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Introduction

As the global community continues to grapple with the pressing challenge of climate change,
the role of the built environment in mitigating greenhouse gas emissions has come under
increasing scrutiny. Existing buildings account for a significant portion of worldwide carbon
emissions, with the energy required for their operation, maintenance and refurbishment being
a major contributor. This has placed a renewed emphasis on developing effective strategies for
maintaining and retrofitting buildings in a way that minimizes their environmental impact.

Building maintenance and refurbishment practices play a critical role in reducing the carbon
footprint of the built infrastructure. Proper and proactive maintenance can extend the lifespan
of buildings, improve their energy efficiency, and reduce the need for more resource-intensive
renovations. Additionally, energy-efficient retrofits and smart building technologies can
significantly lower the operational emissions of existing structures. Understanding the
interplay between building maintenance, refurbishment and emissions reduction is essential for
building owners, facility managers and policymakers to make informed decisions and create a
more sustainable built environment.

This chapter will delve into the multifaceted aspects of maintenance and refurbishment for low-
emissions buildings. It will first explore the importance of building maintenance, examining
various maintenance strategies and their impact on energy consumption and emissions. The
chapter will then dive into the realm of building refurbishment, discussing the purposes of
retrofits, the role of energy-efficient upgrades and the potential of smart building technologies
to enhance sustainability.

Furthermore, the chapter will examine the greenhouse gas emissions associated with the built
environment and explains the quantification and reporting method according to the widely
recognized Greenhouse Gas Protocol. Performance benchmarking will also be addressed,
providing insights into the evaluation and comparison of carbon emissions between existing
buildings.
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Finally, the chapter will illustrate how to conduct environmental and economic evaluations of
building energy retrofits. It will show a credible procedure for assessing the environmental
benefits of implementing retrofits and the associated costs that influence investment decisions.
An empirical case study will be presented to demonstrate the practical application of these
evaluations, offering valuable insights for practitioners, decision-makers as well as researchers
in this area.

Methodology

A number of steps were taken to prepare this chapter. Firstly, reputable and reliable sources of
the most relevant and authoritative sources of information that are germane to the topic of this
chapter were identified. Such sources include academic journal articles retrieved from literature
databases such as Scopus and ScienceDirect, guidebooks published by professional institutions,
textbooks, reports and credible online resources. In searching such materials, keywords

including “carbon”, “maintenance”, “refurbishment” and its synonym “retrofit” were used in
combinations.

Secondly, an extensive review of the literature and online materials identified from the above
step was conducted in order to understand the contemporary state of knowledge of the present
topic and identify salient information for incorporation into this chapter. Thirdly, detailed notes
were taken when reading through the identified sources. Facilitated by a structured note-taking
system, this step recorded the bibliographic information for each source, enabling ready
retrieval of the information and proper citation of the references in a later step. Fourthly, key
data and findings from the past relevant studies were identified from the sources for inclusion
in the writing for this chapter.

Fifthly, the various pieces of information gathered from the above steps were collated. This
step, which is the most challenging and time-consuming, synthesized information for
consolidation into this chapter. To ensure that the information is structured in a logical way
with smooth transitioning between sections, related ideas contained in the information were
grouped together. After several rounds of editing and proofreading, eventually, the present
chapter was finalized.

Building maintenance

Importance of maintenance

Maintaining buildings is crucial for ensuring their long-term sustainability and reducing their
environmental impact. Proper maintenance can extend the lifespan of a building, improve its
energy efficiency, and reduce the need for costly and carbon-intensive refurbishments or
replacements (Ng et al., 2023; Cao and Sing, 2024; Lai and Lu, 2024).

One of the primary benefits of regular building maintenance is the reduction in energy
consumption. Well-maintained building systems, such as heating, ventilation and air-
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conditioning (HVAC), lighting, and insulation, operate more efficiently, leading to lower
energy usage and associated greenhouse gas emissions. By addressing issues like air leaks,
malfunctioning equipment, and suboptimal settings, maintenance can significantly improve a
building's overall energy performance.

