











8. Conclusion

This report represents a first effort to create a framework for studying the cost and climate
impacts of different actions in commercial real estate in the U.S. and China. It provides a list of
potential measures to consider and data that can help guide discussions and decisions by
different stakeholders. We hope that commercial real estate owners, tenants, and managers
can use the measures we identified and analysis we provided to look for opportunities to
reduce cost, increase performance, and reduce climate impact in their own properties.

Commercial real estate is a large and growing sector with a significant role to play in meeting
corporate and national climate goals. Cooling-related emissions have been, to date, overlooked
by the industry and by policymakers, but will only grow in importance over time. With this
report, we aim to shed light on the many cost-effective ways stakeholders can reduce these
emissions and the economic co-benefits of those reductions.

We hope that this report inspires and guides decision-makers to take action, and we look
forward to the ongoing dialogue on the best ways to reach ambitious financial, energy, and
climate goals.
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Appendix I: Data Sources
and Assumptions

This appendix outlines the key data sources and assumptions our model is built on. Wherever
possible, we compared multiple data points, checked our bottom-up calculations with top-
down estimates, and compared findings with inputs from industry experts. When data were
inconsistent or missing, we relied on team expertise.

Many of the data sources listed below required adjustment to fit our model structure. The
forecasts we rely on are themselves modeled and will not perfectly match reality. Our results
should therefore be considered in the context of this project, which aims to provide pathways
to reduce emissions in commercial buildings and compare the general attractiveness of
measures. We do not claim to offer final property-specific answers on individual measures,
which will always be highly context dependent.

The structure of this appendix follows the overall model structure introduced in Section 2.

General

Commercial Building Scope

We considered the commercial AC and refrigeration sectors in the U.S. and China, excluding
residential, industrial, and transport sectors. We also excluded data centers from our scope
due to their specific technical requirements and rapid recent growth. All other buildings,
including public buildings and distribution centers, are in scope.

We focused the abatement measures on existing buildings rather than new building design,
restricting measures to viable retrofits.

Refrigerant and Electricity Emissions

The GWPs of refrigerant gases, which compare their warming impact to CO, over a 100-year
period, are taken from the Intergovernmental Panel on Climate Change (IPCC)’s Fifth
Assessment Report® The mix of refrigerants modeled varied by country, and is described in
more detail below.
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We included both indirect power emissions from cooling equipment and direct refrigerant
emissions, and do not attempt to attribute these emissions to specific responsible parties.
This allowed us to understand the economic tradeoffs between various choices. When certain
measures to reduce cooling demand also reduce heating emissions or costs we include those
in our economic assessments, but do not count them towards total abatement potential.
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While a transition is also underway in the heating sector, primarily driven by a shift from
combustion furnaces to heat pump technologies, we maintain a focus on cooling in this report.
As such, heating emissions were excluded from baselines, but they were included in the
economic analysis when a measure aimed at reducing cooling emissions had a co-benefit of
reducing heating emissions.

Time Period

We assess the impact of abatement measures cumulatively over the time period from 2026 to
2060. This differs somewhat from the common method of assessing impact in a single future
year. This decision is rooted in the transition currently underway due to the Kigali Amendment
to the Montreal Protocol, which will fundamentally change the landscape of the cooling
industry in the coming decades.

Because of this transformation, the cumulative view provides greater insight than a single future
time period. Additionally, this view allows our recommendations to better align with total impact
on global warming. The end year of 2060 is chosen because of expectations for a nearly complete
shift away from HFCs in cooling equipment and fossil fuels in electric grids by that point.

Discount Rate

We adopt a discount rate of 8%, based on average costs of capital to businesses in 2025.2°
The use of this rate instead of the lower discount rates typical of research on the economics of
climate reflects our focus on commercial decision-making.

The structure of this appendix follows the overall model structure introduced in Section 2.

United States

1. General Inputs

A key general input is an initial electricity price of 12750 USD/MWh, the 2024 average cost for
commercial users.?' Additionally, baseline gas collection rates came from IPCC research,?? and
leak rates were an informed average from ANSI/ASHRAE standards?® and IPCC estimates.?

