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Abstract

This review paper discusses the technological advancements and innovative strategies of
heating, ventilation, and air conditioning (HVAC) systems for buildings. Buildings are a
major contributor to energy consumption and greenhouse gas (GHG) emissions, represent-
ing about 35% of global final energy use and 26% of energy-related GHG emissions. In
Canada, the building sector accounts for roughly 31% of energy demand and 18% of total
GHG emissions, with HVAC systems responsible for 40-50% of this energy use. The current
challenges, emerging trends, and future prospects for HVAC and related technologies are
systematically reviewed to promote sustainability, affordability, and resilience in build-
ings. The literature scanning begins with an overview of the prevailing energy scenario in
buildings, HVAC technologies, and other regulatory and policies. The paper thoroughly
examines the critical role of HVAC systems in reducing energy consumption, minimizing
environmental impact, improving building affordability and enhancing occupant health
and productivity. It discusses emergent technological opportunities, energy efficiency mea-
sures, sensors, smart controllers, Internet of Things (IoT) and Al-based technologies. The
paper highlights the barriers to adopting new technologies and strategies. It provides an
evolving topography of HVAC technologies, their current state and emerging directions to
tackle environmental challenges, including net zero energy and zero carbon building goals.
The review suggests that while there are promising advancements in HVAC technology,
further research and practical demonstrations of innovative solutions are necessary to
maintain the momentum in building modernization efforts.

Keywords: buildings energy systems; heating ventilation and air conditioning (HVAC);
energy efficiency; technological emerging trends; digital and IoT technologies; sustainability
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growing due to population growth, improved living standards, and rapid urbanization [3].

Housing affordability has emerged as a critical challenge in Canada, with a growing
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additional homes must be built by 2030 to restore housing affordability [4]. Addressing
this affordability crisis requires more than increasing housing supply; it also demands the
integration of innovative design strategies and advanced building technologies [5]. The
adoption of energy-efficient systems and on-site renewable energy can improve housing
affordability over the lifecycle by reducing operating expenditures, stabilizing energy costs,
enhancing building durability, and increasing long-term asset value. Although advanced
HVAC technologies have been widely evaluated for energy performance and emissions
reduction, the literature rarely integrates their lifecycle economic impacts with housing
affordability outcomes in an integrated framework [6].

Greenhouse gas (GHG) emissions from the building sector in Canada continue to
rise, diverging from the emission reduction targets established under the Pan-Canadian
Framework [7]. This upward trend is largely driven by the expansion of building floor
area, the prevalence of aging and energy-inefficient building stock, and the continued
dependence on natural gas for space and water heating.

Heating, ventilation, and air conditioning (HVAC) systems are among the most sig-
nificant energy consumers in buildings, typically accounting for approximately 40-50%
of total building energy use [8]. These systems are designed to maintain indoor thermal
comfort, humidity, and indoor air quality (IAQ). In addition, HVAC systems incorporate
humidification, dehumidification, and air filtration components to regulate indoor humid-
ity and maintain acceptable IAQ [9]. The current literature often focuses on HVAC-related
outcomes like energy efficiency, emissions reduction, and IAQ in isolation. However,
these factors are deeply interconnected in the context of real-world building operations.
Furthermore, HVAC system design and operational complexity vary widely depending on
building function, size, orientation, geographic location, climate conditions, technologies,
regulatory requirements, and government policies [10]. A comprehensive assessment
requires a systems-oriented perspective that captures these dynamic interactions rather
than treating them as discrete variables.

Climate change is significantly affecting the performance requirements of HVAC sys-
tems in Canada, which is experiencing warming approximately twice the global average.
This trend is leading to more frequent extreme heat events and longer cooling seasons.
Recent heat waves have highlighted vulnerabilities in buildings that were originally de-
signed with a focus on heating rather than cooling. Despite these challenges, issues such
as overheating, increased cooling demand, and climate resilience are often overlooked
in HVAC assessments that primarily consider colder climates. This creates a disconnect
between the realities of a changing climate, the available technological solutions, and the
guidance for system design.