Furthermore, maintenance helps preserve the integrity of a building's structure and materials.
This is particularly important for older buildings, where deterioration can compromise the
building envelope and increase the risk of air and moisture infiltration. Timely repairs and
preventive measures can prevent more extensive and carbon-intensive renovations in the future.
Regular maintenance also contributes to the overall comfort and health of building occupants.
Well-functioning systems, such as ventilation and temperature control, ensure that indoor air
quality is maintained, which can have a positive impact on the health and well-being of the
occupants. Additionally, maintaining building systems can help reduce the risk of equipment
failures and associated disruptions, ensuring a more reliable and comfortable environment for
the building's users.

Maintenance strategies

Effective building maintenance involves the implementation of comprehensive strategies that
address both preventive and reactive measures. Preventive maintenance focuses on regular
inspections, cleaning, and routine upkeep to identify and address issues before they escalate
(Chartered Institution of Building Services Engineers, 2023). This can include tasks such as:

e Checking and servicing HVAC systems to ensure optimal efficiency and air quality

e Inspecting and maintaining the building envelope, including windows, doors, and
insulation, to minimize air leaks

e Cleaning and calibrating building automation systems to ensure they are operating as
intended

e Performing regular maintenance on lighting fixtures and controls to maintain energy
efficiency

o Inspecting and maintaining the building's electrical and plumbing systems to prevent
issues and ensure efficient operation

e Regularly cleaning and inspecting the building's exterior, including the roof, gutters,
and landscaping, to prevent water damage and other issues

Reactive maintenance, on the other hand, involves addressing issues that arise unexpectedly,
such as equipment breakdowns or unexpected system failures. Swift response and efficient
troubleshooting can minimize the impact of these events and prevent them from escalating into
larger problems.

Effective maintenance strategies also consider the integration of building management systems
(BMS) and smart technologies. These systems can provide real-time data on building
performance, allowing facility managers to make informed decisions and prioritize
maintenance tasks based on their impact on energy consumption and emissions. By leveraging
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data analytics and predictive maintenance algorithms, building owners can anticipate and
address issues before they occur, further improving the efficiency and sustainability of their
properties.

To ensure the effectiveness of maintenance strategies, it is essential to develop and implement
a comprehensive maintenance plan that aligns with the building's specific needs and
characteristics (Chanter and Swallow, 2007). This plan should include a schedule of regular
inspections, maintenance tasks, and record-keeping to track the building's performance and
identify areas for improvement over time.

By implementing a comprehensive maintenance program that combines preventive and
reactive measures, building owners and managers can ensure the long-term sustainability of
their properties, reduce their environmental impact, and maintain the comfort and well-being
of their occupants. Regular maintenance not only helps preserve the building's physical
integrity but also contributes to its overall energy efficiency and environmental performance,
making it a crucial component of a low-emissions building strategy.

Building refurbishment

Purposes of refurbishments/retrofits

Building refurbishments and retrofits play a crucial role in the transition towards low-emission
buildings. These interventions go beyond routine maintenance and aim to significantly improve
the building's performance, enhance its energy efficiency and reduce its environmental impact
(Grossi et al., 2024).

One of the primary purposes of building refurbishments is to address the issue of aging
infrastructure and deteriorating building components. As buildings age, their systems and
materials can become less efficient, compromising the overall performance and increasing
energy consumption. Refurbishments provide an opportunity to upgrade and replace outdated
technologies with more energy-efficient and sustainable alternatives, contributing to long-term
emissions reduction.

Another key purpose of building refurbishments is to adapt to changing occupancy patterns,
user requirements, and evolving energy standards. As the needs and expectations of building
occupants evolve, refurbishments allow building owners to modify and modernize the property
to better suit these needs. This can include adjustments to the building layout, improvements
to indoor air quality, and the incorporation of smart technologies that enhance energy
management and user experience.

Refurbishments can also be driven by the desire to improve the overall environmental footprint
of a building. By addressing issues such as poor insulation, inefficient heating and cooling
systems, and outdated lighting, refurbishments can significantly reduce a building's energy
consumption and associated greenhouse gas emissions. This aligns with the broader goal of
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creating a more sustainable built environment and mitigating the impact of the construction
and real estate sectors on climate change.

