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Abstract: Demand for space cooling systems is growing worldwide. The main reasons are socioe-
conomic developments such as the growing world population and the rise of economic wealth,
especially in developing countries. These developments run simultaneously with global warming
effects, increasing the need for cooling. This study introduces the development of the Cooling De-
mand Market Index (CDMI), which indicates the demand for cooling appliances worldwide at a
spatial resolution of 1 km. It is based on population density, Gross Domestic Product (GDP)/capita
and Cooling Degree Days (CDD) per climate zone. The CDMI is calculated for 2020 and 2050 in
four different future scenarios in accordance with the Spatial Socioeconomic Pathways (SSP) and
Representative Concentration Pathways (RCP). Further, the Solar Thermal Cooling Index (STCI)
was developed to spatially estimate the worldwide potential to use solar thermal cooling systems
based on solar availability and limitations due to maximum heat rejection temperature. Results of the
CDMI show that the economic demand for cooling solutions is increasing, especially in developing
countries, and that India will be by far the largest market by 2050. Countries such as Burundi and the
Democratic Republic of the Congo show the strongest national increases in CDMI. The STCI indicates
that ammonia absorption chillers and zeolite adsorption chillers can serve the vast majority of the
market thanks to their capability to run at high condenser temperatures.
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1. Introduction

Global warming is progressing unabated, as the past eight years were the warmest
years since the beginning of the weather record [1]. Global surface temperature in the
period 2011-2020 was already 1.09 °C above the level in the period 1850-1900, of which
the human-caused share likely contributed 1.07 °C [2]. As a consequence, in 2022, Europe
experienced its second warmest June and warmest October in history, with 1.6 °C and 2.0 °C
above the 1991-2020 average, respectively [3]. Between 2010 and 2020, heat waves were the
hazardous events causing the highest number of deaths in Europe and Asia [4]. To remedy
this trend, space cooling is necessary not only for reasons of comfort but particularly for
reasons of human health [5,6]. The rates of extreme heat waves in Europe, Pakistan and
India will increase [7,8]. Furthermore, the First Street Foundation predicts that in 30 years,
an estimated 107 million people in the United States alone will suffer from extreme heat
events with temperatures above 50 °C [9]. Especially urban populations are vulnerable to
these extreme weather conditions, along with the effects of urban heat islands (UHI) [4].

The fundamental reason for global warming is human activity on the planet [10].
Looking at the period between 1990 and 2018, the world Gross Domestic Product (GDP)
increased by 279.5% [11], while the annual world final energy consumption grew by
58.6% [12] and the annual GHG emissions by 63.4% [13]. In the same period, the world
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population grew by an estimated 44.4% [14]. Outstanding is the energy consumption
for cooling purposes, which more than tripled from 1990 to 2021 [15]. The economic
and demographic developments in the hot climate regions are the driving factors for the
increase in cooling demand [6]. According to the baseline scenario of the International
Energy Agency (IEA) report The Future of Cooling, energy consumption for space cooling
will triple again by 2050 (compared to 2016) [6] (p. 61). Some areas will experience a
greater demand for cooling than others. The IEA predicts a high increase, especially in
Asian countries and particularly in India, in installed capacity in the residential sector
from 2030 onwards. Figure 1 shows the development according to installed capacity in
the residential sector, according to the Future of Cooling report. Until around 2020, the
USA is shown as the country with by far the largest installed cooling capacity. China
experienced the fastest growth in installed capacity between 2005 and 2030, while countries
such as India, Indonesia, Brazil and Mexico are predicted to experience the highest rise
from 2030 onwards.
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Figure 1. Historic development and future projection of global installed residential air-conditioning
cooling capacity according to the Baseline Scenario of IEA Future of Cooling report. Source: [6] (p. 60).

As an example, the electricity consumption for space cooling in the Association of
Southeast Asian Nations (ASEAN) increased 7.5 times from 1990 to 2017 [16]. This de-
velopment is associated with risks for the energy infrastructure, such as in India and
Indonesia [17]. The energy consumption for cooling purposes is increasing rapidly in these
two countries, which suggests that they will play a major role in the future cooling market.
Heating is largely provided via fossil fuels such as gas, whereas cooling relies mainly on
electricity [18]. The peak load of electricity caused by cooling applications during very
hot hours might place a serious strain on their electricity grids. In 2050, the share of space
cooling will account for more than 40% of the peak electricity load in both India and Indone-
sia [6] (p. 64). For countries that experience extremely hot days, such as the United States
or the Middle East, space cooling can account for 70% of peak residential electrical energy
demand [6]. In addition to demographic and socioeconomic factors, the development of
the demand for space cooling is also linked to climatological changes. Global warming
impacts regions of the world unequally. It is experienced that the northern polar circle is
affected most intensely by the warming effect [2]. As a further result of this inhomogeneous
development, climatic conditions change, causing the climate zones to shift [19]. As these
developments are already identified, action is needed to address this issue.

In order to meet the high cooling demand in the future in an efficient and low-CO,
way, buildings” design and envelope must lead to a decrease in cooling demand [20]. At
the same time, the energy efficiency of electric-driven appliances such as conventional air
conditioners must increase to reduce the required energy input [6]. Furthermore, the system
providing cooling energy needs to increase its share of renewable energy sources, such as
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solar thermal cooling or photovoltaic (PV)-driven compression cooling technologies [6].
In short, building components should perform thermally at a high level to reduce cooling
demand, which is then met efficiently and sustainably.

The EU-funded SWITCH-Asia project, BEEN (Building Energy Efficiency in Nepal),
addresses this topic, contributing to establishing energy-efficient building strategies in
Nepal [21]. Nepal’s population grew by 61% from 1990 to 2020 and will grow by an
additional 19% from 2020 until 2050 [22]. Nepalese urbanization will increase by 82%,
which is one of the highest rates worldwide [22], and the GDP per capita is one of the
lowest but might increase sevenfold in the meantime [23]. An estimated 1 million new
homes will be built in Nepal in the next decade [21]. Early consideration of measures to
increase buildings’ cooling demand seems promising for future development.

This report deals with the two interrelated topics of the development of cooling
demand and its coverage by renewable energy. First, based on a newly created methodology,
future demand for cooling appliances derived from future Spatial Socioeconomic Pathways
(SSP) and Representative Concentration Pathways (RCP) is presented. Second, these
scenarios are then set in relation to a map showing the future potential of different solar
cooling appliances to estimate their future market potential.

2. Materials and Methods
2.1. Factors Influencing Space Cooling Demand

The actual energy demand for space cooling is bound to the thermal performance of
buildings, which is strongly influenced by their design, selected materials [6] (p. 33), occu-
pation behavior [24,25] and several other factors. This section presents aspects influencing
the space cooling demand of buildings and points out measures identified in the literature
to reduce it.

2.1.1. Building Design and Structure Strategies

The International Energy Agency (IEA) advises “Improving the energy performance
of buildings” in its policy actions to curb cooling-related energy [6] (p. 78). Measures to
increase a building’s energy performance can be either active or passive. The latter takes
strategies such as adapted building design (like window area and orientation, external
shading, night ventilation), choice of building materials (thermal mass is helpful), and
elements such as cool roofs into account. The impact of single measures on a building turns
out to be very individual in scientific studies.

The architecture and design of buildings are the first steps to mitigating the energy
demand of buildings, especially new ones. It must be designated for both the building’s
purpose and its environment, speaking of its climate. The compactness of buildings
quantified in the volume/surface ratio is important considering the heat/cold stored in the
building and losses through its envelope [26]. The level of compactness must be reasonable
for a building’s concept.

A building’s orientation is important in relation to solar irradiation. Fagades facing
the equator are best to collect solar gains in the cold season. In general, big facades
or windows facing south are favorable at the equator as east, and west fagades receive
increased solar radiation at a high zenith angle in the morning and evening. The orientation
and location of a building in relation to neighboring buildings also affect its performance.
Close construction leads to mutual shading, which, depending on the urban structure and
building, may have a major impact on energy demand.