2. Refrigerant Mix Scenarios

Current refrigerant stocks across segments were assessed by combining sources that
provided estimates of total stocks, data on stocks in new sales in past years, and from
equipment information. Projections of their evolution over time were constrained by the U.S.
Technology Transitions Rule,?® an Environmental Protection Agency (EPA) regulation under the
AIM Act that creates deadlines for partial and full phaseout of certain categories of refrigerant
by sector.
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Calculated new sales were combined with data on equipment lifetimes and demand growth
rates to create our model of stocks over time. Growth rates in sectors were sourced from
market projections.?6 %7 28

3. Electricity Usage and Grid Emissions

The electricity module is built on the 2025 Annual Energy Outlook (AEO)? published by the
Energy Information Administration (EIA). The AEO predicts sectoral electricity consumption,
grid CO, emissions, and demand by end use out to 2050; we extended the projections to 2060
to align with our time horizon. Grid emissions intensity is a key input to the abatement
potential of any opportunity that affects energy use. The AEO’s projected electricity use in
commercial cooling and refrigeration was used as a check on our modeling outputs.

The 2025 AEOQ is based on policies in place at the end of 2024, which were expected to rapidly
bring deep renewable penetration to the U.S. This means that our assumptions of potential
energy-related emissions reductions and cost savings are likely conservative, as the policies
implemented in the U.S. over the course of 2025 are widely expected to create a more
emissions-intensive and expensive electricity supply than previously projected.®°

4. Equipment Stocks and Characteristics

Our baseline modeling and opportunity assessments depend in part on specifications that
correlate with equipment type. Metrics such as coefficient of performance, leak rate, and cost
per kW of cooling differ widely by size and type of equipment. Data on distribution of various
types of equipment thus provides information for estimation of those parameters.

The installed equipment base for air conditioning was modeled primarily from the National
Renewable Energy Laboratory’s ComStock,' a comprehensive model of the commercial
building stock in the U.S., its characteristics, and equipment installed in it including for cooling.
ComStock provided a breakdown of the representation of different types of AC equipment in
the U.S. Further calculations about equipment stocks and equipment characteristics were
based on industry materials.?? 33

Installed equipment base for refrigeration was primarily drawn from the 2012 CBECS,** which
included a detailed breakdown of existing equipment and was scaled to 2025. Further data
came from market reports.3® 3¢
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5. Market Segments

Buildings are categorized as small, medium and large: small are less than 25,000 ft? (2,323
m?), medium buildings are 25,000 to 200,000 ft? (2,323 and 18,581 m?), and large buildings
200,000 ft? (18,581 m?) and above.?’
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The characteristics of the current stock of commercial buildings in the U.S. were drawn from
the EIA’s 2018 Commercial Buildings Energy Consumption Survey (CBECS).*® 2018 was the
most recent CBECS; we interpolated data to our base year of 2025 by analyzing the growth
between 2018 and the previous CBECS in 2012. The survey provided robust data on building
size and type. Additional sectoral data came from various industry reports.

Equipment utilization numbers for AC were sourced from a report conducted by the
California Public Utilities Commission® and normalized by comparing national cooling
degree days to those in California. For refrigeration, utilization numbers came from assorted
industry publications.

6. Cooling Segment Archetypes

Cooling and refrigeration systems vary widely in their characteristics. The challenge for an
integrated economic assessment such as this one is that this variation can easily be buried in
averages, losing important insight into opportunities that apply only to certain areas of a market.

To address this for AC, we use archetypes that relate to building sizes outlined in ComStock.
We define a building with a floor area less than 25,000 ft? (2,323 m?) as small, greater than
25,000 ft? and less than 200,000 ft? (18,581 m?) as medium, and greater than 200,000 ft? as
large. These archetypes, built on the building data described above, allow us to derive system
characteristics that form the basis of economic assessments.

For refrigeration, we use as archetypes convenience stores and restaurants, supermarkets,
and cold storage facilities. While this division is somewhat more subjective than the AC
division, each facility type has clear characteristics that allow for emissions and abatement
opportunity modeling.

