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Introduction

On June 30, 2021, a nascent wildfire swept through
Lytton, British Columbia, Canada, destroying 90%

of the village of 249 residences (Isai 2021). Days
earlier, the community recorded the highest outdoor
temperature in Canada, 49.6°C (121.3°F), observed
in one of the most unprecedented heat waves in
North American history.

Between March and May 2022, heatwaves spanning
northwest India and Pakistan resulted in outdoor air
temperatures exceeding 50°C (Patel and Masih 2022),
deadly heat events that reoccurred in neighboring
regions the following year (The Guardian 2023a).

In May 2023, regions of Vietnam recorded outdoor
temperatures exceeding 44°C, the highest outdoor

air temperatures ever recorded in the country (The
Guardian 2023c). The southern United States and

*The full list of authors is provided at the end of the article.

southern Europe faced similar historic temperatures in
July 2023 (The Guardian 2023b). A recent study found
that one year prior, Europe registered over 61,000
heat-related deaths (Ballester et al. 2023), the second-
highest year ever recorded. Heat stress, implying a lack
of human access to cooling, was the major contributor.

With warnings of increased warming and extreme heat
abound, the International Energy Agency (IEA) predicts
the world will see a threefold increase in energy
demand for space cooling if our reliance on current air-
conditioning technology continues (Birol 2018). Other
experts have made similar predictions, with the view
that in addition to climate change, global economic
development, and population growth in tropical
climates will drive this increase (Frank 2005; Moazami
et al. 2019; Olonscheck, Holsten, and Kropp 2011).

The global cooling industry is also aware of this and

the challenges these forecasts imply. In 2018, RMI
(Basalt, CO, U.S.) and the Department of Science and
Technology of the Government of India launched the
Global Cooling Prize (Kalanki, Winslow, and Campbell
2021), a moonshot technology prize that sought to
accelerate critical innovations in highly energy-efficient
space cooling technologies.

The mission was simple: if we rely on traditional air-
conditioning systems to deliver cooling in the future,
we will exacerbate the source of our overheating
problem, global greenhouse gas (GHG) emissions.
Recently, major research initiatives have sought to
identify and discuss the barriers affecting sustainable,
resilient building cooling solutions for a warming world
(Holzer 2022; Lizana et al. 2022; Levinson et al. 2023).

This policy brief expands on these efforts by
conducting a research review and expert engagement
process to identify the critical steps policymakers
need to address and mitigate the most critical barriers.
This work combines expertise in building energy,
cooling, and ventilation, and the paper’s authors work
in academia and the private and public sectors. The
outcome of a research review and expert engagement
process that began in 2021 follows.
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Cooling, Air Conditioning,
and Future Challenges

Cooling people in a warming world is essential to
human health. While there is diversity in how extreme
heat is managed globally, there is little dispute that
mechanical air conditioning (AC) is today’s most
common means of cooling buildings worldwide
(Kovats and Hajat 2008). Modern AC systems use fans,
ductwork, and vapor-compression refrigeration to cool
indoor air by circulating it over coils filled with cooled
refrigerant or water. This technology, first introduced in
the early 20th century, has revolutionized architecture,
urban design, and humanity’s thermal comfort
expectations (Kovats and Hajat 2008).

AC has also significantly reduced heat-related
mortality, particularly in the U.S., where AC adoption
has been linked to a 75% decline in heat-related
deaths during the 20th century (Barreca et al. 2016).
AC in hospitals has further reduced infant mortality
and prolonged the lives of patients with heart and
respiratory diseases (Bobb et al. 2014; O'Neill,
Zanobetti, and Schwartz 2005; Song, Yu, and Lu 2021).

Yet, for all its benefits, the future and expanded use
of AC as a single global solution for building cooling is
considerably more contested today. Specifically, our
continued reliance on conventional AC systems faces
three pressing challenges:

1. GHG Emissions from Energy
Use and Refrigerants

The building sector accounts for nearly 40% of global
energy consumption and GHG emissions (de la Rue
du Can and Price 2008). From 1970 to 2010, energy-
related CO2 emissions in this sector more than
doubled and are expected to double again by 2050
(Berardi 2017). Cooling alone contributes nearly 20%
of electricity use in buildings globally (The Guardian
2023a). Second, vapor-compression AC systems
commonly use hydrofluorocarbons (HFC), which have
a global warming potential thousands of times higher
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than CO2. Approximately 47% of global HFC use is
attributed to building AC, with 60% due to leakage
during refills (Sand, Fischer, and Baxter 1997).