Contemporary buildings increasingly integrate sensors and digital technologies to
continuously monitor parameters, such as temperature, humidity, and pollutant concen-
trations, with the aim of enhancing occupant well-being. A range of occupancy sensing
technologies has also been developed to capture occupant presence and activities within
buildings [11]. Occupancy-based control leverages this information to dynamically adjust
HVAC operating schedules and setpoints in response to actual usage patterns, improv-
ing energy efficiency while maintaining comfort. Although the effectiveness of sensing
and control technologies is well established [12], their adoption remains limited. Existing
literature offers only partial understanding of the technical, financial, operational, and
regulatory barriers that limit the practical adoption of these technologies.

Regulatory and policy frameworks are undergoing significant changes, driven by
federal and provincial initiatives focused on sustainability, such as net-zero energy-ready
building codes, electrification policies, performance-based standards, and financial incen-
tives. These developments are fundamentally altering the selection and operation of HVAC
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systems. However, existing research often fails to integrate policy and technology, leading
to a narrow understanding of how codes, incentives, and standards impact the adoption
and effectiveness of new HVAC technologies and strategies.

This review examines evolving HVAC technologies, strategies, and policies to improve
building energy efficiency, including renewable energy integration and smart, digitally
enabled systems, while critically assessing the barriers to their widespread adoption. It
analyzes the regulatory and policy landscape and its influence on sustainability objectives,
particularly the pursuit of net-zero energy buildings (NZEBs), alongside the challenge of
maintaining housing affordability. Drawing on a broad range of credible sources, including
peer-reviewed literature, technical reports, and government publications, the paper seeks
to understand what HVAC technologies exist, how effectively they perform with evolving
climate, why they remain underutilized, and how policy and regulatory frameworks can
accelerate their deployment, with a strong emphasis on energy efficiency, GHG emissions
reduction, occupant health, and housing affordability in the Canadian context. The paper
addresses the lack of comprehensive, integrated knowledge linking HVAC technological
performance, lifecycle economic impacts, climate adaptation, regulatory influences, and
housing affordability, especially within the Canadian context.

2. Methodology

This literature review adopts a structured and thorough approach to collect, evaluate,
and synthesize information on HVAC systems, with a particular focus on energy use,
GHG emissions, and IAQ. The study is guided by the following research questions: What
are the prevailing trends in HVAC system design and performance? In what ways do
HVAC systems and emerging technologies improve energy efficiency? What obstacles
hinder the adoption of innovative HVAC solutions? How do regulatory frameworks impact
sustainability objectives within the building sector?

A detailed literature search was performed using multiple databases, emphasizing
publications from 2010 onward, including Google Scholar, Scopus, Web of Science, and
specialized journals in building science, energy efficiency, and environmental sustainability.
The search employed keywords such as “HVAC systems,” “energy consumption,” “GHG

s s 7

emissions,” “IAQ,” “energy efficiency technologies,” “renewable energy and buildings,’
and “building regulations.” This strategy allowed for the identification of a wide range
of relevant studies, reports, and case studies, with particular attention to contexts appli-
cable to Canada. Selection criteria prioritized peer-reviewed articles, technical reports
from established institutions, government documents, and assessments from recognized
organizations, including Natural Resources Canada (NRCan), the National Research Coun-
cil (NRC) of Canada, the International Standards Organization (ISO), CMHC, and the
American Society of Heating, Refrigeration and Air Conditioning Engineers (ASHRAE). By
drawing on this diverse body of work, the review provides a comprehensive perspective
on current challenges and opportunities in the field. Key findings were synthesized, high-
lighting knowledge gaps and suggesting directions for future research. Figure 1 shows a
structured literature review methodology that illustrates the sequential process of research
question formulation, database search, screening and eligibility assessment, and synthesis

for evaluating HVAC systems in relation to energy use, GHG emissions, and IAQ.
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Figure 1. Methodological framework for the structured review of HVAC systems.

Novelty and Contribution of This Review

Multiple studies have focused on building energy efficiency, IAQ, or HVAC system
performance as separate entities. However, this paper takes an integrative approach,
deliberately connecting multiple dimensions of a problem—technical, economic, social,
environmental, and policy—rather than addressing them separately. By establishing explicit
connections between the design and operation of HVAC systems and both environmental
indicators and human-centered outcomes, this review delivers a comprehensive evaluation
of building energy systems that surpasses the traditional isolated analyses commonly found
in existing literature.