Energy-efficient retrofits

One of the most impactful types of building refurbishments is the implementation of energy-
efficient retrofits. These interventions focus on improving the building's thermal performance,
reducing energy demand, and increasing the efficiency of building systems (Fan and Xia, 2018;
Tomrukcu and Ashrafian, 2024).

Thermal efficiency upgrades, such as enhancing the building envelope through improved
insulation, air sealing, and high-performance windows, can significantly reduce heat loss and
gain, leading to decreased heating and cooling requirements. These measures not only lower
energy consumption but also improve occupant comfort and well-being.

Replacement of outdated HVAC systems with more efficient, low-emission alternatives is
another crucial component of energy-efficient retrofits. This can include the installation of heat
pumps, high-efficiency boilers, and advanced air conditioning systems that utilize eco-friendly
refrigerants. These upgrades can dramatically reduce the building's energy consumption and
associated greenhouse gas emissions.

Lighting upgrades, including the replacement of traditional bulbs with energy-efficient LED
technology, can also contribute to significant energy savings. Integrating lighting controls,
daylight harvesting, and occupancy sensors further enhances the building's energy performance
and reduces unnecessary lighting usage.

To maximize the impact of energy-efficient retrofits, it is essential to take a holistic approach
that considers the interactions between different building systems. By optimizing the
integration of these systems, building owners can achieve greater energy savings and emission
reductions.

Smart retrofits

In addition to energy-efficient retrofits, the integration of smart technologies and building
automation systems can significantly enhance the overall performance and sustainability of
buildings.

Smart retrofits involve the installation of advanced sensors, controls, and software systems that
enable real-time monitoring, optimization and remote management of building operations.
(Peiris et al., 2023). Examples include: sensor-based intelligent building management system
(BMS) for better ventilation and energy performance by auto-sensed indoor CO2 concentration
and temperature (Che et al., 2019) and innovative fagcade modules consisting of adaptable smart
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modular heat recovery units (Basso et al., 2017). These systems can collect and analyse data
on energy consumption, indoor air quality, occupancy patterns, and equipment performance,
providing building managers with valuable insights to inform decision-making and improve
building efficiency.

One of the key benefits of smart retrofits is the ability to optimize the performance of building
systems, leading to reduced energy usage and emissions. Smart building management systems
can automatically adjust HVAC, lighting, and other systems based on factors such as
occupancy, weather conditions, and energy prices, ensuring that energy is used efficiently and
minimizing waste.

Smart retrofits can also enhance the user experience and well-being of building occupants.
Intelligent control systems can adjust indoor temperature, humidity, and air quality to maintain
optimal comfort levels, while also monitoring and addressing potential health and safety
concerns, such as air quality issues or equipment malfunctions.

Furthermore, the integration of renewable energy sources, such as rooftop solar panels, can be
facilitated through smart retrofits. These systems can monitor the building's energy generation
and consumption, enabling building owners to optimize the use of on-site renewable energy
and potentially export excess generation to the grid.

To effectively implement smart retrofits, it is essential to ensure the seamless integration of
various building systems and technologies. This may involve the replacement or upgrade of
legacy systems, as well as the implementation of open communication protocols and data
exchange platforms. Building owners should also consider the cyber-security implications of
smart building technologies and implement appropriate measures to protect against potential
cyber threats.

By incorporating both energy-efficient and smart retrofits, building owners can achieve
significant reductions in energy consumption and greenhouse gas emissions, while also
improving the overall functionality, comfort, and sustainability of their properties. These
refurbishment strategies are crucial for transforming the existing building stock into a more
environmentally responsible and resilient infrastructure, contributing to the broader goals of a
low-carbon built environment.

Carbon emissions of buildings

Buildings account for a significant portion of global carbon emissions, contributing around 40%
of total global carbon emissions. The major types of buildings that contribute the most to
carbon emissions are residential and commercial buildings (Lu and Lai, 2019).

Residential buildings, such as houses and apartments, account for a large share of building-
related emissions due to the widespread use of fossil fuels for heating and the high energy
demands of household appliances. Commercial buildings, including offices, retail spaces and
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institutional buildings, also contribute significantly to carbon emissions through their energy-
intensive operations and energy consumption required for the operation of buildings, including
heating, cooling, lighting and the use of electrical appliances (Lu and Lai, 2020).

