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Quantifying the economic impact of changes in
energy demand for space heating and cooling
systems under varying climatic scenarios

Tomoko Hasegawa1, Chan Park?, Shinichiro Fujimori1, Kiyoshi Takahashi', Yasuaki Hijioka1 and Toshihiko Masui'

ABSTRACT The building sector is highly sensitive to climate change, where energy is used
for numerous purposes such as heating, cooling, cooking and lighting. Space heating and
cooling account for a large proportion of overall energy use, and the associated energy
demand is also affected by climate change. Here, we project the economic impact of changes
in energy demand for space heating and cooling under multiple climatic conditions. We use
an economic model coupled with an end-use technology model to explicitly represent
the investment costs for air-conditioning technologies, which influence the macroeconomy.
We conclude that the negative effects on the economy from increases in the use of space
cooling are sufficiently large to neutralize the positive impacts from reductions in space
heating usage under climate change, which results in significant economic loss. The economic
loss under the highest emissions scenario (RCP8.5) would correspond to a —0.34% (-0.39%
to —0.18%) change in global gross domestic product (GDP) in 2100 compared with GDP
without any climate change, while the impact under the lowest emissions scenario (RCP2.6)
would result in a =0.03% (-0.07% to —0.01%) change in global GDP in 2100. The economic
losses are mainly generated by incremental technological costs and not by changes in energy
demand itself. The amount of economic loss can vary substantially based on assumptions of
technological costs, population and income. To reduce the negative impacts of climate
change measures for reducing the costs of air conditioning will be an important consideration
for the building sector in the future.
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Introduction

he energy sector is strongly affected by climate change

(Arent et al., 2014). On the supply side, water cooling

systems are required for thermal power plants, and water
availability is affected by changes in precipitation. Solar and wind
power also depend on climatic conditions. On the demand side,
the building sector is highly sensitive to climate change, where
energy is used for numerous purposes such as heating, cooling,
cooking and lighting. Space heating and cooling account for a
large proportion of overall energy use, and the associated energy
demand is also affected by climate change (Mideksa and
Kallbekken, 2010).

Several recent studies have assessed the impact of climate
change on energy demand for space heating and cooling. These
studies can be divided into three categories (Ciscar and Dowling,
2014): (1) assessments of the statistical relationship between
climatic conditions and energy variables (De Cian et al., 2013);
(2) incorporation of empirical results into broader modelling
systems (Isaac and van Vuuren, 2009; Mima and Criqui, 2009;
Roson and van der Mensbrugghe, 2012); and (3) integration of
technological choices into broader modelling systems (Eom et al.,
2012; Zhou et al., 2014). Most studies agree that the effect of
climate change on global energy use is miniscule, as decreases in
heating are counteracted by increases in cooling. However, the
limited impact of climate change on global energy may have a
much greater effect on the economy because the economic impact
of fluctuations in energy use depends on energy systems and/or
industrial structures.

With respect to the economic impact of changes in energy
demand, some studies have assessed the potential changes in
gross domestic product (GDP) related to changes in demand for
spatial heating and cooling (Eboli et al., 2010; Bosello et al, 2012;
Labriet et al., 2013; Roson and van der Mensbrugghe, 2012; Tol,
2013; Dellink et al., 2014). However, it is difficult to reach a
robust agreement on the degree of the economic impact. The
estimated range of GDP change in 2100 compared with the
scenario without climate change effects is approximately —1.9%
to +0.03% across different models (Eboli et al, 2010; Bosello
et al., 2012; Roson and van der Mensbrugghe, 2012; Dellink et al.,
2014). For example, the Climate Framework for Uncertainty,
Negotiation and Distribution (FUND) (Tol, 2013) shows that the
annual energy savings attained from decreases in space heating
demand was almost 0.4% of GDP at the end of the twentieth
century, but this gain would create a substantial negative
economic impact by the end of the twenty-first century
(approximately —1.9% of GDP in 2100). The other studies tend
to show little change in GDP.