The integrative analytical perspective was operationalized through a structured cross-
dimensional synthesis framework. Each included study was coded across five predefined
domains: technological performance, environmental impact, health implications, economic
feasibility, social impact, and regulatory alignment. A synthesis matrix was constructed
to identify interdependencies, trade-offs, and policy-mediated initiatives. This structured
mapping enabled systematic comparison and facilitated the identification of multi-objective
challenges within HVAC systems in buildings. The integration was therefore not conceptual
alone, but analytically grounded in cross-domain evidence synthesis.

The paper examines advanced and emerging HVAC-related technologies, including
smart sensors, occupancy-based control strategies, and renewable energy integration, that
are often treated separately or receive limited attention in conventional HVAC reviews. By
evaluating their practical potential and real-world implementation challenges, the study
identifies critical gaps between technological capability and on-the-ground adoption. This
paper also discusses policy, regulatory, and market barriers that shape HVAC system
selection and deployment. Particular attention is given to the implications of HVAC
technologies for sustainability objectives and housing affordability, a pressing concern in
Canada. By connecting technical innovation with policy frameworks and socio-economic
outcomes, the paper offers insights relevant to researchers, policymakers, and industry
practitioners seeking to advance low-carbon, healthy, and affordable buildings.

3. Buildings Energy Usage, HVAC Systems and Challenges
3.1. Building Energy Consumptions

The distribution of energy usage in major sectors of Canada’s economy is shown in
Figure 2 [13]. In 2018, Canada’s total end-use energy demand reached 11,059 P] (petajoules).
This demand was primarily driven by the industrial sector, which accounts for 38.6% of the
total energy consumption in the country. The transportation sector contributes 29.3% of
the overall energy demand. Approximately 16.7% of the energy goes to residential energy,
including the household’s heating, cooling, appliances, and lighting. The contribution of
commercial and institutional (C&lI) buildings is 12.1%, which includes businesses, retail,
and institutional facilities operations. The agricultural sector’s contribution to overall
energy demand is only 3.3%. This implies that the building sector alone is responsible for
about 28.8% of the end-use energy in Canada.
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Figure 2. Energy usage in Canada by sector, 2018 [13].

Figure 3 shows the distribution of end-use energy consumption of C&I and residential
buildings in Canada [13]. Energy consumption patterns are primarily influenced by heating
needs. In the C&lI sectors, space heating accounts for the largest portion of end-use energy
(53%). In contrast, the residential sector shows an even greater concentration, with space
and water heating together making up more than 80% of total energy use. Therefore,
enhancing the efficiency of heating systems, particularly for space heating, is a highly
effective approach to reducing overall energy consumption and associated emissions in

residential buildings.
64%
53%
B C&I Energy Consumptions ® Residential
18%
’ 14% 16%13%
0, 0,
6% &% . 0, I 49, »
Space Water Space Lighting  Auxiliary  Auxiliary Street
Heating Heating Cooling Equipment  Motors Lighting

Figure 3. Distribution of end-use energy consumption in C&I and residential buildings in Canada [13].

3.2. IAQ and Occupant Health

In cold Canadian conditions, where people spend over 90% of their time indoors, the
quality of the indoor thermal environment is a significant concern for health, productivity,
and well-being [14]. Airborne micro-particles, which constitute over 90% of particulate
matter present in indoor air, pose a significant risk to occupant health and productivity.
Conventional HVAC air filtration systems are often ineffective at capturing these fine and
ultrafine particulates [15], allowing them to penetrate indoor environments. Prolonged
exposure to such pollutants has been linked to adverse health outcomes, including eye, nose,
and throat irritation, headaches, dizziness, fatigue, and reduced cognitive performance.
These effects underscore the critical role of advanced HVAC filtration and ventilation
strategies in maintaining indoor environmental quality [16].
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Furthermore, when humidity levels are inadequate, it can lead to problems such as
the growth of mould or cause dryness that irritates the skin, eyes, and respiratory system.
Outdated or inefficient ventilation systems may struggle to effectively remove fine particles,
allergens, and pollutants, further deteriorating IAQ. The presence of dirty air filters, clogged
evaporator and condenser coils, and dust and bacteria buildup in the air distribution system
can significantly compromise air quality, increasing the risk of allergies and respiratory
infections [16]. To ensure the health and productivity of occupants, it is essential to maintain
acceptable AQI with a quality ventilation system and utilize high-quality filtration systems
with appropriate sensor technology (more in the subsequent sections).