Addressing the carbon footprint of buildings is crucial in the transition towards a low-emission
future, and strategies such as energy-efficient design, the use of renewable energy sources, and
the retrofit of existing buildings can play a vital role in reducing the environmental impact of
the built environment.

The Greenhouse Gas Protocol

Understanding the greenhouse gas (GHG) emissions associated with buildings is a crucial step
in developing effective strategies for low-emission maintenance and refurbishment. The
Greenhouse Gas Protocol, a widely adopted international standard, provides a comprehensive
framework for categorizing and accounting for these emissions. The GHG Protocol defines
three distinct scopes of emissions as shown in Table 1.

Table 1 Three distinct scopes of carbon emissions
Scope 1: Scope 1 emissions are those that arise directly from sources
Direct emissions owned or controlled by the building. This includes the

combustion of fuels for heating, cooling, and on-site power
generation, as well as any other direct sources of GHG
emissions within the building's boundaries.

Scope 2: Scope 2 emissions are indirect emissions resulting from the

Indirect emissions from generation of purchased electricity, heat, steam, or cooling

energy use consumed by the building. These emissions occur outside the
building's boundaries but are a consequence of the building's
energy use.

Scope 3: Scope 3 emissions are all other indirect emissions that occur

Other indirect emissions | in the building's value chain, both upstream and downstream.
This includes emissions from the extraction and production of
purchased materials and fuels, transportation of occupants and
goods, waste disposal, and even the end-of-life treatment of
the building itself.

Considering all three scopes of emissions is crucial for building owners and managers to
develop a comprehensive understanding of the building's carbon footprint and identify
opportunities for emissions reduction. While Scope 1 and 2 emissions are more directly within
the control of the building owner, Scope 3 emissions can also be influenced through strategic
procurement, waste management, and collaboration with supply chain partners.

Quantification and reporting
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Accurately quantifying and reporting the GHG emissions associated with a building is a crucial
step in developing effective low-emission strategies. This process, often referred to as a carbon
audit (Lai etal., 2012), involves gathering and analysing data from various sources to determine
the building's total carbon footprint.

For Scope 1 emissions, building owners can rely on metered data or invoices for fuel
consumption, such as natural gas, heating oil, or propane, and then apply appropriate emission
factors to convert these inputs into GHG emissions. Scope 2 emissions are typically calculated
based on electricity consumption data and the emission factors associated with the local or
regional electricity grid.

Quantifying Scope 3 emissions can be more challenging, as it requires collecting data from a
broader range of sources, including supply chain partners, waste management providers, and
transportation records. Building owners may need to make reasonable assumptions or use
industry-specific data to estimate these indirect emissions.

Once the GHG emissions have been quantified, the next step is to establish a system for regular
reporting and monitoring. This can involve the creation of an annual sustainability report or
the integration of emissions data into the building's overall performance management system.
Consistent and transparent reporting not only helps building owners track their progress over
time but also supports external benchmarking and comparison with industry peers.

The process of quantification and reporting can be further enhanced through the use of
specialized software tools and data management platforms. These solutions can streamline the
data collection, analysis and reporting processes, making it easier for building owners to
maintain accurate and up-to-date records of their carbon emissions.

One example of such a tool is the Carbon Risk Real Estate Monitor (CRREM), a free online
platform developed by a consortium of European research institutions and industry partners
(Carbon Risk Real Estate Monitor, 2024). CRREM provides building owners with a
comprehensive assessment of their GHG emissions, energy performance, and alignment with
global climate targets, such as the Paris Agreement. By integrating CRREM into their
emissions management strategy, building owners can make informed decisions about
maintenance and refurbishment priorities, identify cost-effective emissions reduction measures,
and track their progress towards decarbonization goals.