While 198 countries signed onto the Kigali Amendment
of the Montreal Protocol in 2016, agreeing to reduce
global HFC use by 80% before 2050 (United States
Environmental Protection Agency 2021), global
compliance with the Kigali Amendment has yet to be
observed. Additionally, due to the growing demand for
air conditioning, refrigerant gas leakage is projected to
alone be responsible for 0.5 °C of global warming by
2100 (Shah et al. 2015).

2. Fragility of Single-Solution Dependency

Dependence on AC raises concerns about energy
grid resiliency. A 1995 Chicago heatwave resulted in
at least 739 deaths, highlighting the risks when power
outages occurred during extreme heat (Klinenberg
2015). Similar risks persist today, as seen in Texas in
July of 2022 when residents were urged to reduce
power use due to high AC demand and low renewable
energy generation (Ferman 2022). In 2024, Canadian
heatwaves led to outages in completely different
climate regions, each outage endangering vulnerable
populations (Diego 2024).

Expanding peak electricity generation to cope with
extreme heat in the U.S. could cost between $180
billion and $1.2 trillion by 2100 (Auffhammer, Baylis,
and Hausman 2017; Khan et al. 2021); the projected
investment is tied invariably to projected increases in
AC under extreme heat (Burillo et al. 2019). Increasing
reliance on AC as the only solution to hot weather
does not steer an economy toward climate and
infrastructure resiliency (Zhang et al. 2021).

3. Indoor Air Quality and AC-Centric Design

While preventing indoor overheating is crucial,
reliance on AC can compromise indoor air quality,
particularly in sealed buildings designed for energy
efficiency. Beginning in the 1970s, many buildings
were constructed with minimal ventilation to conserve
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energy, leading to poor indoor air quality and health
issues, now recognized as “sick building syndrome”
(Murphy 2006; Wargocki et al. 2000).

One of the most affordable active cooling solutions
for retrofitting existing buildings, particularly housing,
is installing split AC systems (Abhyankar et al. 2017;
Bhandari and Fumo 2022). These systems provide
comfort at an air quality cost. Most split AC systems
recirculate indoor air without any fresh air supply,
reducing ventilation rates to near zero when windows
are closed. This can exacerbate indoor air quality
risks, affecting occupant health and sleep patterns
(Abhyankar et al. 2017; Bhandari and Fumo 2022).

Summary of Alternative Solutions
to Conventional Air Conditioning

Alternative approaches to AC are generally organized
into three classes of solutions. The first class includes
passive design measures that originated in some

of civilization’s earliest efforts to build shelters

in response to local climates and local material
availability. The second class of measures refers

to engineered or “active” cooling systems, which
include conventional air conditioning and some
evolved versions of the technology that emerged in
the latter half of the 20th century. A third class of
measures comprises hybrid solutions that combine
elements of passive design and active systems. Many
of these solutions are complementary and can be
used in tandem.

The prevailing alternative cooling approaches available
today are illustrated in Figure 1. The figure illustrates
these solutions, categorized by their type:

e \entilative cooling techniques (Shetabivash 2015; Brager
and Baker 2009; Passe and Battaglia 2015; Lal, Kaushik,
and Bhargav 2013; Jomehzadeh et al. 2020; Ciampi,
Leccese, and Tuoni 2003; Gagliano et al. 2012)

e Active low-energy fans (Morris et al. 2021; Yang et al.
2015); evaporative cooling (Cuce and Riffat 2016; Ford,
Schiano-Phan, and Vallejo 2019; Holzer 2022)

e |ow energy dehumidification strategies (Jani, Mishra, and
Sahoo 2018; Rafique et al. 2015)

¢ Cooling strategies assisted by the ground as a heat
sink (Khabbaz et al. 2016; Anselm 2012; Romanov and
Leiss 2022)

e Passive sky radiative cooling (Zhao et al. 2019) and active
radiant cooling (Delgado, Ramos, and Dominguez 2020)

e Thermal storage strategies (Reilly and Kinnane 2017; Rim,
Sung, and Kim 2018)

e Heat gain prevention strategies (Akbari and Matthews
2012; Levinson et al. 2019)

e L ow-energy active cooling solutions for the individual
scale (ie., personal cooling devices (Khovalyg and
Ravussin 2022; Schiavon, Melikov, and Sekhar 2010; Luo
et al. 2018)) and for the urban scale (ie,, district cooling
(Zhen et al. 2007)).

