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Abstract

Rising affluence and a warming climate mean that the demand for air conditioning (AC) is
rising rapidly, as society adapts to climate extremes. Here wepresent findings from a new
methodological framework to flexibly couple and emulate these growing demands into a
global integrated assessment model (IAM); subsequently representing the positive feedbacks
between rising temperatures, growth in cooling demand; and carbon emissions. In assessing
global and regional climate change impacts on cooling energy demand, the emulator
incorporates climate model uncertainties a;} can explore behavioural and adaptation-related
assumptions on setpoint temperature and access to cooling. It is also agnostic to the emissions
and climate warming trajectorygenabling the JAM to run new policy-relevant scenarios
(Current Policies, 2 and 1.5 °C) with climate impacts that do not follow Representative
Concentration Pathways (RCPs). We find.that climate model uncertainty has a significant
effect, more than doubling the increase in electricity demand, when comparing the 95
percentile cases to the median of the climate model ensemble. Residential AC cooling energy
demands are expected.to inerease by 150% by 2050 whilst providing universal access to AC
would result in the'order of a400% increase. Depending on the region, under current policies
and limited mitigation,climate change could bring in the order of 10-20% higher cooling-
related electricity demands by 2050, and approximately 50% by 2100. Set point temperature
has an impofttant moderating role - increasing internal set-point from 23 to 26 °C,
approximately halves'the growth in electricity demand, for the majority of scenarios and
regions, This effect is/so strong that the change in set point temperature to both residential
and commercial sectors outweighs the growth in demand that would occur by providing
universal access to AC by 2050 to the 40% of the global population who would otherwise not
afford it:
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1 Introduction

Rising affluence and a warming climate mean that the demand for air conditioning (AC) is rising rapidly, making it one of the
fastest growing energy demand sectors in recent years (1-3). It has been estimated that more than 35% of electricity demand
growth to 2050 could come from space cooling, with massive growth in the order of 4-10x(4), projected in warm, rapidly
developing countries such as India, South Africa and Indonesia where population access to AC is,currently below 10% (1).
Adequate space cooling, typically provided by air conditioning, also reduces vulnerability to heatwaves and heat stress, but a
vast proportion of the global south live in poorly constructed housing that fails to provide adequate thermal comfort and
increasing risk of heat stress (5). Similarly, many of those typically living in low quality accommodation may be unable to
afford air conditioning, which is primarily determined by income and air temperatures(4),/but also affected by other factors
(6,7). Furthermore, air conditioning has come to be known as a maladaptation, or a mitigation-adaptation tradeoff (8), given
that it is a climate adaptation option that operates in an undesirable positive feedback, increasing\energy use and subsequently
emissions, which further warm the climate and drives more need for cooling. At the same time, adequate cooling is considered
as essential to basic human needs and has linkages across the Sustainable Development Goals(5,9). So how can representation
of this feedback be flexibly integrated into global integrated assessment modelling to better understand the scale of this
projected demand growth? Here we use an updated integrated assessment framework, to better explore some key climatic and
socioeconomic uncertainties surrounding global projections of space cooling energy demands under updated, policy-relevant
scenarios.

A number of previous assessments have explored this important topic area from the global to the city scale, integrating
aspects of a range of disciplines spanning climate impacts and adaptation.modelling, energy and building systems modelling,
microeconomics, and epidemiology. One critical area is that of understanding the uptake of residential air conditioning to
project energy demand growth, typically using econometric methods (4,10,11), with subsequent country-level (6) and gridded
(12) scenario-based projections based on socioeconomic and climatic projections. Of particular concern to some are the
expected inequalities of AC access in developing countries, with subsequent negative impacts on social circumstances such as
health and labour productivity (5,13). The growth in demand; particularly during peak hours of the day, is expected to bring
additional strain on electricity supply systems, requiring mote peakicapacity and subsequently higher consumer prices, in both
developed and developing countries (14—16). How these interactions play out at the macro level including the impacts of climate
change has been assessed in a variety of ways; including.the dynamics of demand growth in global south megacities (17),
implications for CO; (18) and greenhouse gas (19) emissions, adaptation impacts on final energy demand electricity system
costs (19), and the impacts on energy sector investments (20).

In recent years, process-based IntegratedrAssessment Models (IAMs) which primarily focus on developing global energy
and land-use system emissions pathways such as those used in reports of the Intergovernmental Panel on Climate Change
(IPCC) (21), have pursued efforts to include more comprehensively the impacts of climate change. Impacts can be included,
for example, as biophysical impacts on'processes like the changes in water resources (22), crop productivity and energy
demands for heating and cooling (11518-280), or aseconomic damage impacts that affect productivity, economic growth and
cost-optimal mitigation (23) and social cost of carbon frameworks (24). However, typically, climate impacts models (CIMs)
are very computationally and data‘expensive when compared to integrated assessment and energy systems models, meaning
direct couplings are difficult to' achieve.»Whilst IAMs typically run scenarios in the order of minutes to hours, global climate,
hydrological and dynamic vegetation models, for example, take from days to a few weeks to complete single full century
simulations. Thus, despite€fforts to inelude climate impacts, [AMs, like almost all modelling frameworks and climate impacts
assessments, have been (constrained, to very limited sets of output simulations based on pre-determined emissions scenarios,
such as the original RCP and SSP-RCP climate forcing scenarios. For policymakers, these SSP-RCP scenarios are not well
aligned with the curréntunderstanding of what constitutes “Current Policies” and mitigation consistent with the 2 and 1.5 °C
targets mentioned in the/Paris. Agreement. Many of these studies also include RCP8.5 (or SSP5-8.5) which is interpreted as a
baseline or business as usual trajectory, yet increasingly considered an implausible concentration pathway (25) (even if the
climate outcomes remain plausible). Whilst using common scenarios facilitates model and study inter-comparison, such as
those done/in the ISIMIP project (Inter-Sectoral Impact Model Intercomparison Project) (26)!, it also limits the potential for