7. Abatement Measures

The measures, which are described in detail in Section 4 and were drawn from interviews and
Carbon Containment Lab internal sources. We have aimed to include measures that are
broadly impactful and relevant, but make no claim to be exhaustive. Some measures are by
necessity broad and encompass multiple steps.

8. Baseline Outputs

From the input modules, we derive the baseline emissions consisting of emissions from
leakage, end-of-life venting, and electricity. The leakage and venting emissions are a function
of refrigerant GWP, which is expected to decline over time.

Bending the Curve
44



9. Abatement Curves

Our ultimate economic assessment of abatement measures relies on all of the above modules.
The economic attractiveness of each measure, in dollars per MTCOQe abated, is calculated for
each system archetype. The total potential impact of each measure is then calculated by
adding the abatement potential in each archetype with a cost per MTCO,e abated of less than
100 USD. These aggregated numbers form the abatement curves shown in Section 5.

China

1. General Inputs

General inputs for China include an average commercial power price of 97 USD/MWh,*°
calculated as the 2025 mean of rates charged to commercial users across 33 provinces and cities.
Commercial cooling electricity demand is derived from Energy Foundation China (2019)*
research, which we scale to 2024 using historical annual growth rates in electricity consumption.
Leak rates were derived by comparing refrigerant stocks with energy usage totals.

2. Refrigerant Mix Scenarios

Current refrigerant banks in China are estimated using a combination of academic
literature® %3 44 45 and industry research?® on installed refrigerant stocks. For future refrigerant
use, we rely on China’s 2025 to 2030 National Plan for the Implementation of the Montreal
Protocol* and the obligations under the Kigali Amendments to set up key milestones for
phasing out high-GWP refrigerants. These policy milestones are combined with projections of
new equipment sales and retirements, assumed equipment lifetimes, servicing practices, and
leakage/end-of-life loss rates to derive evolution of refrigerant mix, and thus the average GWP
over time. Where available, we cross-check these bottom-up estimates against published
forecasts of refrigerant emissions and banks in China.

3. Electricity Usage and Grid Emissions

Commercial electricity consumption is sourced from the International Energy Agency* and
from China’s National Energy Administration.*® Current electricity-related emissions are
calculated using the most recent grid emission factors published by China’s Ministry of Ecology
and Environment.®° For future years, we construct a trajectory for grid emissions intensity that
is the average between China’s announced climate targets, which achieve carbon neutrality by
2060 and China’s stated policies which will have remaining emissions by 2060 (in both
scenarios emissions intensity peaks before 2030).
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4. Equipment Stocks and Characteristics

The equipment mix is used for deriving technical and economic characteristics of equipment
such as seasonal coefficient of performance, investment cost, refrigerant efficiency, and
investment cost per kW of cooling. For commercial air conditioning, the equipment types
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included are unitary air conditioners, variable refrigerant flow (VRF) systems, scroll chillers,
screw chillers, and centrifugal chillers. For commercial refrigeration, we consider light
commercial equipment (refrigerated retail) and cold stores.

Market size, equipment sales, and installed capacity (cooling banks) are primarily drawn from a
publication®' of the China Association of Refrigeration, which compiles survey results, research
articles, and manufacturer sales data. Additional data on domestic sales, installed cooling
capacity, and stock evolution come from industry data platforms and trade sources.5? %3 5
Equipment characteristics are derived from product manuals and technical datasheets from
leading Chinese air-conditioning and refrigeration manufacturers. Short- to medium-term
growth rates for equipment sales and stocks are based on recent market research reports

and industry outlooks.

5. Market Segments

To size the segments within the Chinese commercial cooling market, we used domestic sales
of commercial air-conditioning equipment and their typical size to estimate the relative size of
the small, medium and large-scale cooling segments, which fall within roughly the same
boundaries used in the U.S.

Forthe Chinese commercial refrigeration market, we used an academic report® to understand
the current market size and characteristics of the two main sectors, retail and cold chain
distribution, using historic sales numbers and growth.

