between 1 and 1.5°C accord-
ing to econometric assessments. In the same range of temperature, GDP or welfare
costs stay relatively low, below 1%, according to model-based assessments. Semi-
quantitative assessments based upon expert elicitation are somehow in between.

The difference in results can be imputed to the very different nature of the investi-
gation approaches. In particular, econometrics should be able to capture, by construc-
tion, all the frictions and imperfections that are part of the historical experience, while
modelling approaches need to do that explicitly. Accordingly, limits in autonomous
adaptation, non-market losses, and irreversibility, for instance, are difficult to capture
with models. At the same time, models are able to depict, track and explain complex
decision processes and economic dynamics that econometric fails to capture.

This suggests the first path for future research: econometric approaches can in-
creasingly support the parameterization if not the choice of the functional form of
behavioural equations in models to improve their empirical foundations. This can
be easier in integrated assessment models, where the use of reduced-form equations
is extended. It will be more challenging in other types of economic models like, for
instance, CGE.

The choice of the discount rate and of the equity weighting process remains a
field of unsettled debate. These factors play a paramount role in determining the re-
sults, especially of integrated assessment models. However, being these choices sub-
jective, the only recommendation can be that of transparency of the assumptions.

All this said, there seems to be a recent tendency in the modelling literature to
revise upward the estimates of the cost of climate change and of the social cost of
carbon and thus to reduce the gap with econometric estimates.

The other widespread agreement across methodologies is on the huge adverse dis-
tributional implications of climate change impacts. This has either a spatial dimension
— climate change increases inequality between regions —or a social dimension — climate
change increases inequality between rich and poor within a country, a region, a city, a
community. This highlights the second line of research: macroeconomic assessments,
irrespective of the methodology, should improve their ability to go finer spatially and
to explicitly account for income stratification. Some promising advancements in these
directions are already available. Some econometric research is already exploiting the
increasing availability of social-economic data with a high spatial resolution to pro-
duce gridded global maps of climate change impacts on economic performance. IAMs
are starting to apply downscaling techniques to derive «high granularity spatially ex-
plicit» damage functions and emphasize sub-national differences.

To highlight some further areas for future investigation of macroeconomic cli-
mate change impact assessment, it is finally worth stressing that there are still im-
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pacts, as well as important factors influencing them, that are largely unexplored.
Among the first are: water resources, transport, migration, ecosystem and biodiver-
sity, conflicts (Tol, 2018); few attempts have been also undertaken to study the eco-
nomics of climatic and social-economic tipping points; among the second, for in-
stance, the role of institutions, behaviour, gender. It must be recognized that many
of these are difficult to be implemented into a comprehensive macroeconomic as-
sessment and in cost-benefit analysis (see Dietz ef al., 2018, for an extensive discus-
sion of possible benefits and costs of some of those impacts). However, this should
not prevent from trying to account for them and to provide a wider and more com-
plete macroeconomic assessment of climate change.

All this said, despite the challenges still pending and unresolved uncertainties, the
macroeconomic assessments of climate change have provided and are still providing
useful insights. Policy-making can be informed of non-trivial economic reactions trig-
gered by climate impacts and policies. The general public can be supported in framing
correctly the social dimension of the climate change problem, gaining awareness of its
implications and of the necessary measures to take in order to deal with it.
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