Despite the findings from previous research, further assessment
of the economic impact of climate change on energy demand for
space heating and cooling is needed. First, previous studies have
not considered the level of uncertainty surrounding climate
change associated with specific emission scenarios (Meehl et al.,
2007; Taylor et al., 2011). In particular, scenarios in which CO, is
stabilized at low concentration levels so that the temperature
increase is less than 2°C by 2100 (van Vuuren et al., 2011b) have
not been included in these analyses. Such uncertainty could
be integrated using the latest climate data available from the
Coupled Model Intercomparison Project, Phase 5 (CMIP5)
(Hempel et al., 2013). Second, previous studies were based on
an aggregated relationship between average temperatures and
energy consumption that only acknowledged energy changes (for
example, De Cian et al., 2013) and did not incorporate stock
changes in air-conditioning technology and the associated costs,
even though these changes have an economic impact. Therefore,
the extant methodology could be improved using a more
precise model.

2

This study determines the economic impact caused by changes
in energy demand for space heating and cooling under a wide
range of climate change scenarios, including the stringent
climate-mitigation scenario. In our analysis, we consider detailed
technological information, such as stock changes in air-
conditioning technologies and their associated costs over time.

Methods

Overview. A scenario analysis was executed using an economic model (Asia-
Pacific Integrated Model/Computable General Equilibrium (AIM/CGE)) coupled
with an end-use model (Fujimori et al, 2012) that separates the world into 17
regions (Supplementary Table 1). This approach integrates detailed information
regarding energy end-use technologies, such as stock changes in air-conditioning
technologies over time and their associated costs (Fujimori et al., 2014c), whereas
the conventional method only incorporates aggregated energy demand. In this
analysis, heating and cooling degree days (HDD and CDD, respectively) are uti-
lized. The HDD and CDD refer to the sum of positive or negative deviations in the
actual temperature from the base temperature over a given period of time. The base
temperature is defined as the temperature level where there is no need for either
heating or cooling (Mideksa and Kallbekken, 2010). Following Isaac and van
Vuuren (2009), we used 18°C as the base temperature, although this criterion
differs by region and over different periods of time. Changes in HDD and CDD
corresponding to temperature changes computed at the half-degree grid cell scale
were aggregated according to AIM/CGE regions using a population density map
(Center for International Earth Science Information Network—CIESIN (Columbia
University) and Centro Internacional de Agricultura Tropical —CIAT, 2005) as a
weighting parameter. These values were then fed into the economic model as
drivers of the associated energy consumption. The energy service demands for
space heating and cooling were determined for HDD and CDD using the method
from Schipper and Meyers (1992), while other energy service demands were
determined using the method from Fujimori et al. (2014c).

The AIM/CGE model. The AIM/CGE model is a 1-year-step, recursive, dynamic
CGE model combined with the AIM/End-use model, which is an energy end-use
model based on previous work (Fujimori et al, 2012; Fujimori et al., 2014c).
Supply, demand and international trade are represented across 17 regions. The
production sectors maximize profits under multi-nested constant elasticity sub-
stitution (CES) functions and individual input prices. There are several power-
generation sectors, and the output of power generation from several energy sources
was combined with a logit function. This method was adopted to account for the
energy balance, as the CES function does not guarantee a material balance.
Household expenditures with respect to each commodity are described by a linear
expenditure system (LES) function. The parameters adopted in the LES function
were recursively updated in accordance with income elasticity assumptions. The
savings ratio was endogenously determined to balance savings and investment, and
capital formation for each good was determined by a fixed coefficient. The
Armington assumption was used for trade, and the current account is assumed to
be balanced. Land use is determined by the logit function (Fujimori et al., 2014a;
see Fujimori et al, 2012 for details of the model structure and mathematical
formulas).