6. Cooling Segment Archetypes

For China, as with the U.S., we use cooling characteristics typical for each segment as inputs
for estimating the economics of the abatement measure. We base these archetypes on total
installed cooling capacity per property. Small AC includes all unitary AC, plus approximately
half of VRF systems and a subset of small scroll chillers, with total cooling capacity below 150
kW per property. Large AC includes all centrifugal chillers, plus a share of large VRF and screw
chillers, with total cooling capacity above 1250 kW per property. Medium AC covers the
remaining VRF, scroll, and screw chiller installations with total cooling capacity between 150
and 1250 kW per property.

For commercial refrigeration, we define three archetypes. Small retail refrigeration includes
light commercial equipment, such as remote and self-contained refrigerated display cabinets
and all other systems used in convenience stores, restaurants, supermarkets, and hotels.
China’s retail refrigeration has a far smaller share of large-scale supermarket rack systems,
and this segment was thus included in the small retail segment. The medium refrigeration
segment was defined as cold storage facilities with a total cooling capacity below 500 kW,
while large refrigeration consists of cold storage facilities with total cooling capacity of

500 kW or more.

Steps 7-9 process the inputs into final outputs and are consistent between the
U.S. and China.
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Appendix lI: Achievable

“Drop-In” Substitutions

Some drop-in replacements are available for older and higher GWP refrigerants. Any such
conversion is dependent on system characteristics, requiring modifications and component
upgrades (see Section 4, Measure 5 for additional information). Further, flammability concerns
are not yet addressed for some newer refrigerants. The table below, based on research from
the Heating, Refrigeration, and Air Conditioning Institute of Canada,¢ shows some of the

potential conversions available today.

Additionally, commercial development of new drop-in substitute gases is taking place

as users anticipate reduced supply of high-GWP gases. Selected examples include R-442a,
a replacement for R-404a with less than half the GWP that has been field-tested in various
supermarkets and shown higher energy efficiencies, and R-453a, a low-GWP replacement
for R-22. Further innovation is likely as regulation is expected to reduce the supply of

traditional HFCs.

Refrigerant to Primary Replacement
GWP L ) GWP
Be Replaced Application Refrigerant
. . R-134a 1,300
R-12 10,200 Refrigeration R-426a 1,508
R-123 79 Central chillers R-1233zd 1
) ) R-1234yf 573
R-134a 1,300 Refrigeration R-123476 6
R-407a 2110
R-448a 1,273
R-404a 3,922 Refrigeration R-449a 1,282
R-454c 148
R-464a 1,288
R-442a 1,888
R-507a 3,985 Refrigeration R-449a 1,282
R-464a 1,288
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Appendix lll: Additional Context and
Discussion of Mitigation Measures

For definitions and scope of measures, see Section 4.

® CATEGORYA.
Lifecycle Refrigerant Management

Measure Name

Context and Discussion

1. Recover &
recycle
refrigerants
on-site

In the U.S., recycled refrigerants must be used on the same site/property, as they are
considered uncertified products. This limits the total potential of the measure because few
properties have the interest or capability to store and manage larger stocks of refrigerants.
China does not have an explicit regulation restricting the sale of recycled refrigerants for use
at other sites. While this presents a potential opportunity, there is currently little indication
that such a market is developing.

Successful implementation of this measure requires widespread availability of certified
recovery and recycling equipment, improved recovery methods and efficiency, and adequate
training for technicians to ensure they follow best recycling practices.

2,3. Recover &
reclaim pure
and mixed
refrigerants

Unlike a simple recycling process, reclamation relies on specialized machinery and
procedures only available at designated and certified reprocessing facilities. Commercial real
estate owners and operators can help implement this measure by ensuring that refrigerants
on their properties are properly collected and sent to certified facilities. They can also
champion the broader availability of certified recovery equipment, advancements in recovery
methods and efficiency, and comprehensive technician training to ensure the safe handling
of recovered refrigerants at end-of-life.

4. Recover &
destroy
refrigerants

Main HFC destruction technologies include incineration (e.g., rotary kilns, cement kilns, and
municipal solid waste incinerators), plasma, and chemical conversion into other stable
chemical forms under high heat conditions.5” According to industry standards, destruction
efficiencies must reach at least 99.99% for concentrated sources of HFCs and 95% for dilute
sources of HFCs.%® Commercial real estate owners and operators can help promote this
measure by making sure gas is recovered and destroyed in a certified facility; and that
technicians are trained and certified to properly handle refrigerant gases. In some regions,
carbon credits may help finance destruction.*®

5. Use “drop-in”
lower GWP
refrigerants

This upgrade enables the transition away from high-GWP refrigerants without replacing the
entire system, making it a cost-effective mitigation measure.