! The Representative/Concentration Pathways and Shared Socioeconomic Pathways framework (SSP-RCP) was introduced by
ScenarioMIP (27) to establish alternative scenarios of future emissions and land use changes produced by integrated assessment
models. These scenarios were subsequently run by global climate models as part of the 6" phase of the Coupled Model
Intercomparison Project (CMIP), which coordinates a range of earth system and climate modelling exercises used across the
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updated assessments based on new warming trajectories, such as the recent trend of developing “Current Policies” scenarios.
So how can models explore climate impacts, for example on cooling, for scenarios that are different to the RCP-SSPs?

Here, we provide projections of cooling energy demand that incorporate the warming impacts of climate/change; for three
updated and policy-relevant scenarios — for Current Policies, and mitigation to 2 °C and 1.5 °C. In the assessment for these
scenarios we also explore the importance of climate model uncertainty, set-point temperatures and AC access,levels, on long
term cooling energy demand. To assess these new scenarios, we demonstrate how an IAM can run new scenarios exploring
temperature-based impacts on cooling demand, that are not limited to the pre-determined climate impacts pathways of'the RCP-
SSP framework. This means that new Current Policies or Paris Agreement compliant scenarios can be explored, and takes a
much needed step towards closing the loop between general circulation models (GCMs), climate impacts models and IAMs.
To do this, we emulate the climate impacts on energy demand for space cooling (i.e. air conditioning) from a computational
CIM, the buildings energy demand model CHILLED (Cooling and Heating global. Energy Demand model) (5), that
incorporates climate and socioeconomic scenarios and forms part of the MESSAGEix-Buildings' module of the 1AM,
MESSAGEix-GLOBIOM. By linking cumulative carbon dioxide emissions to the clifnate impactsson space cooling energy
demand for buildings, the method is agnostic to the emissions and temperature scenario ofthe TAM pathway and thus brings
new flexibility to IAM modelling. Doing this for space cooling demands is particularly suitable for this test case due to the
highly linear relationships between cumulative carbon emissions and global surface airtemperatures (29), and as seen in this
analysis, space cooling energy demands.

Thus, this study is one of the first global climate impact assessments of projected air conditioning demand use through time,
for full-century emissions and global warming scenarios that, specifically; do not follow either RCP or SSP-RCP trajectories.
The approach extends a method used in another IAM study (19) which linked country-level mean temperatures to global mean
temperatures, but in this case we forgo the use of a simple climate model and link cumulative emissions directly to our climate
impacts model. Subsequently, employing this framework enables us»to answer important questions through an efficient
exploration of climatic uncertainties, and technological and sOcioeconomic 4input assumptions that would otherwise be
computationally impractical. For example, for a given level of societal CO, emissions under an updated Current Policies
scenario, by how much will cooling energy demands increase if global warming is at the high end of the spectrum of climate
model uncertainties? How much energy can be saved, globally, if indoor set point temperatures are assumed to be a slightly
less comfortable 26 °C, compared to 23 °C? What if policymakers endeavoured to ensure that everyone who needs air
conditioning, regardless of socioeconomic status, had access by 2050? Using the new methods, we shed light on these three
questions, seeking to understand the balance of'these biophysical and socioeconomic drivers in projections of cooling energy
demand in Current Policies, 2 °C and 1.5 °C pathways:

2 Methods

This study applies these emulation techniques to represent changes in the CHILLED and MESSAGEix-Buildings energy
demands (18) in a feedback loop within 'the MESSAGEix-GLOBIOM IAM (30,31). MESSAGEix-Buildings is a bottom-up
building sector modelling framework’including anenergy demand model, CHILLED (Cooling and Heating gl.obal. Energy
Demand model); and a stock turnover model, STURM (Stock TURnover Model of global buildings). CHILLED is a spatially
explicit gridded building systems heating & cooling demand model that takes gridded GCM data as input. CHILLED energy
demands vary according to'the air surface air temperature changes, and it is well established that global mean temperature
change is strongly linearly correlated with cumulative CO, emissions — this is known as the Transient Climate Response to
Emissions (TCRE) (29). Thus=for any.level of cumulative CO, emissions along an emissions pathway, the approximate global
mean temperature is known. Subsequently, with the global mean temperature, the resultant, spatially explicit local energy
demands from CHILIVED can be determined.