In following best practice, experts recommend
a stepwise approach to addressing cooling
in building design:

1. Reduce the building’s cooling load through
passive strategies.

2. Apply suitable low-emissions active cooling systems
for the remaining load.

3. Optimize the hybrid control of these systems to
minimize reliance on active cooling.

In some cases, passive strategies alone can suffice
to meet all cooling needs (Maierhofer et al. 2022;
Archdaily 2023; Griffiths 2019), while in others, a
balance of active, passive, and hybrid strategies is
necessary (Zhang et al. 2021; McLauchlan and Lavan
2010; Transsolar 2009). A relatively large body of
literature constructed over several decades details
how energy-efficient and sustainable alternative
cooling solutions have been implemented across the
planet’s varying climates, cultures, and economies
(Ford, Schiano-Phan, and Vallejo 2019).

There are challenges in extreme climates and urban
environments where passive and hybrid cooling
solutions may be less effective due to a combination
of high air (dry bulb) temperature, and high wet

bulb temperature, which is close to or above skin
temperature (Engebretsen et al. 2016). This was
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Figure 1: A Catalog of Alternative Cooling Strategies
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underscored during the June 17, 2023, heatwave

in Uttar Pradesh, India, where extreme heat and
humidity would have necessitated, at minimum, an
active dehumidification system to mitigate such life-
threatening conditions (Sherwood and Huber 2010).
In such contexts, dependency on current conventional
air-conditioning solutions to address cooling may
be high without further industry development of
alternatives such as desiccant dehumidification.
Other environmental factors, such as air and noise
pollution and wildfire smoke, may also increase the
dependence on mechanical ventilation.

The Barriers and Solutions to
Alternative Cooling

As more information becomes available on designing
best practices and sustainably cooled buildings, most
new construction projects globally still do not follow
these proven strategies. More so, best practices are
nearly non-existent in the building retrofit market,
which is fundamentally critical for addressing global
challenges such as climate change.

Building on the reviewed academic and gray literature,
many of this study’s authors initially convened as

a panel of experts in winter 2021 to deliberate on

the barriers to mainstreaming alternative cooling
systems and discuss the most promising solutions to
these barriers. An initial symposium was held, where
the experts who work across academia, policy, and

Figure 2: Top Barriers and Proposed Corresponding Solutions
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industry each presented a perspective on barriers
and drivers to alternative cooling solutions from
their respective domains.

These presentations were subsequently distilled into
an expert elicitation survey, which was returned to
the experts, who sought to establish a consensus on
the perceived top barriers and the desired solutions.
The process of arriving at this collaborative statement
included iterative rounds of feedback to refine the
initial assessments. This collaborative and iterative
approach sought to obtain a robust perspective
grounded in a broad range of established viewpoints
and empirical data. (The findings of this process are
detailed in Appendix A.)

The following sections summarize the collaborative
view of the authors on these top barriers and solutions.
This work comprises the authors’ views while
acknowledging the significant and growing body of
research on barriers to sustainable cooling (Lizana et
al. 2022), alternative cooling solutions (Holzer 2022),
and cross-government initiatives aimed at improving
market conditions for alternative cooling solutions.