However, substitute refrigerants often require system modifications and component updates
(such as new valves, seals, or lubricant changes) to maintain pressure compatibility and
prevent issues like freeze-ups, reduced efficiency, or increased safety risks.®®© Component
upgrades can reduce leaks, but the change in refrigerant, especially when the new
refrigerant operates at higher pressures, can also induce a slight increase in leakage.

For a list of drop-in refrigerant options for high-GWP refrigerants, see Appendix Il.
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® CATEGORYB.
Cooling Equipment Upgrades

Measure Name

Context and Discussion

6. Upgrade to
lower GWP
refrigerant
equipment

Limits on the production and import of HFCs, established under the Kigali Amendment to
the Montreal Protocol, will gradually reduce the supply of HFC refrigerants, on a
CO,-equivalent basis, in both the U.S. and China.®’ The baseline used in the marginal
abatement curves already reflects this ongoing HFC phase-down mandated under the Kigali
Amendment.

This measure captures the additional potential that can be unlocked by pursuing an
accelerated HFC transition schedule. By upgrading now to equipment that uses ultra-low
(<5 GWP) refrigerants, commercial real estate owners and operators can leapfrog the
medium-GWP refrigerant phase and further reduce total emissions over the equipment’s
lifetime, possibly unlocking financial savings from avoiding refrigerant supply crunches.
Specific applications of this measure vary by sector and building type.

7. Conduct smart
equipment
maintenance and
calibration

Effective leak management goes beyond testing to require integration with BAS and DAS to
enable continuous monitoring and early fault detection. Maintenance should also include
proactive responses to create a more comprehensive leak prevention strategy (See
Measure 16) and recommissioning and calibration for efficiency gains.

8. Install sensors
to detect leaks in
compressors

Leak detection in AC systems is highly dependent on system design and the length

of the refrigerant line sets. For example, systems with longer or more intricate piping
configurations, such as VRF systems, generally present a greater risk of leaks and can
be challenging to monitor effectively.

Large-scale compressors can indirectly indicate leaks through reduced performance, though
this may take time to become detectable. Direct leak detection technologies allow for early
detection and faster response to refrigerant loss. In the United States, under the AIM Act,
new and existing commercial refrigeration appliances that meet specified criteria must be
equipped with automatic leak detection systems beginning January 2026.52

9. Use best
practice
equipment
installation and
calibration

Executing best-practice equipment installation requires highly trained technicians familiar
with the specific refrigerant used-a skill set currently in short supply. Commercial real
estate owners and operators can lead by example here by choosing to work exclusively with
certified technicians.

Time constraints often pressure technicians to rush calibration, which can compromise
long-term system effectiveness. Ensuring an accurate refrigerant charge at installation is
critical. Undercharging reduces system performance and increases the need for subsequent
refrigerant top-ups.®®

10. Upgrade to
higher COP
cooling
equipment

COP remains an important measure for performance where the most efficient option can
often be more than 30% better than the average. Of course, this improvement in efficiency
needs to be understood and evaluated across the seasons and the performance envelope
within the operating envelope it will be used.

Other sustainability metrics such as Lifecycle Climate Performance (LCP) and Total
Equivalent Warming Impact (TEWI), can also be considered when purchasing new
equipment along with financial metrics like Total Cost of Ownership (TCO). System-wide
upgrades are discussed in measure 18.
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CATEGORY C.
Reduced Primary Cooling Load

Measure Name Context and Discussion

11. Establish
higher cooling
set-points

12. Increase

Cultural and regional expectations strongly influence acceptable indoor temperatures.

In the US, building occupants often are accustomed to cooler indoor environments whereas
in many Asian countries comfort standards typically allow higher setpoints.