External shadings block solar radiation and thus prevent heat gain, which would cause
an increase in cooling demand. External shading devices can be separated into passive
and active systems. Both types may also play an aesthetic role in a building’s design and
appearance [27]. There is a great variety in the geometric and material selection of shading
devices. A detailed analysis of different tilting, rotating and folding active shading devices
is part of a study by Al Dakheel et al. [28].
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The selection and characteristics of glazing systems influence the solar transmittance
of incident solar radiation. Windows must be properly selected to match the needs of
building energy demands, thus transmitting solar heat gain for heating purposes and
reflecting (preferably non-visible) solar radiation when it comes to cooling [27]. The
relevant characteristics are the g-value or solar heat gain coefficient (SHGC) for solar
radiation and the u-value for its insulating behavior. The Passive House Institute published
a world map giving advice on window type selection based on climatic conditions to
counteract building energy demand [29] (p. 89). Besides the characteristics, the orientation,
size and number of windows [30] and the window-to-wall ratio [31] are also of interest.
Glazing systems further transmit daylight into buildings, reducing the need for artificial
lighting and thus internal heat gains.

The airtightness of a building’s envelope is necessary to reduce the heat gain from the
infiltration of ambient air. A building without an airtight envelope experiences uncontrolled
air mass flow through cracks or gaps in the air. This tends to be extremely disadvantageous
if the ambient air is humid, polluted or does not correlate with desired indoor air conditions,
in nearly all cases. Low airtightness can either result in negative conditions of indoor air
temperatures or increase the demand for air conditioning and cooling [27].

Using natural ventilation is one of the cheapest and most energy-efficient measures
to reduce the need for mechanical cooling in a building. It is affected by the temperature
and pressure difference between indoors and outdoors [32]. Especially nocturnal natural
ventilation can have a great impact if the ambient temperature is cold enough to cool a
building’s mass down [26]. Depending on the building design, basically, three different
kinds of ventilation are available: single-sided, cross- or stack-ventilation [32]. The correct
use of natural ventilation is of great importance when it comes to building energy demand.
Natural ventilation during the day might lead to additional heat input, but it is necessary
to supply the occupants with fresh air and secure high indoor air quality. Strategies such as
a solar chimney [26] or windcatcher [33] can be used to support the air mass flow and thus
the impact of natural ventilation.

Thermal insulation reduces heat flux through opaque constructions such as walls and
roofs. It is necessary to reduce heat gain from outside in the case of cooling. In regions where
the outdoor temperature is constantly above or below the desired indoor temperature,
insulation of buildings is necessary. There is a wide range of materials and methods to
insulate a building, such as commercially most commonly applied expanded polystyrene
(EPS), extruded polystyrene (XPS), polyurethane (PUR), mineral wool or vacuum insulation
panels [32]. Additionally, biomass-based insulation, e.g., wood fiberboard and straw, is
partly available. The Passive House Institute published a world map giving advice on
cost-optimized u-values for opaque construction based on climatic conditions to counteract
building energy demand [29] (p. 88). Economically speaking, the selection of insulation,
its width and the position of installation are crucial to creating a convenient payback time
for the customer [32]. Furthermore, the selection of materials based on mineral oil must be
considered critical in terms of environmental friendliness [32].

The term “cool roofs” here refers to roof systems and designs that have a high albedo
and thus reflect a high share of solar radiation. Cool roofs have the potential to reduce the
cooling demand of buildings and are an easy measure as a building retrofit solution [34]
if good roof insulation cannot be applied. Experimental studies showed a decrease in
solar reflectance of about 0.04 in less than one year due to exposure to environmental
conditions [35].

Green roofs promise a passive cooling effect considering the evapotranspiration phe-
nomenon, the shading effect of vegetation, their insulation potential and decelerating
roof heating thanks to their mass-related heat capacity [36]. However, green roofs show
only a small effect on highly insulated roofs [37]. Thus, their advantage is primarily ex-
pressed in their property as an insulating layer, which means they could be displaced by
insulating measures.
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The total thermal heat capacity of a building is relevant for the time span of heating and
cooling actions. Usually, a 24-h temperature variation (day/night) can be dampened inside
the building. A high thermal heat capacity of a building’s interior prevents it from quickly
overheating, e.g., due to solar radiation. The potential heat/cold stored in a building
depends on its structure [30]. Wood stores less heat compared to concrete or clay. A high
thermal capacity and high thermal conductivity are beneficial when there are no periods
when the total building mass heats up but only daily variations in heat fluxes. It is best
combined with nocturnal ventilation. If the total mass heats up, more energy is required to
cool it down again. Lightweight constructions, however, tend to heat up faster on the one
hand but cool down faster on the other hand, as less heat is stored in the construction [30].

The integration of latent heat storage in the form of phase change material (PCM)
in construction is partially considered a promising solution to shift peak loads of cooling
demand and help regulate indoor air temperature [38—40]. However, those systems face
challenges due to the high investment costs of PCM [39], the long-term stability of phase
change cycles, limitations in heat transfer due to the low thermal conductivity of PCM
itself, and especially the impact of hot weather conditions that may prevent the PCM
from solidifying [40].

The comparability of studies’ results and the single impact of measures is not possible
in a general way, as some studies base the impact either on sensible cooling load [41],
sensible cooling demand [42,43], electrical cooling demand [44], financial savings [45] or
change in indoor temperature [44,46]. Even if buildings show a similar cooling load, the
annual cooling demand can differ drastically if the climatic conditions require cooling
only during short time frames during the year, compared to a constant demand in tropical
regions [29]. Furthermore, the impact of measures depends on a building’s design, e.g.,
cool roof concepts promise better performances for single-storey buildings compared to
multi-storey buildings. Concepts of passive measures to reduce the cooling demand of
buildings gain importance. The number of associated yearly scientific publications on the
Web of Science with either “passive cooling” or passive building design” mentioned in
the topic or title doubled from 2016 to 2022 [47], see Figure 2. The number of countries of
origin for studies accounts for 122 and 118, respectively.
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Figure 2. Annual number of published scientific studies listed in Web of Science covering passive
cooling/passive building design. Source: modified from [47].

2.1.2. Low-Energy Cooling Strategies

Besides passive measures described in the previous section, this section briefly de-
scribes the application and potential of three active low-energy cooling strategies.

Evaporative cooling uses evaporating water that absorbs heat, changes phase and
creates a cooling effect. It is one of the oldest and most efficient cooling strategies and was
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already used in the Middle East around 2500 B.C. [48]. There are direct and indirect evapo-
rative cooling strategies [26] as well as systems using either air or water as a medium [49],
of which this study only points out air-driven systems. In the direct one, air flows over or
in between wet or damp surfaces. The heat from the air gets extracted, causing it to cool
down. The direct evaporative cooling systems also increase the humidity of fresh air, which
is beneficial in dry, hot climates [27]. However, indirect evaporative cooling does not affect
the humidity or indoor air, as the cooling effect caused by evaporation is applied on parts
of the construction instead of air [26] or on secondary air flow, cooling down the primary
fresh air flow via a heat exchanger [48]. Evaporative cooling is limited in its application to
arid climates [27].

A related strategy to evaporative cooling is desiccant cooling, which is promising
in hot and humid climates [49]. The method makes use of liquid or solid desiccants that
absorb moisture from the air and reject moisture when regenerated via heat. The system,
however, requires an additional method to cool down the now warm and dry air, which
could again be evaporative cooling.

Radiative cooling is a relatively simple system. Collectors make use of long-wave
radiative heat exchange with the night sky and can cool the heat transfer medium up
to 5 K [50] to 7 K [51] below ambient temperature. The radiative heat flux lies in the
range of 60 W/m? (£30%) [52]. Experimental studies using photovoltaic thermal (PVT)
collectors [53] and simulation studies using photonic radiative coolers [54] prove the
concept. Radiative cooling has the potential to run as a renewable supporting system,
decreasing the load on main cooling systems [52].