Notable examples are the international Venticool
project and policy-oriented actions like the Kigali
Cooling Efficiency Program (UN Environment
Programme 2022). The IEA’s The Future of Cooling
report (Birol 2018), the IEA Research Annex on
Resilient Cooling of Buildings (IEA EBC Annex 80 2019),
the Asian Development Bank’s support for energy-
efficient centralized AC systems (Asian Development
Bank 2020), and the Cooling Singapore project
(Ruefenacht and Acero 2017), have each aimed to
advance commercial development and deployment

of low-carbon cooling solutions. The Global Cooling
Prize was a recent international competition to develop
highly efficient and affordable residential cooling
solutions. Such initiatives have framed the outcome

of this work.
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Three Barriers to Alternative
Cooling Solutions

1. Misinformed focus on space cooling instead
of people cooling

Air conditioning, by its very name, has historically
entailed conditioning indoor air by cooling the air of
entire air spaces within buildings. Whether a room

is occupied by only one person or many, it is the

room that is typically cooled rather than individual
occupants. The belief that the purpose of cooling

is to condition entire rooms is so entrenched in
industry and policy that “air conditioning” is often used
synonymously with “space cooling” (International
Energy Agency 2022).

Rarely, if ever, do policy briefs or building codes refer
directly to “people cooling” or a similar term, which
ironically forms the basis of current thermal comfort
standards. For example, the American Society of
Heating, Refrigerating and Air Conditioning Engineers
(ASHRAE) Standard 55: Thermal Environmental
Conditions for Human Occupancy (Standard 2017,
55-2013) gives higher quality ratings to spaces that
provide personalized thermal environments. However,
few building codes make it easy for designers to take
advantage of these emerging principles. Building codes
across North America, at least, explicitly require indoor
air spaces to be heated or cooled to specific minimum
or maximum air temperatures (California Building Code
2022; British Columbia Codes 2018).

The persistent association of indoor cooling with

the conditioning of entire rooms did not descend
from established theories of building science but
from the very early manifestations of mechanical
cooling. Like how the very first internal combustion
engines of the 19th century were physically large
contraptions producing relatively limited power, the
earliest ducted ventilation systems of that time were
sized according to the characteristics of the earliest
modern electric fans.
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Large, inefficient fans necessitated large ducts

and their corresponding spatial accommodation

in buildings. They provided large volumes of air to
cool entire building zones partly because it was not
technically practical or feasible to deliver air cooling in
any other way. While technology and design methods
for cooling systems evolved throughout the 20th
century, including the miniaturization of AC system
components, the general tendency of architects and
engineers to implement central ducted solutions for
cooling entire building volumes remained very common
due to the accumulation of decades of familiarity

and cost optimization.

In regions of the world that were relatively late to
adopt space cooling systems, including Europe and
most of the world’s emerging economies, there is
greater diversity in how building designers implement
and control cooling solutions. Smart building control
systems, for example, can now predict occupancy
patterns and occupancy movements in buildings with
increasing ease and target cooling delivery accordingly
(Dong et al. 2019). This can lead to significant energy
savings while improving occupant comfort (Kim et

al. 2019; Pasut et al. 2015). (Radiant cooling and
personalized ventilation systems are other solutions
discussed later in this paper.)

2. Conservative Building Codes Entrench
Conservative Cooling Solutions

Building codes can create many barriers to alternative
cooling solutions, either directly or through the
reinforcement of inefficient or ineffective practices.
For example, in the New York City Building Code,

the words “shading,” “thermal mass,” “night flush
cooling,” “radiant cooling,” and seemingly any other
synonyms referring to alternative cooling solutions
cannot be found within any clauses of the code
chapters about indoor environmental quality and
energy efficiency (NYC Building Code 2014). Only
statements regarding minimum thermal performance
requirements of air conditioners exist. The prescribed
minimum performance requirements do not refer
directly to ASHRAE’s thermal comfort standard

or any established design standard that may
provide a richer body of information and instruction
on cooling solutions.

It is reasonable to expect that if high-performance
building design standards like those from ASHRAE
(ASHRAE 2018; 2022) and other international bodies
(CEN/ISO 2021, 11855) exist to chart the pathway
for future resilient, energy-efficient, and low-carbon
buildings. Therefore, at the very least, building codes
and regulations must not provide clauses and code
requirements that make meeting these standards
unnecessarily difficult or useless. It would be even
better for building regulators to acknowledge
multiple standards bodies and provide parallel
pathways to compliance.

3. Low Appetite for Risk Among Stakeholders

Many stakeholders affect the delivery and operation
of buildings, including the architects, engineers,
facilities managers, building owners, contractors,

and subcontractors, who have the most substantial
influence in choosing a low-energy solution. Among
these stakeholders, there are several distinct facets to
the perception of performance and financial risks:

1. Invisibility of carbon cost: The total upfront and
full-life carbon cost of cooling decisions is not fully
appreciated. Itis also more difficult to estimate than
other financial and performance outcomes. The
carbon-related barrier exists because stakeholders
might not value the ‘triple bottom line’ of social,
environmental, and financial investments.