Performance benchmarking

Performance benchmarking is a valuable tool for building owners and managers to assess the
carbon emissions performance of their buildings and identify areas for improvement. By
comparing their building's emissions against industry benchmarks or similar building types,
they can gain valuable insights and make informed decisions regarding maintenance and
refurbishment strategies.
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There are several established benchmarking frameworks and databases that building owners
can utilize to assess their performance. One prominent example is the Energy Star Portfolio
Manager (Energy Star, 2024), a free online tool developed by the U.S. Environmental
Protection Agency (EPA) that allows users to track and benchmark the energy and emissions
performance of their buildings.

Another widely used benchmarking resource is the Building Energy Quotient (Building EQ)
program (American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2024),
which provides a standardized approach to evaluating a building's energy use and emissions.
The Building EQ rating system considers various factors, including building type, size,
occupancy, and climate, to establish a comprehensive performance assessment.

At the global level, initiatives such as the World Green Building Council's "Advancing Net
Zero" program and the International Energy Agency's "Energy in Buildings and Communities"
program offer robust benchmarking frameworks and databases that can help building owners
compare their performance against international standards and best practices (World Green
Building Council, 2024; Energy in Buildings and Communities Programme, 2024).

By engaging in performance benchmarking, building owners can:

1. Identify areas of high emissions and prioritize maintenance and refurbishment efforts
accordingly.

2. Track their progress over time and measure the impact of implemented low-emission
strategies.

3. Learn from the best practices of high-performing buildings and adapt these strategies
to their own properties.

4. Demonstrate their commitment to sustainability and emissions reduction to
stakeholders, including tenants, investors, and regulatory bodies.

Performance benchmarking not only supports informed decision-making but also fosters a
culture of continuous improvement, driving building owners to strive for ever-higher levels of
carbon emissions reduction and environmental stewardship.

One notable example of a building that has achieved exemplary emissions performance is the
Empire State Building in New York City. Through a comprehensive retrofit program, the
building's owners were able to reduce the building's energy use by 38% and its carbon
emissions by 40%, making it one of the most energy-efficient skyscrapers in the world (Jones
Lang LaSalle, 2024). By sharing their experiences and best practices, the Empire State
Building's owners have inspired other building owners to emulate their success and work
towards a more sustainable built environment.

In addition to established benchmarking frameworks, building owners can also explore
emerging technologies and data-driven approaches to assess and optimize their emissions
performance. For instance, the use of sensor networks, machine learning algorithms, and digital
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building information models (BIMs) can provide real-time insights into a building's energy use
and emissions, enabling more targeted and responsive maintenance and refurbishment
strategies.

As the global community continues to prioritize the reduction of greenhouse gas emissions, the
role of building owners and managers in driving this transition becomes increasingly critical.
By leveraging appropriate tools and frameworks for carbon mitigation, building owners can
not only improve the environmental performance of their properties but also contribute to the
broader societal goal of mitigating climate change and creating a more sustainable built
environment.

Environmental and Economic Evaluations of Building Energy Retrofits

Performing robust environmental and economic analyses is crucial when considering building
energy retrofits. Such evaluations help quantify the potential energy savings, emissions
reductions and financial impacts of efficiency upgrades. However, these assessments can be
challenging in practice. Changes in weather conditions, occupant behavior and future energy
prices are among the parameters that are difficult to predict accurately. Still, these evaluations
are essential for justifying retrofit investments and ensuring projects deliver the expected
environmental and economic benefits.

Environmental evaluation

The environmental performance of an energy saving measure (ESM) can be evaluated by
measuring the resulting reduction in carbon emissions. Following the guidelines issued by the
Environmental Protection Department and the Electrical and Mechanical Services Department
(Environmental Protection Department and Electrical and Mechanical Services Department,
2010), which was modelled on the Greenhouse Gas (GHG) Protocol (World Resources Institute
and World Business Council for Sustainable Development, 2004), the first step is to quantify
the three different scopes of carbon emissions associated with the building’s energy
consumption.