2.1.3. Mitigation of Urban Heat Islands (UHI)

A structurally influencing parameter is the location of a building. The effect of UHI
leads to higher temperatures in city centers [55,56], several Cooling Degree Days (CDD)
of up to 6.5 times higher than in suburban areas [57] and thus a higher demand for
cooling [58]. These facts gain weight, considering urbanization will increase globally
from 56.2% in 2020 to 68.4% in 2050 [22]. The UHI phenomenon can locally lead to an
increase in space cooling demand of 10% up to 120% [59]. Their intensity is individually
variable for each city and metropole, among other factors dependent on the urban building
structure, infrastructure and topology [60-62]. Mitigation options cover a wide range of
possibilities, from passive cool pavements [34,63], urban green spaces [64-69], green roof
and/or green wall installations [70,71], high reflecting roofs [72], the cooling effect of water
bodies [73] or adaptation of the buildings themselves [74,75]. The impact of these results
may bring cooling effects from 2 K [75] for daily average summer temperatures up to
10 K [65,66] maximum temperature difference to UHI temperatures. Though, it is to say
that the mitigation options target different kinds of effects and the impact strongly depends
on specific aspects, such as quantity and quality of action (e.g., amount and selection of
vegetation) or distance from the action to the point of influence (e.g., distance from green
spaces). A case study analysis for South Creek, Australia, concluded that both urban
mitigation and building adaptation are necessary to face future challenges of space cooling
in urban areas, decreasing cooling energy needs by up to 70% [75]. However, a study on
mitigation and implementation strategies in the United States among 148 respondents
reveals, among others, that the lack of public education on UHI mitigations and the lack
of effective communication between researchers and code writers account for the greatest
implementation gaps [76]. The mitigation of UHI and adaptation are crucial parts of
future urban development strategies. The United Nations Environment Program (UNEP)
published “A sustainable cooling handbook for cities” in 2021, where actions on urban,
building and technical scales are described and a “whole system” approach is followed [77].
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2.2. Solar Options to Answer the Cooling Demand
2.2.1. Solar Cooling Technologies

There are different ways to cover future space cooling demand, such as district cooling
solutions or vapor compression chillers (VCC) driven with electricity from the grid. Solar
cooling technologies, namely solar photovoltaic (PV)-driven VCC and solar thermal-driven
cooling devices, such as sorption chillers, are promising options to meet future cooling
demand, at least partly, while operating sustainably [6,78,79]. Besides the technological
difference between solar electric and solar thermal solutions, a major difference lies in their
concept. Solar thermal solutions rely on a total system of solar collector plants, piping and
heat storages, which are crucial for operation when no sun is available, whereas electric
solutions can rely on the grid and are rather PV supported (except for island solutions with
electric battery stacks).

Solar thermal cooling systems are not as widespread as conventional cooling solutions,
but their number is increasing. The number of worldwide installed solar thermal cooling
systems grew from one thousand in 2011 [80], to over 1200 in 2014 [81], about 1350 at the end
of 2015 [16] to about 2000 deployed systems in 2020 [82]. Most of these systems are installed
in Europe [16]. However, with about 99% in 2016, the vast majority of space cooling
worldwide is electric driven [6] (p. 23). Furthermore, 93% of air-conditioning appliances
in 2016 were either packaged units or mini- and multi-ductless split units [6] (p. 21). To
address this circumstance and implement sustainable and energy-efficient solutions in this
scope, it is necessary to both provide electricity from renewable sources and for small-scale
sorption to establish itself on the market, which is already happening [82]. Besides, hybrid
solutions enter the market by combining the benefits of both technological approaches
at convenient economic efficiency [83]. In further course, this study will focus on solar
thermal systems.

The thermal-driven chillers can be grouped into closed and open systems [84]. Absorp-
tion (AbC) and adsorption chillers (AdC) are closed systems, whereas desiccant-evaporative
systems are open systems. The performance of chillers is measured using the thermal Coef-
ficient of Performance (COPy,), which is dependent on the relation between the temperature
level of the heat source, chilled water and cooling water (heat rejection temperature) for
a single unit. AbCs and AdCs are different in this aspect. AdCs can run at a lower heat
source temperature compared to AbCs, whereas AbCs using ammonia as the refrigerant
can reach lower chilled water temperatures [79,85,86]. Depending on the sorption material,
the application of a sorption chiller can be more limited compared to that of a VCC.

2.2.2. International Energy Agency (IEA) Solar Heating and Cooling (SHC) Task 65—Solar
Cooling for the Sunbelt Regions

The IEA SHC Task 65, which started in July 2020, aims to promote solar cooling
technologies [87]. Its main objective, among others, is to increase the audience, raise
attention on solar cooling solutions and establish a technical and economic database to
provide a standardized assessment of demo use cases [87]. At the center of the activities is
the Sunbelt area, which is defined as the regions between the 20th and 40th latitudes of both
the northern and southern hemispheres [87]. The first results aim to present the foundation
and potential solutions for the adaptation of systems, components and buildings in Subtask
A but also create the database for market uptake of solar cooling systems in Subtask B as
well as techno-economic analyses in Subtask C [88,89]. This task is of importance when
it comes to reaching the targets defined in the Strategic Work Plan for 2019-2024 [78]
and 2024-2029 [90] of the IEA SHC Technology Collaboration Program, especially in the
countries with fast-growing cooling demand in the Sunbelt region, such as India.

The Sunbelt region includes 85 countries and territories (such as the Western Sahara).
Based on SSP3 data from Wang for 2020 [91], the Sunbelt is home to approximately 3.8 billion
people in the northern hemisphere and 290 million people in the southern hemisphere.
Thus, about half the world’s population lives in the Sunbelt region. In 2020, an estimated
324 urban agglomerations, more than every second worldwide, with more than one million
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terms (Figure 3). The human development index (HDI) of the Sunbelt countries ranges
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Figure 3. Socioeconomic statistics on the countries located in the Sunbelt. (a) Sunbelt countries” HDI
in 2020, Source: modified from [92]; (b) Sunbelt countries’ urbanization rate in 2020 and 2050, Source:
modified from [22]; (c) Sunbelt countries” income level in 2020, Source: modified from [93]; (d) Sunbelt
countries” GDP/capita in 2020 in current $, Source: modified from [94].

In both northern and southern Sunbelt, arid climate is widely spread covering 47%
and 57% of land mass, respectively. The Képpen—Geiger climate classification BWh (Arid,
desert, hot) is the most dominant climate zone when it comes to land mass possession.
Temperate climates cover 35% and 37% of the land mass, respectively. Tropical, continental,
polar and alpine climates combined make up only up to 18%.

2.3. Future Scenarios Considered

To picture reliable future developments of cooling relevant parameters in this study,
two scenarios of wide scientific application [95-97], i.e., the contribution of Working Group
I to the Intergovernmental Panel on Climate Change (IPCC) Fifth [98] and Sixth [99]
Assessment reports (The Physical Science Basis), have been chosen. These two scenarios
are the Representative Concentration Pathways (RCP) and the Shared Socioeconomic
Pathways (SSP).

RCPs consider different global warming behaviors based on specific scenarios for
the trend of global GHG emissions until the year 2100. “The RCPs are the product of
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an innovative collaboration between integrated assessment modelers, climate modelers,
terrestrial ecosystem modelers and emission inventory experts.” [100]. The following four
RCPs are part of this study: RCP2.6, RCP4.5, RCP6.0 and RCP8.5. They consider a rise in
global mean surface temperature of 1.0 °C (RCP2.6) to 2.0 °C (RCP8.5) until the mid of the
21st century compared to the period of 19862005 [101] (p. 90). Further descriptions of the
RCPs can be found in [100,101].

SSPs picture the socioeconomic developments for five different pathways (SSP1-SSP5).
They are defined “as reference pathways describing plausible alternative trends in the
evolution of society and ecosystems over a century timescale, in the absence of climate
change or climate policies.” [102]. They are based on different assumptions in fields such
as technology transfer and development, lifestyle and fossil constraints [103]. According to
O’NEeill et al., they can be referred to as SSP1—Sustainability, SSP2—Middle of the Road,
SSP3—Regional Rivalry, SSP4—Inequality and SSP5—Fossil-fueled Development. Further
information on SSPs can be found in [103,104].