To do this, CHILEED wastun using a range of parameterizations and climate model scenarios to statistically derive response
functions that represent the linearrelationships between cumulative CO; emissions and the energy intensity demand for cooling.
These response functions will inform'the final energy projections used as inputs in a MESSAGEix run — which when iterated
produce an emissions scendrio with final energy demand for cooling that is consistent with the cumulative emissions, and
subsequently a changing climate, through the century. In this particular case and in contrast to two recent IAM studies (19,20),
it is important to note that changes in cooling demands as used here, do not include elasticity of demand in response to changes
in prices; whichywould occur if the emulation was fully endogenously represented within the MESSAGEix optimization.

world in climate and global change research, including contributions to the Intergovernmental Panel on Climate Change (IPCC).
In its latest phase, ISIMIP has used three of these scenarios, SSP1-26, SSP3-70 and SSP5-85 (28).
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2.1 Scenario data generation

The cooling demand emulator calculates the energy intensity required for space cooling at the regional level due to climate
change — compared to the case when no climate change is considered — for a given scenario and timeline. To generate the input
data for the emulator, residential energy demand intensity for cooling was calculated using a set of four climatescenarios based
on the CMIP6 SSP-RCP pathways”. The Baseline scenario is based on the emissions and warming profile of SSP1=26 during
2015-2020, which is used for the full century to represent static climate assuming no climate impacts. Itiprojects the.energy
intensity through time with changes only as a result of socioeconomic input assumptions, such as population andiincome growth
fixed on SSP2. To generate the sample space for CO, emissions-induced warming, three climate scenarios based on the CMIP6
ScenarioMIP emissions and warming profiles of SSP1-26, SSP3-70 and SSP5-85 are used from an ensemble of five GCMs.
These scenarios project the energy intensity through time with changes resulting from both the SSP, socioeconomic input
assumptions, and the transient warming temperatures from the three RCPs.?

A significant innovation compared to previous assessments using CHILLED (5,17:18), is tb&inclusion of climate model
uncertainty in the cooling demand projections and subsequently emulation of this large ensemble. An ensemble of 5 bias-
corrected and downscaled GCMs (32) from the ISIMIP protocol (28) (GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR,
MRI-ESM2-0, and UKESM1-0-LL) that span a large part of the climate model uncertainty inswarming response, are used. The
combination with three emissions scenarios and 5 models gives a 15-member ensemble of CHILLED runs that span a wide
range of global warming trajectories (between +1 and +3.3 °C) and the subsequent.responses in cooling energy intensity.

Cooling energy intensities per floorspace unit for residential and commercial arescalculated separately for: 1) existing
buildings (built before a base year of 2015) representing current average stock characteristics, such as building shell insulation
(U-values); and 2) new buildings (built after 2015) compliant to current construction standards and improved energy efficiency.
We consider progressive improvement of the conversion efficiency©f cooling systems on a regional level based on previous
studies (18). &

For context, running one member through CHILLED on a server with 2.6 GHz 8 cores, 16 threads and 128GB RAM takes
about three hours, thus running the 15 members for the two.setpoint temperatures presented here takes in the order of four days
of continuous computational time and generates approximately»220 GB of compressed netCDF output data. This only needs to
be done once, in order to generate the data required for emulator setup.

2.2 Cooling demand emulator setup

Output energy intensity results from CHILLED, expressed as MJ.m2.year, are aggregated from grid- to country-level,
weighted according to the spatial population.distribution of SSP2 through time(33,34). These are subsequently aggregated to
an 11-region definition (Figure SI 2, Table SInl) used by MESSAGEix. For each SSP scenario, global cumulative CO,
emissions from 2015 are calculated through time, for.each timestep (10 years) of CHILLED output, such that every year and
regional value of EI can be matched to a corresponding level of cumulative CO» emissions. Linear regressions are applied to
derive relationships between cumulative C@a emissions and regional energy intensity across regions, set point temperatures
and building stock types. To capture the uncertainty introduced by the different GCMs, linear quantile regressions are used to
calculate the emissions-energy intensity/response across the distribution, in this case the 5, 25%, 50, 75%, and 95" percentiles
(Figure 2).

The response function takes theregionalized parameters and returns regional projections of energy intensity, for both existing
and new building stock (Figure,2). Already just from setting up the regional response functions, the propagation of climate
model uncertainty by the end of century is substantial, with potentially 50-125% difference in energy intensity between the
coolest and warmest climate models in the ensemble (Figure 2), depending on the region.

2 In this updated emulation, an ensemble of 5 CMIP6 global climate models was used (GFDL-ESM4, IPSL-CM6A-LR,
MPI-ESMi1-2-HR, MRI-ESM2-0, and UKESM1-0-LL), which have been bias-corrected and downscaled to 0.5° grid resolution
(approximately SOkm at the equator) (32) as part of the ISIMIP3b simulation round (28).