Referencing the calculation procedure outlined by Lai (2015), the first component of carbon

emission, due to on-site fuel combustion (under scope 1 of the GHG Protocol) and denoted as
CE? (in tons of CO2-equivalent), can be calculated by Eq. (1):

CEP = SIZ1ST Ay Fra - Ga (1)

The second component of carbon emission, due to consumption of purchased electricity (under
scope 2 of the GHG Protocol), i.e. CEE; ¢, can be calculated by Eq. (2):

CEgHG = Z%ﬂ AE,t ’ F,t (2)

10



Chapter 8 for Book "Global Net Zero Carbon Practices in Construction" to be published by Springer Nature

The third component of carbon emission (under scope 3 of the GHG Protocol), which can be
calculated by Eq. (3), covers the emission due to electricity used for fresh water supply and
processing sewage (i.e. CE23c):

CE&c = Aw(Fw + Fp) (3)

Based on the amounts of carbon emissions determined from Eq. (1) to Eq. (3) above, the total
carbon emissions, respectively in the periods before and after the ESM is implemented, can be
calculated by Eq. (4), where CE, = CE,, i.e. carbon emission after ESM implementation (kg
CO2-e), or CEy, i.e., carbon emission before ESM implementation (kg CO2-¢).

CE, = CE? + CEE,; + CESS,; 4)

Using Eq. (5), the amount of carbon emission reduced from implementing the ESMs (i.e.
ACR;) can be calculated:

ACR, = CE, — CE, (5)

where

A = amount of electricity used in the t"™ period (kWh);

Ag ¢ =amount of fuel f consumed in the t™ period;

Ay, = amount of water consumed (m?®);

Fp = emission factor of processing sewage (kg CO2-e/m?);

Fg . = emission factor of electricity used in the t™ period (kg CO2-e/kWh);
F¢ 4 = emission factor of gas A (e.g. CO2, CH4 or N20O) for fuel f;

F,, = emission factor of fresh water supply (kg CO2-e/m?); and

G, = global warming potential of gas A.

Economic evaluation

To evaluate the economic performance of the implemented ESMs, two key indicators are useful:
1) return on investment (ROI), and 2) net present value (NPV). ROI reflects the profitability of
an investment on an ESM by measuring the ratio of the monetary benefits to the total costs of
the ESM. NPV is used to translate future monetary values (e.g. savings in electricity bill,
operation and maintenance (O&M) cost of the ESM) into their current equivalents.

Using Eq. (6) and Eq. (7), the NPV and ROI of an ESM can be calculated:

NPVg =¥t 1 (B — C)/(1+ 1)t (6)
ROI = (NPVy — NPV,)/NPV, %

For an investment made on an ESM before the base time at which the economic evaluation
refers to, its net present value (i.e. NPV}) can be determined using Eq. (8).
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NPV, =Y= 1(1+ D)t (8)

As different types of equipment (e.g. heat recovery chiller, variable speed pump) may have
different functional lifespans, the length of time during which an ESM can contribute to energy
saving, subject to which the NPV is calculated, varies from one type of ESM to another. In
general, the energy efficiency of an equipment drops over time; for example, the wear and tear
of the mechanical parts of a water pump reduces the pump’s efficiency. Such a decay in energy
saving is referred to as “degradation” of equipment. Thus, a degradation factor (&) reflects the
annual rate according to which the EMS loses its energy saving capacity. The calculation of §
generally depends on the type and situation of an ESM implemented.

Using Eq. (9), the monetary benefit gained from the implementation of an EMS at a certain
time interval can be calculated:

By = B; - 6; )

where

B; = monetary benefit gained from the ESM in the first time interval;

B; = monetary benefit gained between time intervals t and t — 1;

C; = O&M cost increase (positive value) or decrease (negative value) resulting from
implementing the ESM;

6,= degradation factor of the equipment at time interval ¢,

i = discount rate of money;

n = number of time intervals within the ESM’s functional lifespan;

n* = number of time intervals between the investment was made and the evaluation base time;
NPVg = net present value of monetary benefit gained from an ESM after cost;

NPV, = net present value of investment on the ESM; and

t = unit time interval within the evaluation period.