When considering the selection of end-use technologies and stock changes with
respect to space heating and cooling demand, we assume that the household and
commercial sectors require several energy services (heating, cooling, cooking,
lighting and so on) and a variety of technologies to meet demand. We also assume
that there are many technologies with different levels of energy efficiency that use
different energy sources (for example, gas- or electric-powered vehicles) (listed in
Supplementary Table 2). The selection of the exact energy technology is
represented as the distribution of the share of all energy technologies with a logit
function. One determinant of the share of energy technology is its overall cost,
including the investment cost, the operational costs and management costs. The
investments and technology costs are annualized according to specified discount
rates and device lifespans. The logit selection has two parameters: price elasticity
for the cost of each technology; and a basic share related to consumer preferences,
inertia, and behavioural and cultural aspects. All the technological information was
taken from the AIM/End-use database (Akashi and Hanaoka, 2012).

Energy service demand. The energy service demand for space heating and
cooling was determined using the method from Schipper and Meyers (1992). The
energy service demand for household heating and cooling was calculated as the
product of population, floor area per capita, heating and cooling demand per area,
and the device penetration ratio. The floor area per capita was formulated as a
function of income (McNeil and Letschert, 2008), while the device penetration
ratio was formulated as a function of income and CDD (Isaac and van Vuuren,
2009). For the commercial sector, demand was calculated as the product of labour
population, the ratio of service sector employment, floor area per employee,
demand for heating and cooling per floor area, and the device penetration ratio.
The ratio for service sector employment was expressed as a function of income
(McNeil and Letschert, 2008). The same device penetration ratio for households
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was used for the commercial sector (see Supplementary Information for more
detailed descriptions).

Scenario settings and data. We designed two groups of scenarios, as shown in
Table 1. The first was a set of basic scenarios to assess the impact of climate change,
and the second was designed for a sensitivity analysis. In the basic scenario group,
four climate change scenarios were simulated by incorporating four Representative
Concentration Pathways (van Vuuren et al., 2011a) (RCP2.6, RCP4.5, RCP6.0
and RCP8.5) representing future climate conditions in addition to a reference
scenario, which assumes that the current climate conditions persist into the
future (scenario without climate change; NoCC). The economic impact (GDP
gains and losses) were quantified by calculating the difference between GDP in
each climate change scenario and the GDP in the NoCC. Furthermore, to
measure climatic uncertainty, we used climate data estimated by five General
Circulation Models (GCMs) obtained from the CMIP5 (Hempel et al., 2013)
and five GCMs (Supplementary Table 3) following Hasegawa et al. (2016).
Population and GDP projections for the “middle of the road” scenario
(SSP2) (ITASA, 2012), which are included in the Shared Socioeconomic Path-
ways (SSPs) from O’Neill et al. (2014), were utilized for all scenarios. The SSPs
are an interdisciplinary scenario framework designed for climate change
research. They are a set of future global development trajectories that focus on
specific components of socioeconomic circumstances. It should be noted that the
climate change scenarios assumed here do not explicitly consider mitigation
efforts, such as carbon pricing.!

The model’s outputs depend on a large number of uncertain parameters.
The second set of scenarios was included to analyse the model’s sensitivity
to parameters that are strongly related to heating and cooling demand. As indicated
in Table 2, we analysed the impact of three different parameter changes:
(1) population and income; (2) price elasticity of technology selection; and

Table 1 | List of scenarios and their assumptions

Population  Price elasticity of

X Climatic Technology
Scenario . and technology
conditions . costs
income selection
Base scenario
NoCC Fixed
RCP2.6 RCP2.6
RCP4.5 RCP4.5 SSpP2 middle middle
RCP6.0 RCP6.0
RCP8.5 RCP8.5
Sensitivity analysis for RCP8.5
SSP1 SSP1
middle
SSP3 SSP3
middle
High elasticity high
RCP8.5
Low elasticity low
Hiet SSP2 hich
igh cost i
¢ middle =
Low cost low

Note: There are two sets of scenarios, namely, base and sensitivity cases. Climatic conditions,
demographics and income, price elasticities of technological selection, and technology costs are

differentiated across scenarios.