Scenarios using data from both pathways are labeled according to IPCC AR6 and
the Physical Science Report as SSPX-Y, with X referring to the SSP and Y referring to the
RCP model [104]. In accordance to Table 1 of [104] presenting the most suitable matches
of SSPs and RCPs and considering the availability of Geoinformation Systems (GIS) data,
the following four scenarios for the year 2050 have been chosen for investigation: SSP1-2.6,
SSP2-4.5, SSP4-6.0 and SSP5-8.5.

e  SSP1-2.6: This scenario considers the least global warming (RCP 2.6) of all scenarios
assessed. The SSP1 scenario considers the lowest world population in 2050 compared
to the other SSP scenarios because of investments into peoples’ education and health.
This scenario represents the most environment-friendly way and dissipates from
resource-intensive development [103].

e  5SP2-4-5: This scenario considers global warming in the middle of the 21st century
between 0.9 °C and 2.0 °C, relative to the reference period of 1986-2005 [101] (p. 90).
The socioeconomic developments follow historical patterns, with a perfect globally
connected market, uneven developments in economic growth and only slow progress
in achieving sustainability goals [103].

e  5SP4-6.0: This scenario considers global warming in the middle of the 21st century
between 0.8 °C and 1.8 °C, relative to the reference period of 19862005 [101] (p. 90).
The global warming in scenario RCP 6.0 is going to run predominantly during the
second half of the 21st century. SSP4 represents an international as well as national
inequality socioeconomic development. Economic growth is moderate. A great
disparity between a well-educated and capital-intensive society and a low-income and
labor-intensive one is growing worldwide [103].

e  55P5-8.5: This scenario considers a strong increase in CO, emissions and an increase
in global mean surface temperature between 1.4 °C and 2.6 °C, relative to the reference
period of 1986-2005 by the middle of the 21st century [101] (p. 90). The socioeconomic
developments are influenced by energy-intensive and fossil-fueled technologies. This
leads to economic and capital growth in emerging economies, along with high invest-
ments in health, education, and institutions to enhance human and social capital [103].

2.4. Development of Methodologies

Two new methodologies have been developed in the course of this study. Their
purpose is to spatially identify the development and intensity of space cooling demand and
to picture the potential of future solar cooling systems, respectively. Both methodologies
create dimensionless indices. The indices are based on Geographic Information System
(GIS) tools. The applied software is QGIS, a free and open-source GIS software. GIS
software offers the combination of quantitative information from different backgrounds on
a spatial level, given in raster information at a specific resolution.
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2.5. Cooling Demand Market Index
2.5.1. Previous Studies

Previous studies have already assessed a future prediction for cooling energy demand.
A study from 2019 by Sachs et al. [105] created a GIS-based energy density map showing
the spatial distribution of heating and cooling energy consumption data derived from the
International Energy Agency (IEA). Their methodology was based on historic country-
specific and weighted energy consumption data for 2010 from the IEA, downscaled to a
resolution of 1 km? raster using both population density and Cooling Degree Days (CDD)
and Heating Degree Days (HDD) information. A 2022 study by Salata et al. [95] using
GIS software put the focus on qualitative future projections in cooling demand for Italy
only. The study considered two RCP scenarios (RCP4.5 and RCP8.5), topographic data and
Cooling Degree Hours (CDH) to give statements about where cooling demand is increasing.
The resolution of the GIS raster was 12 km. Economic aspects are not considered in their
applied methodology. A similar study by Mutschler et al. [106] focused on Switzerland only,
considering population, topographic characteristics, CDD development and RCP scenarios.

An important study on the future market for cooling is the Future of Cooling report,
published by the IEA in 2018 [6]. This report puts focus on the historical and future de-
velopment of global cooling energy demand per country. It takes into consideration the
worldwide increase in CDD and outlines the importance of demographic and economic
developments. Enerdata published a report in 2019 [107] on the current state of air con-
ditioning (AC) in households. The report concludes that the future sale of AC units will
increase. However, the report further concludes that a prediction on energy consumption
shows great deviation, depending on both space cooling demand and the building quality
and the efficiency of cooling applications. The 2009 study by Isaac and van Vuuren [108]
predicts the residential energy demand for heating and cooling for both 2050 and 2100.
The applied methodology in this study also makes use of population density, climate
condition represented in CDD and economic power given in GDP/capita, besides data
for housing area and efficiency of cooling systems. The study’s outcomes indicate an
enormous increase in cooling demand in developing countries, especially in Asia. The
study with the most related methodology was performed by Andrijevic et al. and pub-
lished in an article in 2021 [109]. This study focuses on the identification of gaps in the
access to cooling applications, quantified in the share of the population that lacks access to
cooling. The methodology is also based on both RCP and SSP scenarios and additionally
considers financial inequality and urbanization. Furthermore, GIS software with a grid
raster of approximately 50 km was used to estimate the heat impact, quantified via CDD,
on the population.

Most of the previous studies focus on the prediction of future cooling energy demand on
a national scale. GIS software was primarily applied for detailed urban or national studies.

2.5.2. Developed Methodology

The methodology developed differs significantly from the previous studies and follows
a different approach. The target of this methodology is to identify the need for cooling
applications on a global scale with high spatial resolution. It also goes one step further
from only country-based analyses to results for specific locations.

Forecasts to predict space cooling demand in the world are dependent on different
aspects. First to mention is the climate, or hot air temperature, which physically causes
discomfort to the human and may result in death in extreme conditions. The second is
the number of people or the population density. Space cooling demand only occurs when
human activity is present. Third is the economic power of the people, as economic wealth
is a necessity to purchase cooling appliances in the first place and to finance their running
in the second place. These three aspects have been previously identified as the main
contributors to the increasing demand for cooling. However, no study has yet combined
these data in a quantitative methodology, resulting in a global raster grid of high spatial
resolution to predict the demand for cooling.
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Not considered are additional aspects such as the effect of UHI, which is an inconsistent
parameter due to its individual behavior based on local circumstances (Section 2.1.3). The
thermal performance of the envelope is strongly dependent on its quality, design and mode
of operation (Sections 2.1.1 and 2.1.2). Therefore, the quality of buildings is not an aspect
that can be treated uniformly but should be treated individually. A further aspect is the
efficiency and selection of cooling devices, as they affect the amount of energy required
to meet the cooling demand. However, this technical aspect does not affect the amount of
sensible cooling required itself. Thus, the parameters of UHI, building quality and system
efficiency are not considered in the proposed methodology.

The Cooling Demand Market Index (CDMI) developed in this study aims to spatially
indicate and identify the demand for cooling solutions for the latest and future prognoses
as a dimensionless index. It considers data from demographic, socioeconomic and climato-
logical backgrounds. The CDMI was developed using QGIS software and its resolution
is 30 arc-seconds, which equals approximately 1 km of grid at the equator. The CDMI is
applied for the years 2020 and 2050, including four different scenarios for 2050 based on
SSP and RCP developments. In the following, the assessment for each of the three index
parameters is presented.

2.5.3. Rating of Climate Zones

The illustration of climate zones across the globe is used to picture the climatological
impact on the space cooling need. The rating of the climate zones was based on historical
data. The annual amount of CDD from 1970 until 2018 for dry bulb base temperatures of
18 °C, 22 °C, 23 °C, 24 °C and 25 °C [110] across the Koppen—Geiger climate zone classifi-
cation for 1980 until 2016 [111] has been analyzed. The area-specific sums of CDD for the
different base temperatures were weighted to create an evaluation across all base tempera-
tures. The weighting on the CDD base temperatures decreases at higher temperatures, to
avoid a high base temperature becoming too important in the rating. Otherwise, climates
with a high number of CDD at a base temperature of 22 °C would experience a significantly
lower rating compared to those, that also have a high number of CDD at a base temperature
of 25 °C. The highest weighted CDD results of all climate zones are rated as the maximum
with 10 points. The other climate zones are then rated in relation to it. Table 1 shows the
weighting of each CDD base temperature and the exemplary calculation of Xcjimate for two
climate zones. BWh is the climate zone with the highest value of weighted CDD. As such,
it is rated with the highest score of 10. Csa has a sum of weighted CDD of 1644, which
accounts for 42% of the highest score, resulting in a rating of 4.2.

Table 1. Exemplary calculation of Xcjjmate for two climate zones.

CDD Base Temperature 18°C 22°C 23°C 24°C 25°C ;
Climate Zone — P S P S o o Sum of chggted Xclimate
Weighting 30% 30% 20% 15% 5% Mean
BWh Mean CDD 5152 3691 3326 2960 2596 10
Weighted mean CDD 1546 1107 665 444 130 3892
C Mean CDD 2313 1516 1340 1174 1018 40
sa Weighted mean CDD 694 455 268 176 51 1644 :

The rating labeled as Xcpimate With values between 0 and 10 was created using a linear
approach between the climate zone with the highest CDD (X¢jymate = 10) and the one with
the lowest (Xciimate = 0). Figure 4 presents the results with Xcjimate per climate zone.