Environmental cum economic evaluation

To evaluate the cost effectiveness of an ESM, it is essential to assess both the environmental
and economic performances of the ESM. For this purpose, Zheng and Lai (2018) introduced a
metric known as carbon reduction efficiency (CRE). It is an indicator (unit: kg/$) that gauges
how much the amount of a building’s carbon emission can be reduced per unit present value
of cost incurred for implementing the ESM. Thus, the CRE of an ESM can be calculating by
dividing the amount of reduction in carbon emission by the sum of net present values of the
investment cost and change in O&M cost associated with the ESM , i.e. Eq. (10):

CRE = Y™, ACR,/(NPV, + NPV,) (10)

where
NPV, = net present value of the change in O&M cost in using the ESM
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An Empirical Case Study

Credible, empirical evaluation studies on energy saving measures (ESMs) are limited, for
reasons such as data unavailability. Despite such difficulties, a study was initiated to evaluate
the economic and environmental performances of ESMs that had been implemented in
buildings. The project team collected detailed data through interviews. This included
information on the physical characteristics of the buildings, such as age, number of floors and
total floor area. The team also gathered monthly data on the energy end-uses of the buildings
and associated costs of the ESMs over a 5-year period. From the buildings included in the
sample, the one with the most comprehensive data available was selected for a case study.

As reported in Zheng and Lai (2018), the case study building is a curtain-walled commercial
building located in downtown Hong Kong. The building commenced its operation in 1991 and
has a total internal floor area of approximately 21,039 m?. This is divided between 15 floors of
office space (13,051 m?), 3 floors of retail space (3,606 m?), and 4,382 m? of common areas.
The common spaces include lobbies, stairwells, back-of-house facilities, and shared corridors
outside the office and retail tenancies.

The building is served by a central chiller plant located on the roof. This plant consists of four
chillers, each with a cooling capacity of 320 tons of refrigeration. The central plant provides
air conditioning (AC) to the office areas, retail spaces, lobbies and corridors. The air
conditioning terminals installed in the tenant spaces are fan coil units, which allow occupants
to adjust the temperature set points to meet their needs.

The primary energy source for operating this building is electricity. In addition to powering the
central chiller plant and lighting the common areas, the landlord's electricity consumption also
covers communal facilities such as lifts, water pumps, ventilation fans and fire services
installations. The building also has a diesel-powered emergency generator that is used during
power outages or periodic functional testing.

The retrofits

In an effort to reduce energy use and mitigate carbon emissions, the facility management (FM)
team of the building decided to implement several ESMs. Given the hot and humid subtropical
climate of Hong Kong, the AC systems in most commercial buildings operate for extended
periods each year, consuming a substantial amount of energy. The FM team recognized that
retrofitting the building's original air-cooled AC system could lead to significant improvements.
Towards this end, the team installed a fresh water cooling system and added a central control
and monitoring system (CCMS) for the chiller plant. An automated cleaning system was also
installed to prevent the chiller’s heat exchanger tubes from fouling, thereby improving their
heat exchange efficiency. Additionally, dedicated sub-meters were installed to track the energy
consumption of the retrofitted systems. The implementation of the ESMs were commenced in
February of Year 5 (of the 5-year data period) and completed in November of the same year.
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Carbon emissions

Using Eq. (1) to Eq. (4), the carbon emissions of the building over the five years were computed.
The major emission source was the use of electricity purchased from the power company for
running the building’s electrical installations, and the corresponding amount of carbon
emission was as high as 2,140.7 tons per year, representing 99.8% of the building’s total
emission. In contrast, the carbon emissions due to the consumption of electricity for water
supply and processing sewage were minimal, and the emissions due to the use of diesel oil for
emergency power generation were even negligible.

Fig. 1 plots the monthly carbon emissions pertaining to the AC system over the five years.
From Year 1 to Year 4, the variations of the carbon emissions under scope 2 of the GHG
Protocol were not obvious. In Year 5, the annual amount of scope 2 carbon emission dropped
significantly to 1,250.7 tons.
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Fig. 1 Monthly carbon emissions

Throughout the five-year period, the peak carbon emissions occurred in summer (June to
September), while the lowest emission level was found in winter (December). At the beginning
of Year 5 where the implementation of the ESM commenced, part of the existing AC system
was suspended to facilitate the retrofit work. As a result, the electricity consumption and hence
the carbon emission of the system started to decrease.