(3) technology costs. The three parameters assumed are shown in Table 2. For
population and GDP, we used the assumptions from SSP1 and SSP3. SSP1 assumes
low population growth and high economic development, whereas SSP3 assumes
high population growth and low economic development. Because there is
insufficient information, particularly for the elasticity of technology selections
and costs, we simply changed the original values of relevant parameters in the
model. To determine the model’s response to technology costs, high and low
growth ratios for the Autonomous Energy Efficiency Improvement parameter were
assumed in the model. A single version of the IPSL-CM5 model (IPSL-CM5A-LR)
was used as the representative climate model in the sensitivity analysis because it
eventually equalled the median of five GCMs.

Results

Total global impact. Figure 1 shows the global changes in GDP
associated with changes in energy demand for space heating and
cooling under different climatic conditions. The impact on GDP
in the first half of the twenty-first century was close to (but less
than) 0 under all climatic conditions, but it became more negative
in the latter half of the century. The median negative impact on
GDP in 2100 was —0.34% (—0.39% to —0.18%) for RCP8.5, where
the temperature increase was most severe (Supplementary Fig. 8),
whereas the change in GDP for RCP2.6 remained low throughout
the century at —0.03% (-0.07% to —0.01%) in 2100. For RCP4.5
and RCP6.0, the changes in GDP and the changes in global mean
temperature were between those observed in RCP2.6 and RCP8.5.
GDP losses for RCP4.5 and RCP6.0 in 2100 were —0.10% (—0.16%
to —0.03%) and -0.13% (—0.18% to —0.06%), respectively. The
range of uncertainty across the GCMs widened as the impact
increased. This tendency was most pronounced in RCP8.5, where
the uncertainty in 2050 and 2100 was 0.06% and 0.21%, respec-
tively. GDP losses decreased in the last 5 years of the model
because they are primarily driven by increases in air conditioner
ownership, which becomes saturated by the end of the century,
while GDP steadily increases.

Changes in space heating and cooling demand. To provide an
overview and a regional perspective of HDD and CDD changes,
Fig. 2 shows HDD and CDD for RCP2.6 and RCP8.5 globally and
across five regions (see Supplementary Fig. 7 for RCP4.5 and
RCP6.0). Future temperature increases are projected to reduce
HDD and increase CDD in all scenarios, although the size of the
temperature increase is different across regions. The increase in
CDD was much larger than the decrease in HDD at the global level.
In addition, the changes in both HDD and CDD were greater in
RCP8.5 than in RCP2.6 across all regions.

In terms of regional heterogeneity, different trends were
present in warmer versus cooler climates (Fig. 2). Relatively
warm regions, such as Asia (ASIA), Latin America (LAM) and
the Middle East/Africa (MAF), had a high CDD in the base year,
while the OECD countries (OECD90) and the Reforming
Economies (REF), which are generally located in cooler climate

Table 2 | Parameters changed in the sensitivity analysis

High elasticity
function to a higher elasticity parameter (=7.0)
Low elasticity
to a more inelastic parameter (=3.0)
High cost

Low cost

Scenario Parameters and alternative values chosen
SSP1 The SSP1 scenario assumes low population growth and high economic growth
SSP3 The SSP3 scenario assumes high population growth and low economic growth

A scenario that incorporates a shift from an original parameter representing technology selection price elasticity (-=5.0) in a logit
A scenario that includes a shift from an original parameter representing technology selection price elasticity (-=5.0) in a logit function

A scenario assuming low technological costs in which the change in the original growth ratio of the Autonomous Energy Efficiency
Improvement (0.5% per year) is reduced by half (to 0.25% per year)

A scenario assuming high technological costs in which the change in the original growth ratio of the Autonomous Energy Efficiency
Improvement is doubled from 0.5% per year to 1.0% per year
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Figure 1| Changes in global GDP due to changes in demand for space
heating and cooling under different climatic conditions.