3Although the temperature profiles come from new CMIP6 SSPx-RCPy scenarios that theoretically have different SSPs
ascribed to.them, the SSP related to the warming profile is irrelevant in this case. We use only the temperature data and fix the
socioeconomic assumptions within CHILLED to SSP2.
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Figure 2. Regional linear response functions (and input point data) for energy intensity by cumulative CO, emissions. The
top figure showcases the response function for existing building stock, while the bottom figure is for new building stock. Both
figures are ataset temperature of 23 °C and for total (urban and rural) population. Each dashed line represents a quantile

regression (Sth, 25thp50th, 75th, and 95th percentiles, not models), while the solid red line is the result of a simple ordinary

least squares regression also applied on all data points.
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2.3 Final energy demand calculation

For each climate scenario, s, the total final energy demand E.., ., for residential and commercial space cooling is calculated
for each of the 11 regions, r, in MESSAGEix at a given timestep, ¢, and summed up across building cohorts, i, using the
following equation:

Ai,r,t : Fi,r,t “Cesir” fop,c,i,r
Ecsrt = Z
i Nirt
Where:
A;1is the access to air-conditioning (share on total stock)
F;,1is the total floorspace
e.sir18 the useful energy demand intensity per unit of floorspace
Jop.c.ir1s the share of daily hours of air-conditioning operation
nir: 1s the efficiency conversion coefficient of the cooling system ~

Inputs from STURM are used to inform about scenario-specific building stock characteristics,/AC access, and behaviour of
building occupants, in line with a baseline SSP2 scenario (18) The increase in total cooling énergy demand, 4E, . , is finally
calculated for each climate scenario, s, at the level of the 11 regions, r, and oyer time ¢, using the following equation:

AEc,s,r,t = Ec,s,r,t - Ec,ref,r,t

Where:

E. s, is the total final energy demand for the given climate scenario (s)
E. refrs 1s the total final energy demand for the baseline scenario

2.4 Application to MESSAGEix-GLOBIOM, y

The ITASA TAM framework (31,35,36) consists of a’combination of five different models or modules - the energy model
MESSAGEIix (30), the land use model GLOBIOM, the air pollution and GHG model GAINS, the aggregated macro-economic
model MACRO and the simple climate model MAGICC - which complement each other and are specialized in different areas.

For this study, we only use the MESSAGEix module of\the [AM framework together with a parametric emulator of
GLOBIOM®. For the integration of the climate impactsyon. cooling energy demand, we use the 11-regional version of
MESSAGEix-GLOBIOM with simplified energy end-use sector representation’. The increase of cooling energy demand E,.,

spec

from CHILLED/STURM (Figure 1, Figure SI 1) is then added to the electric residential and commercial sector demand D,

after scaling with relevant final-to-useful efficiencies ef' i"al_usef “ from MESSAGEix-GLOBIOM.

spec. _wpSpec . final-useful
Dere =Dpt + Ecrp - e

Based on this approach final energy electricity demand of the residential and commercial sector in MESSAGEix-GLOBIOM
will increase as calculated by the CHILLER/STURM model. With the additional cooling energy demand added, the energy
system implications including electricity generation and GHG emissions can be estimated and compared with scenarios that
assume the continuation of current climate.

2.5 Scenario setup

Primary results are explored for three TAM climate policy scenarios, one so-called Current Policies and two mitigation cases,
from an existing study (37,38). For these three climate policy scenarios, a Default scenario set defines the standard settings
used for the CHILLED/STURM setup, with additional variants used to explore changes in climate impacts and uncertainty,
behaviour and adaptation.

The Current Policies (CurPol) scenario incorporates climate and energy policies that have been enacted until 2020 and
which are extrapolated via @ modest GHG emissions price beyond 2030 that approaches about 110 USD2010/tCO2eq by the
end of the century. The other two scenarios follow the Current Policies scenario until 2020 and then focus on limiting long-
term warming to below 2 and 1.5 °C as articulated by the Paris Agreement, and implemented in MESSAGEix via CO> emissions
budgets-of;,1400.and 300 GtCO,, respectively, between 2018 and 2100. The Current Policies scenario results in a global median

4 hitpsu/docs.messageix.org/projects/global/en/latest/land_use/emulator.html
3 https://docs.messageix.org/projects/global/en/latest/energy/enduse/index.html
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peak temperature of 3.31 °C in 2100. The 2 °C scenario, results in a global median peak temperature of 1.95 °C, returning to
1.83 °C in 2100, while the /.5 °C scenario results in a global median peak temperature of 1.64 °C, returning to 1.25 °Cin2100.

2.5.1 Default scenario set and variants

Regarding the settings for CHILLED/STURM and applied to the these three climate policy s¢enarios (CurPol;,2.°C & 1.5
°C), the Default scenario set consists of the 50" percentile of the CHILLED results based on the 5-member GCM ensemble
that covers the range of climate model uncertainty, a 23 °C internal set-point temperature, and national, AC ownership
projections based annual cooling degree days and constrained by income (Figure 3) (11).

Other sets of scenarios were developed, each comprising the three climate policy scenarios,tortest the.emulator capabilities
and explore variations in input assumptions and uncertainties along socioeconomic and climatic dimensions. Variant scenario
sets are thus assessed through two lenses (Table 1):

e the impacts of climate change and how space cooling energy demands will change. in.a warming world. A no
climate impacts set, whilst not realistic, enables the counter-factual quantificationof the impact of climate warming.
Comparison to the 5" and 95" percentile CHILLED results is also done, to undérstand the upper and lower scenarios
of climate model uncertainty. Different climate models have different warming sensitivity to emissions, so this
explores the potential variation in energy demand depending on the earth systems’ response to GHG emissions.

e behavioural & adaptation lens examines the effects of different socioeconomic factors. Firstly, the High set-point
set uses a higher internal set-point of 26 °C to explore a lower bound of energy intensity and behaviour change with
people accustomed to higher and less comfortable internal temperatures. The Decent Living set integrates
projections that achieve universal AC access, whereby all those that need AC (5), have access by 2050, resulting in
higher projections of energy intensity (Figure 3).