2.5.4. Rating of Population Density

Population density is applied in the CDMI using data from Wang et al. [91], accessed
through the SSP Scenario Database of the International Institute for Applied Systems
Analysis (ITASA) [112], with data available at a high resolution of 1 km across the globe.
These data consider individual regard of demographic issues such as the development
of the total population, urbanization and migration [91]. Using population data on a
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resolution of 1 km allows detailed outcomes for investigating the total population per
climate zone in the future. The rating (Xpopulation) f the population density is oriented on
a maximum value of 10,000 persons/km?. This value was chosen as the maximum to avoid
giving disproportionate weighting to data cells with a (calculated) population density of
100,000 or higher. Cells with a population density below 10,000 persons/km? are rated as
linear; see Figure 5. The linear rating of the population density takes into account a double
factor for double population density. If the climate and economic conditions for two cells
are the same, but the population is double in one area compared to the other, the CDMI
will result in a double value. Therefore, each resident receives the same value. For the 2020
analysis, population data from SSP3 have been applied, being closest in terms of world
population compared to data from the United Nations Development Program (UNDP).
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Climate zones acc. to Koppen-Geiger Climate Classification

Figure 4. Relation between climate zones following Koppen—Geiger climate classification to their
rating (Xcjimate) in regard of CDD-based assessment. At the top of the diagram, the five main groups
of climate zones are mentioned.
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Popultion density [persons/km?]

Figure 5. Relationship between population density and the related rating (X,opulation)-

2.5.5. Rating of Economic Power

Economic power in the methodology is considered as GDP per capita, as income
convergence is not part of SSP scenarios [112]. This is considered sufficient as the GDP and
the income level show a vastly consistent relationship [113]. This applies in particular to
low- and medium-income countries [114]. The representation of economic power, in con-
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trast to population density, does not take into consideration a linear relationship between
rating and GDP per capita. Instead, a logarithmic approach was followed (Figure 6). It is
to consider, that rising economic power does not forcibly correlate with higher meeting
of cooling demand. Instead, the fast-rising GDP of countries of lower income is of rele-
vance [16]. In contrast to the two previous CDMI factors, economic power is considered
only on an international level, not considering different values within a country. A low
economic power in a country is represented in a low rating, so the likeliness that the people
invest in space cooling is represented as low. This takes into account, that the population
in countries of low economic power rather answer their base-level goods. However, the
rating increases strongest for GDP/capita below 10,000 $/capita. Therefore, investing
in cooling applications is significantly more likely, once the basic needs are fulfilled. In
combination with a high climatic rating the acquisition is considered as a priority and
the CDMI increases. Country-specific data for population are based on Samir et al. [115],
country-specific data for national GDP (in 2005 $ PPP) are based on Cuaresma [23] and
geographic data for GIS representation are based on Natural Earth Data [116]. Data for
country-specific GDP/capita in 2020 are derived from World Bank [94]. For countries
and territories without data given for 2020 (such as South Sudan, Guadeloupe or Nor-
folk Islands), nor for 2050 scenarios, a GDP of 1000 $/capita were used, to show at least
some representation, except for Venezuela and the island of Taiwan were data from the
IMF [117] were used. For countries and territories not represented by Cuaresma [23], the
values of 2020 have been maintained for 2050 scenarios. Figure 6 shows the applied rating
(XEconomic Power) of GDP, with a maximum rating of 30,000 $/capita (PPP 2011).

5000 10,000 15,000 20,000 25,000 > 30,000

GDP per capita [$]

Figure 6. Relationship between GDP per capita to its rating (Xgconomic Power)-

2.5.6. Calculation of CDMI

The index derives from the multiplication of the three named parameters. Each of the
three parameters is rated with values from 0 to 10. These parameters are then multiplied
with each other. This ensures that if any of the parameters have a low value, the CDMI is
directly impacted.

CDMI = Xclimate >"XPopulation >‘<)(Ecor10michW(er (1)

Figure 7 shows the methodology of CDMI calculation. The data information of the
three parameters is stored in three raster grids. The multiplication of this information leads
to the CDMI results.
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Climate condition
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Economic power
[0-10]

XEconomic power

Cooling Demand
Market Index (CDMI)
[0-1000]

Figure 7. Graphical presentation of the methodology followed. A combination of the three applied
GIS raster grids holding the information of the three parameters are used to calculate the CDMIL

Table 2 presents the datasets used for CDMI calculation. Different datasets were used,
considering the referenced period and scenario.

Table 2. List of data applied of cooling demand intensity index GIS analysis.

Type of Data De];:;?ji f;::m/ Data Reference

CDD [110] 1970-2018

Climate zone distribution [111] 1980-2016

Population density [91] 2020 (SSP)
GDP per capita [23,117] 2020

Climate zone distribution [19] 2050 (RCP)

Population density [91] 2050 (SSP)

GDP per capita [23,115] 2050 (SSP)

2.6. Solar Thermal Cooling Index
2.6.1. Developed Methodology

The aim of the Solar Thermal Cooling Index (STCI) is to illustrate in a simplified way
how promising or limited a selected solar cooling system is at a specific point in the world.
For this approach, GIS software (QGIS) was also used to create geographic maps based on
environmental and climate parameters. The systems considered are solar-thermal-fired
only. A short comparison of the system is provided in the following Table 3. The two
absorption chillers (AbC) differ in that one uses ammonia (chemical formula: NHj3) as
refrigerant and water as sorption material, whereas the other uses water as the refrigerant
and Lithium-Bromide (chemical formula: LiBr) as liquid sorption material.

The STCI simplifies the concept of solar thermal cooling systems, considering if
operation is possible and the influence of heat source temperature on solar yield. Parameters
such as additional system components or system costs are not taken into account.

First, the availability of solar radiation is represented by the Global Horizontal Irradia-
tion (GHI). Second, based on water stress, ambient temperatures and climatic conditions,
the lowest possible cooling temperature was calculated.
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Table 3. Comparison of solar thermal cooling system and the nominal values for heat source
temperature (Tpoy), chilled water outlet temperature (T ), inlet cooling water temperature (Tqo0] in)
range considered and the range of nominal thermal coefficient of performance (COPy,).

EEEZ%Z Plg;ssizal Sorption and Refrigerant Material F[l;hc"i ][“5}851 Tc[g"cl']i“ (N((':)ﬁli):al)
Liquid water/NH3 90 6 20-50 0.5-0.75 [118]
Thermal (Absorption) LiBr/water 85 10 25-35 0.65-0.8 [118]
(single effect only) Sold Zeolite/water 85 15 25-45 0.5-0.75 [118]
(Adsorption) Silica gel /water 75 10 25-36 0.5-0.75 [118]

Collector efficiency [%]
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2.6.2. Availability of Solar Radiation and Solar Thermal Collector Efficiency

This parameter indicates the availability of solar radiation in a simplified way, using
the GHI with average data per m? and day. Solar irradiance is crucial for the solar thermal
cooling system to provide the required thermal capacity to run the chiller. As written in
Table 3, the different types of chillers run at different heat source temperatures. The yield of
a solar collector strongly depends on its structure. An evacuated tube collector (ETC) was
considered for this analysis because it was able to serve all the required temperatures on the
chillers” hot side. Even though the availability of solar radiation is simplified in the STCI,
the performance of the ETC in respect of both desired outlet temperature and ambient
temperature was considered. The following two factors were considered: the hotter T, .,
the more efficient the ETC. The higher the desired collector outlet temperature, the less
efficient the ETC. The impact on desired outlet temperature, GHI and ambient temperature
is shown in Figure 8.
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Figure 8. ETC characteristics in respect of ambient dry bulb temperature and GHI. (a) Efficiency of
ETC in respect of temperature. Source: modified from [84] (p. 24); (b) Simplified solar yield of ETC
for different heat outlet temperatures at 20 °C Tpp.

2.6.3. Ambient Temperature

The ambient temperature is respected not only in the efficiency of solar thermal collectors
but also in its impact on a chillers COPy,. It is to separate between dry and wet bulb air
temperatures, speaking of the possibility of make use of evaporative cooling. The STCI uses the
average temperature of the warmest month, according to data from Cui et al. [19].