Note: GDP changes are shown as changes from the level without any
climate change. The lines show the median values, and the ranges
represent the uncertainty ranges of the GCMs. See Supplementary Fig. 6
for regional breakdown.
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zones, had a low CDD. The regional deviations from the base year
levels differed, with future climate change projected to produce a
large decrease in HDD in the cooler regions. In contrast, the
warmer regions were not expected to experience a large decrease in
HDD in RCP8.5 because they are already warm. The trends for
CDD were almost the opposite of those for HDD, with warmer
regions having a high CDD in the base year, and there was a large
temperature increase in RCP8.5. The global result followed a trend
similar to the warmer regions (ASIA, LAM and MAF) because the
gridded information for HDD and CDD was aggregated at the
global or regional levels using a population density map, and most
of the global population is found in these regions.

The uncertainty range associated with the climate models
widened as the absolute values of HDD and CDD increased
across all regions (Fig. 2). The uncertainty range increased over
time; for example, 2100 was more uncertain than 2050, and 2050
was more uncertain than the base year. The uncertainty range of
HDD in the OECD and REF was large, whereas it was smaller for
the other regions. The opposite trend applied to CDD, as RCP8.5
had a larger uncertainty range than RCP2.6.

Regional economic impacts. Climate change affects energy
demand in opposite directions through changes in HDD and
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Figure 2 | Heating (top) and cooling (bottom) degree days for the low and high greenhouse gas emission scenarios (RCP2.6 and RCP8.5) at the global

level and across five regions.

Note: Boxes and lines represent the uncertainty ranges across the five GCMs. Boxes represent the first-third quartile range and the plain line indicates
the median (ASIA: Asia except OECD90 countries; MAF: Middle East and Africa; LAM: Latin America; OECD90: United Nations Framework
Convention on Climate Change [UNFCCC] Annex | countries; REF: Eastern Europe and Former Soviet Union). See Supplementary Material for details

on RCP4.5 and RCP6.0.
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Figure 3 | GDP changes in 2100 and RCP8.5 (relative to the scenario without climate change) due to changes in the demand for energy services for
heating (HDD) and cooling (CDD) degree days at the global and regional levels.

Note: "Total" considers the changes in both HDD and CDD, while the other two cases only consider changes in either HDD or CDD, respectively.
Boxes and lines show the uncertainty range across the five GCMs. Boxes represent the first-third quartile range and the plain line indicates the

median. See Fig. 2 for regional codes.

CDD. A decrease in HDD encourages energy savings, while an
increase in CDD drives an increase in energy demand. However,
this does not necessarily mean that regions with a cooler climate,
where the decrease in HDD is much larger than the increase in
CDD, would benefit economically from a decrease in energy
demand while warmer regions would experience an economic
loss. To determine the economics of the changes in HDD and
CDD, the economic impacts were deconstructed into the effects
of regional changes in HDD and CDD.

Figure 3 shows the projected GDP change in 2100 decon-
structed into the economic effects of HDD and CDD for RCP8.5.
The “Total” case considers changes in both HDD and CDD, while
the other two cases only consider changes in either HDD or CDD.
It is clear that HDD changes have a positive effect and CDD
changes have a negative effect on GDP. The total economic effects
are negative because the negative effects of CDD are much greater
than the positive effects of HDD. The effects of HDD and CDD
on the global total are +0.2% and —0.6% (median values) of GDP,
respectively. These results are consistent with the initial
assumption that energy demand for space cooling increases with
an increase in the device’s penetration ratio along with an
increase in the temperature.