- 4
Table 1. Summary table of the scenario sets explored'to understand variation in key input assumptions.

Dimension Scenario set Climate policy Climate Set-point Level of AC
scenarios percentile! temp. ! (°C) access 2
- © Default CurPol, 2 °C, 50 23 Projected
° g 1.5°¢
S5 No climate impacts CurPol,n,. 2 °C, N/A 23 Projected
g2 1.5°C
- E Climate model CurPol, 2 °C, 5t gsth 23 Projected
© uncertainty 1.5°C
° High set-point CurPol, 2 °C, 50t 26 Projected
; .5 ~ool.5 o€
,g k= Decent living CurPol, 2 °C, 50t 23 Universal
=g 1.5°C by 2050
R < Decentdiving + CurPol, 2 °C, 50t 26 Universal
High set=point 1.5°C by 2050
Notes:

! Parameter in the CHILLED model
2 Parameter in the' STURM model
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Figure 3. Differences in AC share between projected access (Default) and universal access by 2050 (Decent Living). Note that
this is applied only to the residential sector (and not the commercial sector) and that Universal access is taken to mean all

those who need it, have access, hence why in temperate regions this'does not reach 100%.

3 Results

First, the results for the default scenarioset are presented, investigating changes final energy for residential AC, final energy
for the residential and commercial sector, electricity production and CO; emissions. Subsequently, the sensitivity of final energy
to key parameters and variables is exploredusing the new emulation capabilities.

3.1 Main results ~

Overall, the changes to the AC final eléctricity demand and the residential and commercial final electricity demand are most
responsive because these are specifically where changes to cooling demand are represented in the model framework. In the
Default set, residential AC energy demandis expected to grow by a factor of approximately 2.5-2.8 by 2050 depending on the
climate policy scenario. In the Curtent Policies scenario (CurPol) with minimal climate mitigation and ultimately passing 3 °C
by end of century, rising air temperatures substantially drive energy demand for space cooling. Growth in this demand segment
is less pronounced in the mitigation scenarios, as would be expected given the lower temperatures.

The Default scenario setup with and without climate change (Figure 4) reveals underlying socioeconomic dynamics. Global
North regions and Centrally Planned Asia (CPA) see peak and decline of residential AC energy demand, driven by efficiency
improvements in/the building'stock.and AC units, and overall low growth or shrinking populations. In Global South regions,
growing populationand incomes drive rapid demand growth in the near term that stagnates after mid-century. AC access growth
in wealthier Global Northrégions (e.g. MEA, Middle East & North Africa) is far less constrained by affordability, unlike South
Asia (SAS) and sub-Saharan Africa (AFR) where less than 40% of the population is still not wealthy enough to afford AC
access by the.2050s.
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AC electricity demand for the Residential sector under CurPol climate scenario and 23 °C set-point
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Figure 4. Projections of residential AC electricity demand in the CurPol scenario.

Global residential AC energy demand growth is projected to increase; compared t0 2020, by 145% by 2050 without climate
change impacts, and between 155-180% with climate impacts, between.the 1.5 °C and CurPol scenarios (Table 2). Adding the
warming impacts of climate change on residential AC energy démand results in 8-19% additional energy demand by mid-
century between the 1.5 °C and CurPol scenarios (Table 3), and 1-52% additional in 2100. The largest relative increases by
region are an approximate doubling in North America,/Western and Eastern Europe by 2100, with 80%, 100% and 129%,
respectively (Table SI 2).

Table 2. Projections of global residential AC electricity demandfor the main scenarios in 2020, 2050 and 2100. %

differences havesbeen rounded to nearest 5%.