2.6.4. Water Stress (WS)

This parameter affects heat rejection. There are open wet, closed wet, dry and hybrid
coolers to reject excess heat from the chiller to the ambient. Most efficient is the application
of open wet coolers, as they can cool down the medium to wet bulb temperature [118].
One of the most significant disadvantages of open wet coolers is the consumption of water.
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Therefore, water availability is the third parameter in the STCI, given as water stress using
projected data from the World Resources Institute [119]. “Water stress (WS) is an indicator
of competition for water resources and is defined informally as “the ratio of demand for
water by human society divided by available water” [119]. It considers both the rising
water demand by humans using SSP as well as the change in water supply due to climatic
developments using RCP. The spatial data on WS allows us to determine whether wet
cooling is a technical option.

2.6.5. Climate Zone

Dry coolers are applicable in every climate. Wet coolers, however, perform best if the
ambient temperature is rather dry than humid to make use of evaporative cooling. Though,
to check if the climate has potential for wet cooling applications, it is instructed in the STCI
that wet cooling is only for climates with dry summers, such as BWh, BWk, BSh, BSk, Csa,
Csb, Csc, Dsa, Dsb, Dsc and Dsd in the Koppen-Geiger climate classification. An overview
of climate zone descriptions can be found in Appendix A.

2.6.6. Calculation of STCI

The STCI considers two conditions. The first condition is whether the sorption chiller
can operate at the lowest cooling temperature possible. This condition takes into considera-
tion the opportunity to run dry or wet coolers. The second condition is the availability of
solar irradiance and the temperature-specific efficiency of evacuated tube collectors. The
inlet temperature of the cooling temperature T of the chiller is limited by the maximum
temperature; see Table 3. It is advantageous if a cooling system can still be operated at
high outside temperatures, thus with high cooling temperatures. The resulting chiller inlet
temperature exiting a dry cooler is fixed as follows:

Tcool,dry = Tamb +2K (2)
The resulting chiller inlet temperature exiting a wet cooler is fixed as follows:
Tcool,wet = Tamb - 3K (3)

Wet coolers are preferred in the STCI, but applied only if the climate zone has dry
summer and if the WS is lower than 0.4 (values > 0.4 equal high WS). Thus, the selection
of the resulting cooling temperature depends on these two criteria, summarized in the
following two conditions:

Teool = Teooldry, if WS > 0.4 or climate zone has no dry summer 4)
Teool = Teoolwet, if WS < 0.4 and climate zone has dry summer 5)

The calculated cooling temperature is then linear rated from 0.5 (highest T,.) to
1 (25 °C) individually for each chiller type, pictured in the parameter Yy ,oj. This relation
is shown in Figure 9.
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Figure 9. Relation between cooling temperature T, and its rating, parameter Yt o1
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The STCl is calculated by multiplying the GHI with the rating of cooling temperature
and the efficiency of ETC at the desired heat source temperature of the chiller. This way,
the STCI gives combined information on whether a specific chiller can run in the first place,
where the COPy, is lower than in other places and how much solar radiation is available.
Figure 10 shows the methodology of the STCI calculation graphically, and Table 4 presents
the applied data for the STCI.

STCI = Solar yieldTm *YT o (6)

affects solar
thermal yield

Figure 10. Graphical presentation of the methodology followed for STCI calculation. The four raster
grids were used to calculate the solar yield on the one hand and the factor Yt ) regarding the heat
rejection temperature on the other hand.

Table 4. List of data and associated information used in STCI calculation.

Type of Data Derived from/Based on Data Reference
GHI [120] 1994/1999/2007-2021
Air Temperature [19] 2050 (RCP)
Climate Zone [19] 2050 (RCP)
Water Stress [119] 2050 (SSP & RCP)
3. Results

The outcome of CDMI and STCI results in newly generated raster grids as .tif data
file. These raster grids have a high spatial resolution. The values for each raster cell were
analyzed using commands in QGIS software and further treated in Microsoft Excel.

3.1. Cooling Demand Market Index (CDMI)

The CDMI results are distributed at a resolution of 30 arc-seconds (approximately
1 km). It represents the momentary situation for each year and scenario. The values of
CDMI reach from 0, for example, on Svalbard Island, up to 1000, for example, in Qatar,
which combines high economic power with high population density in the center and is
situated in Képpen-Geiger climate zone BWh, the highest rated in the methodology.
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The spatial results In total show high variation. The most striking parameter on
the CDMI from a global perspective is population density. Low-populated areas with a
population density below 50 are generally related to low CDMI values, regardless of the
climate zone or economic power of a country. This follows the proposed methodology to
picture the demand for space cooling based on human activity displayed as population
density. The most eye-catching on a global map in Figure 11 is the nationwide high CDMI
for India.

(g
>\,

Figure 11. CDMI results for SSP5-8.5 on a global scale.

The different data for the three applied parameters cause a partly great deviation
between the results for 2050. For further analysis of the data, the total national CDMI is
defined as the cumulative sum of all individual CDMI raster values within a country’s
borders. The worldwide CDMI will rise between an additional 99% in SSP4-6.0 and 142%
in SSP5-8.5. These two scenarios show the greatest deviation, not only in total but also
for single countries. The total national CDMI for Canada in SSP5-8.5 is 66% higher than
in SSP4-6.0 (due to strong climate zone shift), whereas for Iraq it is 16% lower (due to
lower population).

The national CDMI varies between the scenarios for 2050. Figure 12 shows the 20 coun-
tries with the highest national CDMI worldwide for each scenario. India has by far the
highest demand, followed by China in each case. The next three countries are Indonesia,
Nigeria and the United States, but they vary in their order depending on the scenario.
Following these three countries, the national CDMI shows a small drop to Pakistan and
Brazil, followed by Mexico and Egypt. In total, these nine countries are the ones with the
highest national CDMI for each scenario. Other countries experience varying positions
on the list. These results match in general with the forecast of the IEA report Future of
Cooling [6] (p. 62), that until 2050 the energy consumption for space cooling will increase
most intensively in India, followed by China, Indonesia, the Middle East, the US and then
Brazil and Mexico. Significant in every future scenario are the outstanding results for India,
which has a cumulative CDMI more than twice as high as China in SSP5-8.5. The total
Indian population lies between 1.54 billion (SSP5) and 1.73 billion (SSP2). This is hundreds
of millions more people compared to the next highest population in China. Another aspect
is the hot climate in India, which is expanding further due to global warming. The last
aspect is the significant economic growth from less than 2000 $/capita up to 14,600 $/capita
(55P4) and 30,400 $/capita (SSP5).
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Figure 12. Comparison of the 20 countries with the number of accumulated CDMI for each 2050
scenario. (a) Top 20 countries with the highest number of accumulated CDMI in 2050, SSP1-2.6.
(b) Top 20 countries with the highest number of accumulated CDMI in 2050, SSP2-4.5. (c) Top 20
countries with the highest number of accumulated CDMI in 2050, SSP4-6.0. (d) Top 20 countries with
the highest number of accumulated CDMI in 2050, SSP5-8.5.

The accumulated CDMI results for scenario SSP4-6.0 are the lowest among the four
scenarios. The reason for this is primarily the low economic power in SSP4. The worldwide
median of national GDP per capita in SSP4 is approximately 16,000 $/capita, whereas it is
nearly twice as much in SSP5, at 29,600 $/capita. This difference in economic power between
these two pathways has more effect than the worldwide projected population, which is around
560 million higher in SSP4 compared to SSP5. For SSP1 and SSP2, the median value of national
GDP per capita accounts for about 25,700 $/capita and 22,200 $/ capita, respectively.

The strongest development of CMDI from 2020 to SSP5-8.5 is identified for Burundi
and the Democratic Republic of the Congo. Those two countries show a high rise in GDP
and population growth. Additionally, Greenland shows a strong potential variation in
CDM], but primarily because the total values are very low in 2020 and small changes go
along with high percentual changes. However, 13 of the top 20 countries in growing CDMI
are located in Africa; see Figure 13.
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Figure 13. Top 20 countries/regions with largest gain in national CDMI from 2020 to SSP5-8.5 scenario.
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The CDMI maps are most expressive at a small scale. The demographic developments
also consider movements and urban growth. The results of the CDMI do not represent the
installed stack of space cooling devices, but the potential demand for cooling applications
instead. Thus, there is a great change in CDMI, especially in developing countries, whereas
it is increasing less in developed countries. Figure 13 shows exemplary CDMI results for
locations in India, Nigeria and England, respectively. These locations represent areas of
different demographic distribution as well as different economic developments. For the
southeast region of England, including London, there is only a minor change from 2020 to
the different 2050 scenarios. The reasons for this are a neglectable change in population,
a constant high economic power, which has the highest rating in 2020 already, and no
change in climate zone. The developments pictured in Figure 14a,b show, first of all, great
difference between 2020 and 2050.