The effects of changes in HDD and CDD differ across
regions. Of the five regions, REF had the highest loss in GDP of
—-0.7% (median) in 2100, even though it showed a small
increase in CDD (Fig. 2). This result occurred because REF has
relatively high energy expenditures within its regional econ-
omy and it tends to experience large economic impacts
associated with structural changes in the energy sector. Similar
phenomena have also been observed in mitigation studies
(Fujimori et al., 2014b). LAM showed the second greatest loss
in GDP. This loss in GDP is due to an increase in CDD because
the device penetration ratio in the LAM region is currently low,
but will increase in response to income growth and rising
temperatures. In contrast, ASIA showed a relatively small
decrease in GDP, even though it demonstrated a large increase
in CDD (Fig. 2). Finally, OECD90 experienced a small loss in
GDP due to a small reduction in CDD because the countries
in this region already have a high device penetration ratio in
terms of cooling devices and this ratio will not increase in the
future, even if CDD increases.

Sources of economic loss.> We examined the incremental costs
of using heating and cooling technologies (most of which are air
conditioners) as a main factor generating GDP loss. Figure 4
shows the GDP loss, the additional costs for introducing heating
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Figure 4 | GDP loss and additional investment cost for introducing
heating and cooling technology in RCP8.5 worldwide and in five regions
compared with the case without climate change (NoCC) in 2100.

Note: The values represent the median across five climate models (GCM
is IPSL-CM5A-LR). See Fig. 2 for regional codes.

and cooling technologies and their energy use in RCP8.5
compared with the NoCC scenario at the global level and
against the five regional categories in 2100 (see Supplementary
Fig. 11 for global and regional energy use in RCP8.5). Overall, the
loss in GDP can be explained by the incremental costs for
investments in technology and energy use. For example, the
global GDP loss was about US$1.2 trillion, whereas the additional
cost was $1.1 trillion. These two indicators are consistent for all
regions, except LAM, where they are comparable but slightly
larger than those for the other regions. This situation could be a
result of the general equilibrium effect and changes in the price of
energy. However, from our analysis, we can clearly see that the
additional technology and energy costs are strongly related to
GDP loss.

Sensitivity analysis. We also analysed the impact of various
model parameters. As illustrated in Fig. 5, the results of the
sensitivity analysis indicate that the amount of economic loss can
vary substantially based on model inputs. Economic loss is
influenced primarily by assumptions of technological costs,
population and income levels. Technology costs are projected to
cause an approximate —0.5% to 0.0% decline in global GDP by
2100. This range is wider than that previous estimates found by
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multiple climate models. However, this does not necessarily mean
that the technological costs are more uncertain than those found
in other climatic conditions, as we simply altered the parameters
to ascertain the model’s sensitivity. This suggests that assump-
tions regarding technology costs could significantly change the
results and should be carefully set using the richer data possible.

Population and income influenced economic impact from
-0.2% to 0. -0% at the global level. GDP losses for both SSP1 and
SSP3 were smaller compared with the reference case. In SSP1,
which assumes a high level of economic development, the income
increase led to a higher device penetration ratio compared with
the reference case; thus, the costs related to incremental cooling
demand are high. However, GDP is actually higher in SSP1 than
in the reference case; therefore, the GDP loss rate is lower than
the reference case. In contrast, SSP3, which assumes low
economic development, shows smaller GDP losses than those
in the reference case due to a lower device penetration ratio.
It can therefore be said that different socioeconomic scenarios
affect the results. The income assumption, which significantly
affects the device penetration ratio, is also an important
consideration.