For example, in China, the Ministry of Ecology and Environment has set a guideline for its
eco-friendly campaign that indoor air-conditioner set-points should be no less than 79 °F
(26 °C) during the summer.®* Similarly Japan encourages a set-point around 82.4 °F (28 °C)
as part of national energy-saving initiatives such as Cool Biz.®®

Commercial real estate owners and operators can contribute to adjusting expectations and
standards to encourage slightly higher cooling setpoints on their properties. Additionally,
businesses can adopt a more casual, lighter summer dress code to ensure occupant comfort.

While many of these measures are best incorporated during new construction for maximum
performance, several technologies (e.g., reflective window and roof films, internal shading

isolation, systems) can be readily implemented as retrofits, offering immediate reductions in cooling
shading, energy demand and improved occupant comfort. These measures can be combined with
reflection others cost-effectively.

13. Install heat

Legal requirements for building ventilation can be a major source of energy demand during
winter and summer, which can be addressed with heat exchangers. In addition to energy

exchanger savings of up to 80%, these systems can enhance indoor air quality by providing
between continuous ventilation, stabilize humidity levels, and extend the lifespan of AC
incoming and equipment by reducing system strain.®®

outgoing air

Lighting can be a significant contributor to internal heat gains in commercial properties.

14. Install
Occupancy sensors offer a reliable strategy to mitigate this additional cooling demand.
occupancy
sensors for Modern occupancy sensors use infrared, ultrasonic, or dual-technology detection to ensure
lighting systems reliable performance.®” These sensors can also be integrated into BMS for coordinated
control of lighting, ventilation, and cooling.
. Beyond reducing cooling load, closed displays also reduce product spoilage and food safet
15. Transition y e £ Pay P Spoflag Y
concerns, as items are better protected from temperature fluctuations. In many cases, the
from open to reduction in product spoilage can lead to cost savings that exceed the energy savings,
closed making this a highly cost-effective measure for commercial refrigeration in supermarkets,
refrigerated convenience stores, and other retailers.
displays

Some countries in Europe are sponsoring initiatives to promote the use of closed refrigerated
display cabinets to reduce energy consumption in stores. For example, in France, the Federation of
Commerce and Distribution has committed to equipping 75% of positive temperature refrigerated
display cases with doors by 2020, with a target of total closure by 2030.%¢ In October 2023,
approximately 60% of the stock of refrigerated display cases were already equipped with doors.5®

(See Case Study 2 for the environmental and economic benefits of implementing this
measure in supermarkets.)
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CATEGORY D.
Cooling System Management

Measure Name

16. Implement
intelligent, data-
driven controls

17. Enhance
management &
operator skills

18. Upgrade system
hardware

19. Combine cooling
with hot water/heat
delivery*

Context and Discussion

The range of costs for this measure can vary significantly. However, industry
feedback suggests that data-driven system controls offer numerous opportunities
for performance improvements—often significant enough to justify the

upfront investment.

Better controls also enable participation in demand response programs, unlocking
further financial savings.

Additionally, implementing a refrigerant inventory and tracking system also supports
cost-benefit analyses that can guide early replacement of equipment with new
equipment that uses lower GWP refrigerants. (See Measure 6.)

The performance of a building’s cooling system can be complex, making it challenging
to pinpoint the causes of deterioration or identify opportunities for improvement.
Improved system management, which is a behavioral measure, is particularly critical
for large systems and is most effective when combined with complementary
measures such as enhanced data analytics. (See Measure 16.) Although most systems
have technical support and maintenance schedules, these are often ineffective when
the key levers for performance improvement are not well understood.

System hardware improvements complement data-driven controls and behavioral
measures to enhance overall cooling system performance. (See Measures 16-17).
However, while strategies under this measure can be highly effective for new
buildings, they can often be expensive to implement in retrofit projects.

Heat-recovery capable ASHPs can supply cool air in spaces with year-round cooling
needs, such as kitchens or dishwashing areas, while delivering hot water. This
approach has been successfully implemented in commercial settings, achieving
significant energy savings and greenhouse gas reductions. By integrating cooling and
heat delivery, buildings can improve overall energy efficiency, reduce operational
costs, and lower emissions.

(See Case Study 3 for the environmental and economic benefits of implementing this
measure in commercial buildings.)
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