Legend, CDIL >10,<15] | >25,<50[ ] >100, <150 [l >200,<300 Jll  >400, <500 [l
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Figure 14. CDMI results for SSP5-8.5 on a global scale. (a) CDMI results for Patna agglomeration in
Bahir state, India. (b) CDMI for Lagos agglomeration, Nigeria. (c) CDMI for London agglomeration,
United Kingdom.
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However, the different scenarios for 2050 for India and Nigeria show a difference in
total national CDMI of 24.2% and 13.9% between SSP4-6.0 and SSP5-8.5, respectively. For
2020, the CDMI for the pictured regions of Patna, India, and Lagos, Nigeria, are primarily
driven by the high population and the already CDD intensive climates.

The CDMI shows a high variety of values. A high CDMI value requires high base
values in the three parameters, such as high population density, high economic power
and a cooling-intensive climate. Raster cells with a CDMI >500 are called “hot spots” in
the following analysis. Those hot spots are already present in the year 2020. Figure 15
presents the 20 countries with highest area of CDMI hot spots for 2020 and 2050, SSP5-8.5
scenario. The total number of hot spots rises sharply from 2020 to 2050 as areas of high
population density lie in developing countries. The results for hot spots match demographic
parameters such as very high population density in Asian and African countries as well as
the fact that approximately 90% of future urbanization is happening in warm climates in
developing countries [20]. The presence of densely populated urban areas is a necessity
for a hot spot. In 2020, most hot spots are located in Mexico, followed by Peru and Brazil.
Spain is the only European Country in the top 20 countries with the highest area of hot
spots. Most countries of this list are located either in Asia or South America. This changes
drastically for the scenario SSP5-8.5. Of the 20 countries for 2050 with the highest number
of hot spots, 11 new countries, such as India, Pakistan or Nigeria, join the list. The ranking
in cooling hot spots does not correlate with the ranking in cumulative national CDMI.
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Figure 15. Comparison of area of CDMI hot spots with a CDMI >500 for 2020 and 2050 SSP5-8.5 for the
20 countries of highest numbers. (a) 20 countries with the highest number of cooling hot spot areas in 2020.
(b) 20 countries with the highest number of cooling hot spot areas in 2050 SSP5-8.5 scenario.

3.2. Future Solar Thermal Cooling Index

The results of the STCI are given in a new raster grid with values between 0 and 5.
They take into account only technical, not economic, information and differ for each cooling
system. The absorption chiller (AbC) using ammonia (NHj3) and the adsorption chiller
(AdC) using zeolite show the largest area of application, covering 100% of the respected
area on the map. Based on the data quality of the applied sources, no data for Global
Horizontal Irradiation (GHI) are available north of 60° latitude, resulting in a spatial limit
of the STCI. Furthermore, the geographic dataset for water stress (WS) has areas of no data
across the world, especially in Australia. Areas, where no data is available, are colored
white in the figures. This causes another limitation in the spatial coverage of the STCL

Figures 16 and 17 show the STCI results on a global scale for AbC on NH3 and for
ADbC using Lithium-Bromide (LiBr). It shows that the absorption chillers using NH3 can
operate in all areas considered in the methodology. Absorption chillers using LiBr, however,
are not able to operate in parts of India, Arabian Peninsula and parts of the Sahara due
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to the too hot and/or too humid climate conditions. The capability to operate at high
cooling temperatures is therefore advantageous and expands the range of applications.
Due to the possibility of running on wet chillers in parts of the Sahara region, the STCI
is higher compared to southern regions in the area of the Congo. The STCI is driven by
solar availability. As a result, Australia has higher STCI results compared to Europe, even
though the temperature is hotter, causing lower values for Y oo1-

Legend, STCI *
L 5 . 7 ¢ .

No data
0 |l No operation

Legend, STCI *
o, 5 IR

No data
0 |l No operation

Figure 17. STCI results for 2050 SSP5-8.5 for absorption chillers using LiBr/water.

3.3. Potential of Solar Thermal Cooling Based on Both Indeces

The potential market for individual solar thermal cooling systems is analyzed by
accumulating the CDMI covered by the area of potential application based on STCI. The
results are presented in Table 5. Due to its limitation in maximum condensing temperature,
LiBr AbC has the lowest market share. Absorption chillers using NH3 and adsorption
chillers using zeolite can cover all cooling demands. A deviation is given between the
indices because the areas are not filled with data from [119].
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Table 5. Combined results of CMDI and STCI. The table presents the share of CDMI and area covered
by each chiller technology.

Scenario Type of Data Absorption Chiller Adsorption Chiller
2050 LiBr NH;j; Silica Gel Zeolite
Coverage of world CDMI 74% 99% 78% 99%

SSP2-4.5 Coverage of world area
in STCI (in CDMI)

Coverage of world CDMI 72% 99% 76% 99%

SSP5-8.5 Coverage of world area o 5 o o o o o o
i STCI (in CDMI) 92% (80%)  100% (87%)  94% (82%)  100% (87%)

94% (83%)  100% (89%)  95% (84%)  100% (89%)

4. Discussion

This study presents two innovative methodologies to create simplified statements on
both demand for space cooling solutions using the Cooling Demand Market Index (CDMI)
and predicting the potential performance of different solar thermal cooling systems using
the Solar Thermal Cooling Index (STCI).

4.1. Discussion on Results

The results for the CDMI represent a momentary state of economic demand for space
cooling equipment. The results don’t consider any potential installation of equipment in
the previous years before 2050. The CDMI results show that the global demand for space
cooling appliances will increase due to climatological and socioeconomic developments.
Results cannot be directly compared with installed cooling capacity or cooling-related
energy consumption. Driving factors for the development of the CDMI are economic
growth and the rise of the population. The greatest increase from 2020 to 2050 was expe-
rienced in countries located in southern and central Asia and sub-Saharan Africa. This
economic development correlates with the forecasts from the African and Asian Devel-
opment Banks [121,122]. Scenario SSP5-8.5 shows the highest area of cooling hot spots,
which is 78% higher compared to SSP4-6.0. This is reasonable as SSP5-8.5 is based on the
combination of SSP5 described as “Fossil-fueled development—Taking the highway” [103]
and RCP8.5, considering the strongest global warming scenario with a mid-term increase
in global surface temperature of 2.4 °C and in the long term of 4.4 °C [2] (p. 14). The
correlation of the three different parameters causes an individual development of CDMI for
each country and region. Furthermore, the countries show unique behavior between the
scenarios that may not match global trends. Outstanding are the results for India, which
has both the highest national CDMI and the highest number of hot spots worldwide in each
scenario. India will be of great interest for the future cooling market as well as experiencing
extreme heat waves and agriculture risks [123]. In general, Southern Asia will experience
higher temperatures and increased water stress in the future [119].

4.2. Uncertainties in Methodologies

There is potential for improving the level of detail and increasing the basic dataset
for refining the CDMI, namely through integrating data resembling urbanization with
the associated UHI as well as the Gini coefficient regarding income inequality. Using the
same value of economic power across nations does not take into account the deviation
between rural areas characterized by agriculture and urban areas defined through service
or manufacturing. The need for cooling in the CDMI is based on population density. An
alternative could be to base the need for cooling on the floor area of buildings. This way,
the needs of non-residential buildings, such as hotels or day-use offices, could be integrated
as well. Another challenge is the integration of global warming and increased cooling
demand within a climate zone. Further information and data are required to estimate the
increased cooling demand due to global warming. Data in the quality of CDD have more
expression about the cooling demand compared to forecasts of average daily or monthly air
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temperature. The adaptation of a building’s design and the aligned selection of materials
are crucial to passively lowering the space cooling demand. On the other hand, this affects
the validity of CDD as a parameter to indicate space cooling demand.