3.3. Building GHG Emissions

Canada is making progress; however, the built environment remains the third-largest
source of emissions, accounting for approximately 18% of the nation’s GHG emissions [5].
In addition to the operational emissions, approximately 4% of Canada’s total GHG emis-
sions are embedded in the construction materials and supply chains for retrofitting build-
ings. Clean Energy Canada estimates that most of these embedded emissions came from the
production, transportation, and demolition of construction materials used in both public
and private constructions.

Canada’s buildings GHG emissions per capita are higher than those of the USA and
the European Union (Table 1). In 2020, Canada’s building-related GHG emissions per capita
were almost double those of the European Union (EU) and approximately 19% higher than
those in the USA [5]. While Canada is making progress in reducing its GHG emissions,
the reduction per capita since 1990 is only 17%. In comparison, the USA saw a drop of
29%, while EU experienced a decrease of 34% over the same period [5]. This disparity
highlights the critical role of HVAC systems in Canada’s building emissions profile, as space
heating, cooling, and ventilation account for a substantial share of building energy use. The
continued reliance on carbon-intensive natural gas-based heating systems, combined with
cold-climate operational demands and slower adoption of high-efficiency and low-carbon
HVAC technologies, remains a key barrier to achieving deeper emissions cuts.

Table 1. Building-sector GHG emissions by region and historical percentage change [5].

Region 2020 Emissions (tCOse per Capita)  10-Year Trend (1990-2020)
Canada 1.9 —17%
United States 1.6 —29%
European Union 1 —34%

3.4. Building HVAC Systems

HVAC systems can be classified in several ways, with the primary distinction being be-
tween centralized (ducted) systems and decentralized (ductless) systems [17]. Centralized
HVAC systems are located away from building working areas in a control room/roof and
deliver the conditioned air/water by ductwork piping system. These heat/cool distribution
systems are air-to-air, air-to-water, and water-to-water. Whereas localized HVAC systems
can be inside or adjacent to a conditioned zone, and ductwork is not required for these
systems. Table 2 summarizes commonly used HVAC systems, outlining their operating
principles and key challenges.
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Table 2. Types of HVAC systems, working, applications, and challenges [17,18].
System Type Core Function Primary Challenges

Furnace and Central AC Uses ductwork to f:lrculate Clogged filters, le.aky duc.ts,

heated or cooled air and improperly sized units

ASHPs struggle in extreme

Heat Pumps Extracts heat from air or cold (frozen coils); GSHPs

(ASHP/GSHP) * ground sources have high

installation/drilling costs

Circulates hot water
Hydronic (Boiler) through radiators or
in-floor pipes

Trapped air, sludge
buildup, and leaking pipes

Self-contained
Packaged RTU * roof/ground units for
commercial use

Fan motor failures and
refrigerant leaks

Central plant serves High heat loss during
District Heating (DH) multi lepbuﬂ dines distribution and corrosion
p & in the network
Uses refrigerant to service Sensor malfunctions
VRE * Systems & and improper

multiple indoor units refrigerant charge

*In 2. ASHP denotes air source heat pump, GSHP denotes ground source heat pump, RTU denotes rooftop unit,
and VRF denotes variable refrigerant flow.

3.5. HVAC System Performance, Operational, and Upgrade Challenges

HVAC is the most functional equipment in building systems and frequently encounters
performance, technical, and operational challenges. The most common issues include
inadequate heating or cooling, poor air quality, uneven temperature distribution, low fuel
conversion efficiency, humidity imbalance, short or long cycling, noise problems, refrigerant
leaks, thermostat malfunctions, ductwork leaks/moist, sensor failures, electrical faults,
drainage issues, and manual controls [18,19].