2020 2050 2100
Electricity Electricity % difference Electricity % difference
demand (EJ) demand (EJ) from 2020 demand (EJ) from 2020
Default
CurPol 2.4 6.7 180 13.9 485
2°C 24 N 6.4 170 10.5 340
1.5°C 2.4 6.1 155 9.3 290
No climate impacts 2.3 5.6 145 9.1 295
High set-point
CurPol 2.4 3.9 65 8.9 270
2°C 2.4 3.6 50 6.1 155
1.5°C 24 3.4 40 52 115
No climate impacts 2.3 3.1 35 5.1 120
Decent Living
CurPol 2.4 12.9 440 16.3 585
2°C 2.4 12.3 415 12.2 415
1.5°C 2.4 11.7 390 10.8 355
No climatg impacts 2.3 10.9 375 10.7 365
Decent living + High set-point
CurPol 2.4 7.6 215 10.5 440
2°C 24 7.1 195 7.2 200
1.5°C 2.4 6.6 175 6.0 150
No climaterimpacts 2.3 6.0 160 5.9 155
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1
2
3 Providing universal access to AC by 2050 for all those who need it (Decent Living scenario, Table 3), increases global
4 demand by 92% in 2050 (compared to the Default in 2050), ranging from approximately 14-21% in wealthier North America
5 (NAM) and Pacific OECD (PAO) regions and 143% and 333% in the poorer South Asia (SAS) and sub-Saharan Africa (AFR)
6 and regions.
7 Table 3. Projections of regional residential AC electricity demand in 2050 and % additional demand. ,, denotes samevalues
8 as 2 °C.
9
10 2050 No climate Default in 2050, EJ/yr Decent Liying in 2050, in,EJ/yr
11 impacts increase to No climate impacts, % increase to Default in 2050, %
12 EJ/yr 1.5°C 2°C CurPol 1.5°C 2°C CurPol
6.06 6.39 6.7 11.66 1226 12.85
12 World 363 8% 13% 19% . 92% .
15 0.22 0.23 0.25 0495 ~ 1.01 1.07
16 AFR 0.2 9% 16% 23% ” 333% ’
17 0.25 0.27 0.28 0.35 0.37 0.39
18 CPA 0.23 10% 16% 22% >, 39% ’
19 0.02 0.03 0.03 0.04 0.04 0.05
20 EEU 0.02 6% 21% 34% s 66% )
21 0.04 0.04 0.04 0.09 0.09 0.10
22 FSU 0.04 6% 15% 24% >, 122% ’
23 0.81 0.85 0.90 1.38 1.46 1.54
py LAM 073 1% 17% 2% e 2% .,
1.7 1.79 188 7 3.09 3.26 3.43
25
26 MEA 161 5% 11% 17% ’ 82% ’
0.48 0.51 0:54 0.55 0.58 0.62
27
28 NAM 042 13% 21% 28% ’ 14% ’
0.05 0.06 0:06 0.06 0.07 0.07
29
30 PAO 0.05 14% 21% 29% ’ 21% ’
0.59 0.62 0.64 0.99 1.04 1.08
31
32 PAS 0.56 6% 10% 15% ” 68% )
1.49 1.55 1.6 3.62 3.75 3.87
33
34 SAS L4l 6% 9% 13% ’ 143% ’
0.41 0.45 0.48 0.53 0.57 0.62
35 .
36 WEU 0.36 15% 24% 33% ’ 29% ’
37 N
38 Regional populations also play an important.role — whilst in the global north, Eastern Europe does experience a significant
39 increase in the Current Policies scenarioj the population is comparatively a fraction compared to regions such as Latin America
and Caribbean (LAM), sub<Saharan Africa, and South Asia.
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
11
59
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Default scenario vs No climate impacts scenario: Residential & Commercial Electricity Demand
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Figure 5. Final energy demand for electricity in residential & commercialsector, with (default) and without climate change

impacts.

For Final Energy Electricity for both Residential and Commereial'sectors, the ordering of the scenarios can also appear
counter-intuitive. Mitigation scenarios have overall higher rates of electrificatiop in the residential sector, for example with a
shift from fossil-fuel boilers to heat pumps, alongside higher energy efficiency. Thus, in mitigation scenarios, residential final
energy demands for electricity are higher due to this carriér-switching (Figure 5), but overall are lower across all carriers (Figure
6, Figure SI 5, Figure SI 6).

In the warmest Current Policies scenario, differences in electricity production are only noticeable towards end of century,
but for some regions can be substantial. In the mitigation scenarios differences are not visible here. The wider changes observed
are more structural — decarbonization in the mitigation scenarios with greater electrification of end use services results in higher
electricity production, compared to the Current policies scenario.

In terms of emissions (Figure 6), the low mitigation Current Policies scenario has the highest changes in CO; emissions,
because in these cases the electricity sector is,not decarbonized. Differences in the mitigation scenarios approach negligible by
end of century, because despite increased eleetricity demands for cooling, electricity sector emissions are close to zero. For
carbon prices, changes were also found to be negligible (Figure SI 1).

A S
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Figure 6. Global, Global North and Global South projections of residential & commercial sector final electricity demand,

electricity generation and total CO, emissions.

3.2 Sensitivity analysis

The results exploring the-scenarioyinput assumptions demonstrate both the new flexibility of the framework and important
insights on key determinants of space cooling energy demand. Here the results presented are focused on residential and
commercial final energy electricity demand, to provide wider, systemic context to the changes that have been modelled.
Relative to the no climate change and default scenarios, the percentage differences relative to the default of each scenario set
are shown togethet in Figure 7.

Exploring the uncertainty @cross the five climate models and subsequently the ensemble statistic percentiles (5%, 25%, 50t,
75" & 95 percentiles), a considerable effect on the overall change in demand is possible. The 50" percentile projected change
in residential final eleetricity demand approaches 5% in the 2050s and 7.5% by end of century under the Current Policies
scenario. Under mitigation scenarios, increases are approximately 3% and 1.5% by the 2050s, for the 2 and 1.5 °C scenarios,
respectively. The ranges of uncertainty are considerably high, with the 95" percentile scenario range more than doubling the
projected changes in electricity demand compared to the median case (Figure SI 12, Figure SI 13, Figure SI 16). In Global
North regions, because of both the temperate climate and that space cooling demands are overall lower, relative changes tend
to be higher than the Global South regions.
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Set point temperature also has a substantial effect on the projected demands. In the default scenarios 23 °C is used, whilst
the tests with 26 °C, a seemingly small change, indicate that projected growth in demand would be approximately half compared
to 23 °C. In the 1.5 °C mitigation scenario, where changes in demand are relatively smaller, a high set point tgmperature means
that there is scarcely any change from the baseline, thus these graphs are not shown because the lines oscillate around zero
(Figure SI 12, Figure SI 14, Figure SI 17).