The STCI results outline the potential limitations of different sorption chillers in
combination with the potential solar thermal yield. It is a simplified method to cover
different solar thermal cooling systems using fixed data for future forecasts, such as the
average daily GHI and the mean air temperature of the warmest month. The results
show indications for solar thermal systems that are not limited to the results of the STCL
The application of solar thermal cooling systems doesn’t only depend on environmental
conditions. Other aspects, such as the economic payback time, the establishment of a global
sales market, its thermal capacity and the customers” awareness, play a vital role in the
spread of those systems. The performance of a solar thermal system must be adapted to
the correspondent application and process. More detailed data to use in the individual
parameters, such as wet bulb temperature, humidity or hourly values for solar radiation,
would lead to more expressive results in the STCIL. The study and its results serve as a
first step to investigating the issue of future cooling demand. Further studies with more
detailed background data are recommended.

4.3. Comparison to Other Studies

Previous studies have considered similar parameters to create future predictions,
such as on future national cooling energy demand. The Cooling Demand Market Index
(CDMI), however, contributes new data and information on the future demand for cooling
applications at a high spatial resolution of <1 km on a global scale. The applied data are
based on RCP and SSP scenarios and picture different future developments, which offers
the possibility to see the results in a picture with related studies.

The CDMI is not to be compared with the installed cooling capacity or the number
of cooling applications. This makes the direct comparison of results from other studies
more difficult on the one hand, but offers new information on the other hand, which has
not been available yet. However, the CDMI was compared with previous projections, such
as the International Energy Agency reports “The Future of Cooling” and “The Future of
Cooling Southeast Asia”. The results of this article match the statement “In many countries,
especially in Africa and South Asia, household fan ownership is expected to grow rapidly
as more people gain access to electricity, providing greater comfort until households can
afford to buy an AC” [6] (p. 22). Furthermore, results match the future development of
an increase in installed cooling capacity in residential AC cooling capacity according to
the Baseline Scenario of the Future of Cooling report, see Figure 1. Other studies, such
as [108] or [109], target population that is affected by a cooling gap, respectively, and the
energy consumption related to residential space cooling accompanied by CO, emissions.
The outstanding role of India when it comes to the demand for space cooling is in line with
the results of [108]. The driving role of economic growth is backed by literature: “Besides
climate change, cooling demand increase is mainly due to income growth in regions with
a high potential cooling demand [ ... ]” [108] (p. 513). It is to say that the majority of
previous studies do not present results on a national level aside from the most relevant
ones, which are the USA, China and India. However, the results of this article match the
statements and global developments of the named studies.

In contrast to the previous studies, the results of this study are characterized by their
very high spatial resolution on a global level. This offers detailed information to specify the
future demand for cooling applications in individual regions, cities, agglomerations and
climates. The results indicate where options like adaptation and optimization of buildings
and urban areas are promising, or even necessary. A further unique feature of this study is
the comparison of spatial data on cooling systems with the CDMI maps.
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5. Conclusions

The demand for space cooling is growing on a global scale, without a doubt. Buildings
must adapt to be prepared for future, not historic, climate conditions. Demand for heating
decreases while cooling demand increases. The structures of cities and the architecture
and operation strategies of buildings must adapt to the new challenges. This includes the
consequent integration of passive measures.

Two new spatial indices for forecasts of both demands for cooling applications and
the potential and limitations of solar thermal cooling systems have been developed in the
framework of this study. The Cooling Demand Market Index (CDMI) is the first of its kind
to present at global, high-resolution raster grid statement on the future demand for cooling
applications combining demographic, environmental and economic data. The results show
the following:

e  The growing population and especially the increasing economic power of developing
countries are the main drivers of future demand for cooling appliances.

e In all four future scenarios analyzed, India, China, the United States, Indonesia,
Nigeria, Pakistan, Brazil, Mexico and Egypt are the countries with the highest CDMI
in 2050.

The highest percentage increase in national CDMI is found in African countries.
Cooling demand hot spots, which are characterized by high population density, hot
climate and sufficient economic power to purchase cooling applications, are primarily
located in Africa, south and southeast Asia and south America.

e  The STCl indicates the highest potential of solar thermal cooling systems, especially in
Africa and the United States.

e  The application of wet coolers is restricted as arid air conditions and the availability of
water are required. This hinders the application of chillers using LiBr, which require a
lower cooling temperature than other chillers, in large areas of the world.

e  Regarding sorption chiller systems, absorption chillers using ammonia and adsorption
chillers using zeolite have the potential to address the highest CDML
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Abbreviations and Symbol

Abbreviation
AbC
AdC
ASEAN
BEEN
CDD
CDMI
COPy,
ETC
GDP
GHG
GHI
GIS
HDD
IEA
ITASA
IPCC
PCM
PVT
SHC
SHGC
STCI
UHI
VCC
WS
Symbol

XClimate

XPopulation

XEconomic Power

Tcool, dry
Tcool, wet
Tcool

YT,cool

Solar yieldrp,

Appendix A

Meaning

Absorption Chiller

Adsorption Chiller

Association of Southeast Asian Nations

Building Energy Efficiency in Nepal (SWITCH-Asia project)

Cooling Degree Days

Cooling Demand Market Index

Thermal Coefficient of Performance

Evacuated Tube Collector

Gross Domestic Product

Greenhouse Gases

Global Horizontal Irradiation

Geographical Information System

Heating Degree Days

International Energy Agency

International Institute for Applied Systems Analysis

Intergovernmental Panel on Climate Change

Phase Change Material

Photovoltaic Thermal (Collector)

Solar Heating and Cooling

Solar Heat Gain Coefficient

Solar Thermal Cooling Index

Urban Heat Island

Vapor Compression Chiller

Water Stress

Meaning

Rating of climate zone (following Képpen-Geiger climate classification)
between 0 and 10. This dimensionless factor is based on an analysis of CDD.
A high scorecorelates with a high number of CDD and represents a

higher demand for cooling.

Rating of population density with values between 0 (no population) to 10
(population density of >10,000 persons/km?).

Rating of economic power per country or region with values between 0 and 10.
It’s based on the national GDP per capita. The rating increases logarithmically
from 0 (0 $/capita) to 10 (>30,000 $/capita).

Inlet heat rejection temperature running into the chiller, exiting a dry cooler.
This temperature is defined as 2 K above ambient dry bulb temperature.
Inlet heat rejection temperature running into the chiller, exiting a wet cooler.
This temperature is defined as 3 K below ambient dry bulb temperature.
Resulting inlet heat rejection temperature to consider in the STCI calculation.
Based on climate condition, it’s either Teoo1,dry OF Teool,wet-

Rating of Ty, based on individual behavior of different chiller types
between 0.5 and 1.

This parameter indicates the solar thermal yield of an evacuated tube collector

based on the average daily solar radiation per m2.

Table Al. List of climate zone codes and description according to Koppen-Geiger climate

classification [111].

Code Description
Af Tropical, rainforest
Am Tropical, monsoon

Aw Tropical, savannah
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Table Al. Cont.

Code Description
BWh Arid, desert, hot
BWk Arid, desert, cold
BSh Arid, steppe, hot
BSk Arid, steppe, cold
Csa Temperate, dry summer, hot summer
Csb Temperate, dry summer, warm summer
Csc Temperate, dry summer, cold summer
Cwa Temperate, dry winter, hot summer
Cwb Temperate, dry winter, warm summer
Cwc Temperate, dry winter, cold summer
Cfa Temperate, no dry season, hot summer
Cfb Temperate, no dry season, warm summer
Cfc Temperate, no dry season, cold summer
Dsa Cold, dry summer, hot summer
Dsb Cold, dry summer, warm summer
Dsc Cold, dry summer, cold summer
Dsd Cold, dry summer, very cold winter summer
Dwa Cold, dry winter, hot summer
Dwb Cold, dry winter, warm summer
Dwc Cold, dry winter, cold summer
Dwd Cold, dry winter, very cold winter
Dfd Cold, no dry season, hot summer
Dfb Cold, no dry season, warm summer
Dfc Cold, no dry season, cold summer
Dfd Cold, no dry season, very cold winter
ET Polar, tundra
EF Polar, frost
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