2. Predictability of status quo: Users of new
technologies sometimes have limited experience
and ability to predict technical and investment
performance. The unpredictability of a technical
and financial outcome increases design liability
and may affect the operational costs for the most
influential stakeholders.

3. Old solutions are already built-in and costly to
replace: Existing buildings are designed for central
ducted air systems, and retrofits of alternative cooling
solutions may require significant infrastructural
investments. While the higher perceived risk of retrofits



minimizes the attraction of installing alternative cooling
technologies in existing buildings, minimizing the future
cooling demand of existing buildings remains critical for
future climate goals.

Defaulting to the status quo is not unique to
engineering in the face of performance or financial
risks. A default posture, however, is one of the primary
barriers to adopting better cooling strategies.

Three Solutions to Barriers Facing
Alternative Cooling Strategies

1. Expand and cross-pollinate design standards
for alternative cooling solutions and re-orient
regulatory compliance.

A multi-pronged approach is necessary to promote
alternative cooling solutions within regulatory
frameworks. While ASHRAE's design standards, or
sections thereof, are well recognized in circumstances
that support air-conditioning design, there is less
awareness and availability of ASHRAE standards
supporting non-air-based cooling solutions (ANSI/
ASHRAE 2020). Beyond ASHRAE, however, regulators
may find there exists an ample number of guiding
principles established across the international canvas
of standards authorities. For example, CEN-ISO

11855 exists for radiant systems in Europe (CEN/

ISO 2021, 11855), and the Chartered Institution of
Building Services Engineers (CIBSE) TM40: Health and
Wellbeing in Building Services standard covers natural
ventilation (CIBSE 2020).

Beyond governmental standards, there is also the
WELL Building Standard (International WELL Building
Institute 2016), the U.S. Green Building Council
(USGBC) Leadership in Energy and Environmental
Design (LEED) green building rating scheme (U.S.
Green Building Council 2019), and the Living Building
Challenge 4.0 (International Living Future Institute
2019) which provide different imperatives on
building energy use and air quality that can steer
building designers towards alternative heating

and cooling solutions.
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A multi-pronged approach

Is necessary to promote
alternative cooling solutions
within regulatory frameworks.

Some jurisdictions have gone as far as mandating
alternative cooling solutions as a matter of building
code and regulation. Singapore’s Housing Development
Board (HDB), which has overseen the historic
development of Singapore’s renowned public housing
stock, lays out explicit design guidelines that require
architects to prioritize natural daylighting, shading,
and cross-ventilation solutions—effectively ruling

out air-conditioning-reliant building design (Housing
and Development Board 2012). Switzerland enforces
similar passive-first solutions to extreme heat (Swiss
Society of Engineers and Architects 2009).

2. Seek and implement new market mechanisms.

Deploying alternative cooling solutions is a market
transformation that will necessitate new market
incentives and instruments, which is not without
precedent, even in the cooling industry. Innovative
business models are most compelling when the
upfront capital costs of a heating or cooling solution
are prohibitive for a single building owner (X. Zhao,
Pan, and Lu 2016) but can be financed collectively
by pooling customers.

Cooling as a Service (CaaS) framework (IEA 2020; X.
Zhao, Pan, and Lu 2016; Clean Cooling Collavorative,
n.d.) creates opportunities for businesses to
become cooling service providers to buildings by
installing, owning, and operating cooling equipment
and guaranteeing occupant comfort at a fee rate.
The Cooling as a Service Initiative, launched in 2019
by the Basel Agency for Sustainable Energy and

the Clean Cooling Collaborative, has successfully
implemented CaaS in certain emerging economies
(Clean Cooling Collavorative, n.d.) . Financial
assistance for CaaS and similar programs through

3f
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direct government investment or taxation policies
could be tied to using site- and climate-appropriate
alternative cooling solutions.