Comparison with earlier studies and the implications of this
study. Although several earlier studies investigated economic
losses caused by changes in energy demand under climate change,
there is no agreement about the extent of these losses. Some
studies indicated that the losses would be more than 1.0%, while

0.0 = ———
014

024

-0.3

04 4

GDP change relative to
the level of no climate change (%)

High- Low-cost High-cost

elasticity

SSP3 Low-
elasticity

Reference SSP1

Figure 5 | Sensitivity analyses show the global economic loss caused by
the changes in energy demand in 2100 for RCP8.5 in different scenarios
considering three uncertain parameters: (1) population and income; (2)
price elasticity of the technology selection; and (3) technology costs.
Note: The reference value represents the median value (GCM is IPSL-
CMS5A-LR) and the black line shows the range of five climate models. See
Table 1 for scenario definitions. See Supplementary Figs. 9 and 10 for
regional breakdown.

other studies suggested lower losses, as shown in Table 3. It is
difficult to evaluate the validity of these studies because they
adopted different time frames, climatic conditions and socio-
economic factors. However, we can discuss two aspects of these
studies here. First, earlier studies using the CGE model did not
explicitly consider demand for space heating and cooling, whereas
our study integrates this demand. Furthermore, we explicitly
incorporated energy technologies and energy services in detail. As
shown above, the economic losses were mainly generated by
incremental technological costs and not by changes in energy
demand itself. This indicates that earlier studies that did not
consider device costs could have underestimated the economic
losses because they only included energy demand. The FUND
(Tol, 2013) referred to these outdated sources to determine their
damage function without considering any device costs. However,
they showed larger economic losses than those identified in
previous studies. We could not identify the factors affecting their
results. In conclusion, we believe our study provides new, more
precise insights with respect to the economic consequences of
energy demand changes associated with future climate change.

Regarding energy demand in terms of physical volume, several
studies have reported changes in energy demand (rather than
economic impact). The percentage increase in energy demand in
this study is comparable with the estimates of Isaac and van
Vuuren (2009), although the socioeconomic factors, climatic
conditions and sector coverage® are different. Isaac and van
Vuuren (2009) projected the global demand for energy during the
twenty-first century and found that energy demand for space
heating gradually rose until 2030 and then stabilized, while energy
demand for cooling continued to increase until 2100. They also
showed in their reference scenario that demand for energy
increased incrementally by about 4 EJ/year (about 5% of the total
energy demand) in 2100 through the use of a scenario in which
CO, concentration is stabilized at 450 ppm. In a rough mapping
exercise, their reference scenario corresponded to RCP8.5 in our
study, and their scenario in which CO, concentration stabilized at
450 ppm corresponded to RCP2.6. In RCP8.5, the change in
energy demand due to climate change ranged from +15.0 to +44.8
EJ/year in 2100 (equivalent to +5.1% to +15.2% of the total energy
demand). De Cian et al. (2013) attempted to determine the
changes in energy consumption associated with climate change in
the OECD regions* in 2085 using an econometric analysis. They
indicated that the change in total energy demand in these regions
was about 40 E]J/year. Because energy consumption in the absence
of climate change was not determined in their study, it is difficult
to compare their results with ours. Nevertheless, they also found
an increased demand in energy.

Limitations and uncertainty. There are several limitations in our
study. First, we used 18°C as the base temperature for HDD and
CDD by referring to Isaac and van Vuuren (2009). Any change in

Table 3 | List of earlier studies relevant to global economic losses due to changes in energy demand associated with climate
change (relative to the scenario without climate change)
Study model Model type Energy impacts Time Scenario Change in
horizon AT global GDP
This study—RCP8.5 CGE Space heating and cooling 2100 4.7 -0.34%
ENVISAGE (Roson and van der Mensbrugghe, 2012) CGE Residential 2100 5 Close to 0%
ENV-Linkages (Dellink et al., 2014) CGE Residential 2060 2.5 (2060) -0.05%
FUND (Tol, 2013) Empirical function Space heating and cooling 2100 3.7 -1.9%
ICES (Bosello et al., 2012) CGE Residential 2050 15 +0.03%
ICES (Eboli et al., 2010) CGE Space heating and cooling 2100 33 -0.22%
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this value could alter the magnitude of the economic losses, but
the trends and extent of our main findings would not change
significantly. Second, it would be interesting to further consider
mitigation policies, which are not incorporated in this study but
are obviously required for mitigation scenarios. If the price of
carbon was included in our analysis, as it often is in mitigation
scenarios, we could estimate the economic losses more precisely.
However, according to our RCP2.6 scenario, the effect of changes in
HDD and CDD was small. Conventional mitigation measures, such
as better power systems and other technological innovations, seem
to be more important than changes in HDD and CDD. With
respect to the RCP4.5 and RCP6.0 scenarios, the situation is slightly
different. For these stabilization scenarios, the price of carbon is not
as high, so the mitigation effect would not be as large. Instead,
socioeconomic variables are expected to be the primary factors.
Finally, we did not consider health impacts due to heat stress from
extreme heat waves. Such issues are beyond the scope of this study,
but they should be considered in future work.