The Decent Living scenario tested here projects steady growth in AC access, with universal access by.2050 for all'those who
need it (Figure SI 12, Figure SI 15, Figure SI 18). Comparison is also made with a Decent Living high set.point scenario (26
°C) which would have lower energy demands. Subsequently, compared to the default scenario the Decent Living scenarios
have higher demands in all regions. The differences are generally greater in the global south regions; given that these regions
have the lowest incomes, for example sub-Saharan Africa (AFR), Latin America & the Caribbean (LAM), and Centrally
Planned Asia (CPA). So whilst the demand growth for residential AC electricity demand almost doubles (92%, Table 3) for
universal AC access, when combined with commercial sector cooling (Figure SI 8) which is typically 2-3 times larger, the
effect on residential and commercial final energy electricity demand is low, at only 0.41% (Figute 7)s'Again the differences to
the Decent Living high set-point scenario are substantial, in most cases considerably lower than the Default scenario. This
illustrates that energy savings from operating higher set point temperatures approximately compensates for the additional
demand that is incurred by providing the poorest with AC access.
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Figure 7. Changes to global results in 2050 and 2100. The warmer Current Policies scenario is overall most sensitive to
changes in climate modeluncertainty, set point temperature and decent living access requirements. The Default scenario is
plotted relative to the No climateiimpacts scenario, and the percent difference value on top of the Default scenario is relative
to the No climate impacts scenario as well. All other scenario sets are plotted relative to the corresponding Default scenario,

and their respective percentdifference values are relative to the value of the Default scenario.
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4 Discussion

4.1 Comparison with the literature

A rapidly growing body of literature (39,40) seeks to understand the effects of climatic and socio-economic _change on
heating and cooling demands and is in general agreement with the findings presented here, nuance on the different effects is
important and often difficult to disentangle. With exception of a few studies (8,17,19,41), there is typically little distinction of
the socioeconomic-driven and climate change driven energy demand growth, also referred to ashe extensive margin and the
intensive margin, respectively. Nonetheless, this study finds agreement (Table 2, Table 3) with two,general expectations.
Firstly, that socioeconomic change, primarily income growth, will drive the majority of global growth in.cooling-related energy
demand, in the order of 2-5 times by 2100 (18,42,43). Secondly, that, the warming effects oficlimate change will increase these
demands further, globally in the order of 10-20% (19,41), depending on the warming scenario.

With a warming climate and fixed socioeconomic and technologic factors, average potenfial'demands over the year will
reduce for heating and will increase for cooling, but as has also been shown here, the extéent of these changes is substantially
uncertain due to climate model sensitivity (3,44). The balance of these effects, compensatory.in nature, also depends on the
local climate under consideration and service technologies used, such that typically higherlatitude locations will save more in
heating, whilst warmer low-latitudes will save little, if anything, on heating and only use more for cooling (18,45,46). Combined
with the fact that, higher latitude and “northern” populations tend to be wealthier, and.low+<income countries in the global south
have faster growing populations, higher vulnerability, and higher within ¢ountry inequalities in AC access (13), we can see that
the burden of climate risk here is highly unequal.

Our results on set-point temperature, although difficult to directly.compare, complement those of the few macro studies
investigating energy-saving benefits of set-point temperature moderation (consuger behaviour) (5,18,47) . In a similar example
but for heating, a reduction in 1 °C set-point for heating across Europe‘would save 240 TWh/yr of gas, equivalent to a sixth of
historical imports from Russia (48). Such assumptionssabout set-point temperatures however are contingent on consumer
behaviour and their sensitivity to energy prices. For many, heating set-point temperatures and subsequent energy expenditure
are partly constrained by income, thus potential heating-related savings from warmer winters can result in a partial rebound,
typically in the order of 0-30% when considering both direct and indirect effects (45,49—54). Along the same lines, adoption
and levels of cooling use in developing countries are.also income-constrained, highlighting the need for more studies that
investigate how people may change their behaviourrand adapt'with ever-rising temperatures and cooling-related expenditure
(6-8), particularly in hot countries and for low-income households.

Studies investigating the impacts of ¢limate change on the electricity system suggest different dynamics with important
distinctions, albeit largely consistent with our findings. In Europe, while the net effect of climate change on annual electricity
consumption, considering both heating and cooling, is expected to be near zero, peak electricity demands will increase in
southern Europe and mildly decrease or remain stable in the north (8,16). However, this assumes the same electricity demand
structure, which is currently shifting for he@{ing given the uptake of heat pumps, for example. In wealthier regions such as the
U.S. and Europe, where AC adoption is closer to saturation and thus not particularly income-constrained, changes in peak
demands are largely temperature-driyén, whereas in warmer developing regions, such as India, demand change is
predominantly driven by socioéconomics (8): population growth, housing stock turnover and AC adoption. In the U.S., the
changes in average demands for both heating and cooling are occurring faster and more robustly than those for peak demands,
and whilst growth in peak ceoling demand,is robust, reductions in peak heating demand are less robust, as extreme cold events
can have outsized effects (55).