3. Improve education.

There is an urgent need to redefine “cooling” beyond
“air conditioning.” Public perception often equates
cooling with conditioning of the air despite the
significant role of radiant heat transfer in human
comfort (Mclntyre and Griffiths 1972). Many people
are likely unaware that more than 50% of the heat
lost by the human body indoors is attributed solely
to radiant heat transfer between the human body
and the physical surfaces surrounding it (Mclntyre
and Griffiths 1972).

An individual must be familiar with the multiple

forms of heat transfer that affect human comfort.
These include the benefits of using vegetation

to shade building envelopes, how thermal mass

and night-flush cooling can facilitate maintaining
comfortable conditions in hot climates, and why
strategies like active radiant cooling or ceiling fans can
be so energy-efficient.

Additionally, education campaigns targeting architects,
urban designers, and the public should ensure that

all building design and construction sector segments,
from designers to mechanical contractors to building
inhabitants, understand the importance of radiant heat
transfer and air movement and their relation to thermal
comfort. Organizations such as ASHRAE and aligned
governmental, non-governmental, and regulatory
bodies should help shift the discourse away from AC-
centric solutions, stressing that cooling should focus
on people, not buildings.

Conclusions

We must shift towards building methods and
technologies that minimize the carbon footprint of
cooling. While global initiatives aim to expedite the

research, development, and implementation of energy-
efficient and alternative cooling solutions, more effort
is required to mainstream these alternatives.

This paper has outlined that the most significant
obstacles to alternative cooling solutions are not

that alternatives are underdeveloped or necessarily
unaffordable. Instead, a cultural perception of cooling,
supported by the language of present-day building
codes and regulations, has ensured that functional,
important alternative solutions are marginalized and
trivialized in building design and renovation.

Ultimately, this work translates our expertise into a
consensus on the most critical actions to mitigate
existing barriers. Accelerated adoption of alternative
cooling strategies will require:

1. Standards: Establish design criteria and regulatory
compliance procedures that stop prohibiting
“alternative” cooling strategies and promote these
more sustainable approaches through regulatory
criteria that explicitly identify and advocate for
alternative solutions.

2. Market incentives: Financial penalties, rewards, and
regulations are needed to encourage new business
models and better financing options; performance-
based financial incentives for alternative cooling
solutions are feasible.

3. Awareness: Spreading knowledge about cooling
best practices through creating courses for architects,
engineers, and building operators, as well as public
education campaigns.
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Appendix A: Survey Results

Barriers

Figure Al illustrates the identified barriers in order of
importance per the survey with panel participants. The
barriers ranked from the most important to the least
important show that B3 is weighted twice as important
as the middle tier’s identified barriers (i.e., B1, B6, B2,
and Bb5). B3, the most dominant barrier identified, is
the misguided emphasis on “space cooling” rather than
“people cooling.” The second highest score is given to
B1, related to the building codes and standards.
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Figure Al: The Identified Barriers of Removing Barriers to Alternative Cooling

Focus on ‘space cooling’ and not ‘people cooling’

Building codes and performance standards bias towards air conditioning

Higher risk of failure of passive systems to provide consistent performance

Lack of sufficient standards/ design guides for alternative cooling

Risk aversion to investment in new cooling technologies across all stakeholders

Occupants’ expectation for limited variation in indoor temperature

Higher upfront costs of alternative cooling strategies and lack of incentives

Disciplinary divides among architects, mechanical engineers, and building facilities

Lack of early stage design coordination and knowledge on cooling alternatives

Retrofitting existing buildings with alternative cooling is an engineering challenge
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Policy Solutions

Figure A2 shows that adopting more progressive
codes and standards on cooling and natural
ventilation is considered.

Figure A2: The Identified Market and Policy Solutions for Cooling Alternatives

Adopt more progressive codes and standards on cooling and natural ventilation _ PM4
Revise building codes to accept wider indoor temperature bands _ PM2
Anew standard focused on the perspectives of carbon, health, and well-being _ PM3
Shift thermal habits of occupants adaptation through clothing, thermal-zone _ PME
mobility
Educate owners, architects, engineers, and occupants on alternative cooling — pPMm7
Implement taxes and levies on the use of refrigerants in buildings — PMBE
Require that all new buildings provide alternatives to air-conditioning for cooling _ PML
Pursue new market mechanisms such as ‘cooling as service' business models - PMS
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