Retrofit and maintenance costs

The initial costs for implementing the ESMs were as follows:

14



Chapter 8 for Book "Global Net Zero Carbon Practices in Construction" to be published by Springer Nature

e Install a fresh water cooling system for the chiller plant: $2,101,076
e Install an automatic tube cleaning system for chillers: $95,769
e Install a CCMS for the chiller plant: $184,615

Even if the plant were not retrofitted with a fresh water cooling system, according to the
building’s FM team, an expenditure of $1,260,645 was still needed to replace the old chiller
plant with a new air-cooled chiller plant, Therefore, the actual additional cost for installing a
new water-cooled chiller plant is $840,431 (i.e. $2,101,076 - $1,260,645).

The cost of the retrofits consists of the initial expenditure for implementing the ESMs and the
increase in O&M cost for the retrofitted system. This latter additional cost, which is $27,225
per year, stems from the water consumption for the new water-cooled system and services
including regular cleaning of the cooling towers, water treatment against Legionella, and
sampling and testing of the condenser water quality.

Environmental-economic performance

The amount of carbon emission reduced from implementing the ESMs was calculated using
Eq. (5). Afterwards, NPV and ROI of the ESMs were computed by Eq. (6) to (8). In this
calculation process, different discount rates of money (in Eq. (8)) and different degradation
factors of the equipment (in Eq. (9)), were considered. Finally, the carbon reduction efficiency
of the ESMs was determined using Eq. (10). For illustrative purposes, the calculated values of
carbon reduction and carbon reduction efficiency for different scenarios (emission factors (0.54
and 0.64) and degradation factors (0% and 1.1%)) are as summarized in Table 2.

Table 2 Carbon reduction and carbon reduction efficiency
Emission Degradation factor (0%) Degradation factor (1.1%)
factor CR(kg) CRE(kg/$) | CR(kg) CRE (kg/$)
0.54 9,823,385 5.998 8,796,841 5.371
0.64 11,642,530 | 7.109 1,0425,886 6.366

While it is important to ascertain the amount of carbon reduction obtainable from implementing
retrofits, carbon reduction efficiency, which reflects the amount of carbon emission reduced
per unit price of investment on the retrofit, serves as a useful indicator for decision makers.
This helps: (a) building owners to decide on whether to invest on retrofits; (b) building
designers or engineers to make justification for retrofit proposals; and (c) facility managers to
monitor and assess the actual carbon reduction resulting from implementation of retrofits.

Summary

Through taking a number of steps to review and synthesize information retrieved from
reputable and reliable sources of the most relevant and authoritative literature in this field, this
chapter has examined the multiple facets of maintenance and refurbishment that can contribute
to reducing greenhouse gas emissions from existing buildings.
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Building maintenance emerged as a crucial factor, as proper and proactive maintenance can
extend the lifespan of buildings, improve their energy efficiency and minimize the need for
resource-intensive renovations. Various maintenance strategies, such as preventive, corrective,
and predictive approaches, were discussed in terms of their impacts on building energy
consumption and carbon emissions.

The chapter then delved into the realm of building refurbishment, highlighting the purposes of
retrofits, which include enhancing energy efficiency, incorporating renewable energy sources
and integrating smart building technologies. Energy-efficient retrofits, such as upgrading
thermal insulation, windows, lighting and HVAC systems, were among the effective means of
lowering operational emissions. Additionally, the potential of smart building technologies,
including automated controls and real-time monitoring for enhancing the sustainability of
existing buildings, was discussed.

Furthermore, the chapter examined the quantification and reporting of greenhouse gas
emissions associated with the built environment, drawing on the procedure under the widely
recognized Greenhouse Gas Protocol. Performance benchmarking was also addressed,
providing insights into the evaluation and comparison of carbon emissions across buildings.

Lastly, the chapter illustrated a credible method for conducting environmental and economic
evaluations of building energy retrofits. This included assessing the environmental benefits of
implementing retrofits, such as reduced carbon emissions, and analyzing the associated costs
that influence investment decisions. An empirical case study was presented to demonstrate the
practical application of these evaluations, offering valuable insights for practitioners, decision-
makers and researchers in this area.

By highlighting these key points, this chapter equips readers with a comprehensive
understanding of the considerations, strategies and methods necessary to make our built
environment more sustainable through effective maintenance and refurbishment.
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