Conclusions

We quantified the economic impact of changes in energy demand
for space heating and cooling under climate change scenarios
using an economic model. In our analysis, we considered
the uncertainty of future climatic conditions using the latest
climate information from CMIP5. Furthermore, we explicitly
treated the device penetration ratio of energy-consuming
technologies for space heating and cooling by incorporating a
bottom-up, end-use approach in the CGE model and then
calculating the incremental investment cost and energy demand
when introducing these technologies based on stock changes. This
factor strongly influences the economic impact, but it was not
previously considered in earlier studies. We also performed a
sensitivity analysis to identify the effects of various model
parameters that determine the magnitude of the economic
impact. In summary, we found the following results:

(1) The negative impacts of increases in the demand for space
cooling on the economy were large enough to neutralize the
positive impacts of decreases in space heating demand under
climate change scenarios, leading to significant economic
loss. The economic impact due to changes in demand for
space heating and cooling would result in a —0.34% (-0.39%
to —0.18%) change in global GDP by the end of the twenty-
first century in the highest emissions scenario (RCP8.5),
compared with the scenario without any climate change. In
contrast, the impact would equal a -0.03% (-0.07% to
-0.01%) change in GDP in the lowest emissions scenario
(RCP2.6). The stabilization of CO, concentrations aimed at
2°C (RCP2.6) corresponds to an approximate 0.31% increase
in global GDP from the levels in RCP8.5.

(2) Economic loss is mainly caused by incremental technology
costs for space cooling and socioeconomic changes, such as
increases in population and income. More specifically, an
income increase in low-income countries augments the
climate change impact by increasing the device penetration
ratio and technological costs. The amount of economic loss
can vary substantially based on assumptions of technological
costs and socioeconomic changes. To reduce the negative
impacts of climate change, measures for reducing the costs of
air conditioners will be important.

Notes

1 Some readers may be concerned about consistency in the scenario for SSP2 and RCP8.5.
We calculated a radiate forcing for SSP2 using a simple climate model, MAGICC

(Model for the Assessment of Greenhouse Gas Induced Climate Change) (Meinshausen
et al, 2011), and found that the forcing is approximately 7.3 W/m? in 2100.
Considering climate internal variability and multi-climate model uncertainty, we
determined that the difference from 8.5 W/m? is acceptable.

It may be assumed that additional energy expenditure and technological costs asso-
ciated with climate change would increase GDP. However, there could be positive and
negative effects, and the exact situation is uncertain without conducting various
simulations. At the household level, the additional costs stimulate activity in the
energy-related industries. If productivity (labour and capital) in the energy-related
sectors is higher than in the other sectors, such additional expenditures could have a
positive effect on the macroeconomy. However, sectoral productivities and the
household sector’s consumption of goods in response to climate change are unknown,
and therefore the final outcome remains unknown without further simulations. If the
commercial sector requires additional expenditures for energy and space-cooling
technologies, there will be a negative impact on the macroeconomy because these
incremental expenditures are intermediate inputs that do not contribute to household
welfare or GDP.

3 This study deals with commercial and residential sectors, whereas Isaac and van

Vuuren (2009) only considered residential sectors.
4 India, Indonesia, Thailand and Venezuela are also included.
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