4.2 Limitatiens and.avenues for further research

The sensitivity to climatefmodeluncertainty have been shown to be considerable and can be expected to vary region to
region, whilst there'is little that can be done to limit the uncertainty around this dimension. Running different climate model
data is by fat the most computational aspect of the framework, thus the emulator capabilities bring a new flexibility to this type
of scenario analysis. It even works in overshoot scenarios, whereby global temperatures start to cool again, although whether
society subsequently reduces its cooling related energy demand in a linear fashion is thought to be unlikely due to lock-in and
rebound effects (45,49,50,53).

Some climate-related aspects remain unresolved and warrant further study. Urban heat island (UHI) effects are not captured
by GCMs and can significantly increase urban temperatures, in the order of 2-6 °C on the hottest days, thus the calculations
likely underestimate energy demand in this regard. Correcting for this has been attempted by some at higher resolutions using
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regional climate models and city level studies (56), but there are many influencing factors, such as vegetation cover, urban
form, wind speeds, hourly data, that make this currently infeasible in framework presented.

Technological factors that may be explored include, the coefficient of performance of air conditioners, which can vary widely
around the world and by age, and also deteriorates in the hottest temperatures (including UHI), and, the impacts of refrigerant
F-gases and their safe management in a world with many more air conditioners (57). Energy sector impacts are also worth of
further exploration, in particular accounting for intra-day fluctuations in electricity demand driven by temperature”extremes
(19) which can also substantially drive peak capacity requirements and investments (20).

Socioeconomically, the results presented here have also assumed fixed hours of cooling operation, which,can be scaled
easily, but for which data is particularly lacking across the world. The study has found substantial, effects of the set point
temperature, putting them into context with the impacts of climate change and in comparison toproviding everyone with cooling
access. Further understanding regional and income-level adjusted set point temperatures could be exploted.

Here the results for SSP2 have been presented, but the framework and emulation are easily reproduced for other SSP
trajectories, which are currently undergoing a major update at the time of writing. Not only does thisiimpact on total population,
but also urban-rural splits, spatial distributions and income levels which are used in the A€ access models, and thus warrant
further investigation for example through incorporating other factors relating to AC access (6),/and more generally societal
adaptive capacities to deal with the effects of climate change (58).

5 Conclusions

Global mean temperatures will continue to rise until net-zero CO, emissions, notrealistically expected before the 2050s and
expected to surpass 1.5 °C even with the most ambitious mitigation actions (59). Primarily rising incomes, but also warmer
summers but also more frequent heat extremes are already and willdrive substantial adoption of air conditioning, particularly
in the low latitudes and Global South. The warming effects of climate change onjenergy use will be in addition to this.

Climate model uncertainty has a significant effect on the changes in electricity demand, with the 95% percentile cases being
substantially higher than the differences between the 5™ ahd 50" percentile scenarios. Thus, if global warming accelerates more
than expected, or extremely hot years are experienced, electricity demands from AC may rise even more rapidly.

Set point temperature has been shown to have an important role in modulating the demand. Increasing internal set point from
23 to 26 °C, approximately halves the growth in electricity demand, for the majority of scenarios and regions. Such is the effect
that the change in set point temperature almost outweighsithe growth in demand that would occur by providing universal access
to AC by 2050, to the 40% of the global population who would otherwise not afford it.

Overall, the study in the default settings, does not bring,major changes to the majority of results in the overall IAM runs,
particularly in the mitigation scenarios where the effect of climate impacts is fairly small. Depending on the region however,
the effects of climate change could bring in the order of 10-20% total higher electricity demands in the residential & commercial
sector. Compared to the growing electricity demands and overall energy demands which are rising, the effects are fairly
negligible at the system scale, but may be felt by individual consumers.

Methodologically, in order to run‘the newsscenarios with consistent climate impacts, this study has made a significant
advance in the flexible representation of climate impacts within integrated assessment model frameworks. The emulator is now
able to flexibly provide residential cooling energy intensity trajectories taking into account climate impacts from for a wide
range® of emissions trajectories, bringing. thfee key benefits: 1) Previous cooling demand trajectories were constrained by
available climate model datathus'subsequently limited to a small set of global warming trajectories, namely the Representative
Concentration Pathways. Nowya cooling demand trajectory can be developed for a wide range of emissions trajectories based
on cumulative CO, emissions, up to 8000 Gt CO,. 2) The emulator incorporates information from a 5-member ensemble of
climate models, thus making available estimates of the model uncertainty around global warming response to cumulative CO»
emissions. 3) Once setup with.thebackground data and regression functions, the emulator can generate many cooling intensity
trajectories at negligible computational cost on standard computers, in minutes instead of hours on computational servers,
substantially saving computational time and data storage requirements. The methodology also demonstrates and paves the way
for inclusion.oftether climate impacts in integrated assessment modelling, that is similarly not constrained to a small set of
emissions scenarios.

¢ Based. on(the available data, the regression was run between o and ~8000 Gt CO> cumulative emissions, although
presumably this could be extended to higher levels, albeit an unlikely case.
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