3.5.1. Key Barriers to Achieving System Efficiency

The energy efficiency, or coefficient of performance (COP) for heat pumps [20], of
HVAC systems is a key parameter in reducing energy costs and GHG emissions. Factors
that impact system efficiency include improper design, inadequate maintenance, obsolete
equipment, poor building insulation, inefficient operational practices, and minimal or no
use of building automation technologies [21]. Improperly sized HVAC systems frequently
experience excessive compressor cycling, leading to significant energy wastage and in-
creased wear and tear. Consequently, this results in elevated operational and maintenance
costs. Poorly designed and maintained air distribution systems cause air-leaks and uneven
temperature distribution, impacting overall system efficiency. Refrigerant leaks reduce
cooling capacity, forcing the system to work harder [22]. An inefficient control increases
energy use, such as constantly running fans and higher than the desired temperature [23].

In addition, outdated systems, particularly those without variable-speed drives and
energy-efficient upgrades, consume more power than modern high-efficiency options,
significantly impacting performance [24]. Poor building envelope performance, including
inadequate insulation, air infiltration, and inefficient window /door selections, increases the
heating and cooling loads and impacts HVAC efficiency. Moreover, excessive or insufficient
ventilation can affect IAQ while wasting energy. Without proper maintenance, such as
failing to clean filters/coils/ducts at regular intervals, leads to restricted airflow, increased
strain on the compressor, and decreased system efficiency.
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3.5.2. Climate-Driven Challenges for HVAC Systems

The climate change crisis has impacted many people’s lives in different ways, espe-
cially in the older population. Canada is warming at roughly twice the global average
rate, leading to more extreme heat, extreme cold, longer cooling season, and other cli-
mate changes impacting ecosystems, infrastructure, and human health [25]. This concern
is growing in Canada due to the country’s increasing warming trend and growing el-
derly population. British Columbia (BC) residents will not forget the summer of 2021,
when the western heat dome saw the deadliest hot weather event in Canada, resulting in
619 heat-related deaths in a week from 25 June to 1 July [26]. During this period, western
Canada experienced temperatures up to 20 °C above normal. Many old buildings are
not fully compatible with the unpredictable weather events. HVAC systems are among
the most critical building systems for mitigating the impacts of extreme heat events and
safeguarding occupant well-being. BC’s extreme heat events in 2021 exposed the many
buildings’ inadequacies in handling such climate events.

As climate temperatures rise, the demand for cooling increases, forcing air condition-
ing systems to work harder to manage extreme climate events. In addition, many older
buildings often have inadequate [27] or no air conditioning capacity at all [28]. For instance,
in BC, approximately 55% of households currently do not have air conditioning to cope
with these extreme heat events. This situation results in higher operational costs, increased
greenhouse gas (GHG) emissions, greater strain on electrical grids, accelerated system
wear and tear, and a heightened risk of compromised occupant well-being during extreme
events. Additionally, the humidity levels associated with extreme heat further impact
the capacity and efficiency of HVAC systems [29]. Elevated humidity increases the need
for dehumidification, adding an extra burden to the system’s performance. As a result,
older and undersized systems may struggle to manage these climate-induced challenges
effectively. Figure 4 summarizes how climate change stressors, such as rising temperatures,
high humidity, and extreme weather events, influence HVAC system performance, leading
to increased cooling demand, thermal cycling, and maintenance needs, which, in turn,
result in higher operating costs, accelerated system degradation, and potential risks to

occupant health.

Climate Change stressors
Rising Temperatures, High

Humidity and Precipitation,
Thermal Cycling, Snow and Ice
loads, Extreme Weather Events,

Influence on HVCA Systems

Increased Cooling, Heat Pump
Capacity Limits, Thermal Cycling
Stress, More Maintenance

Reduced Reliability, Accelerated
Degradation, Shorter Service Life,
Higher Operating Cost, Risks to
Occupant Health

Figure 4. Impacts of climate change stressors on building HVAC systems.

To effectively manage extreme heat events, buildings can implement climate-adaptive
cooling strategies. These include highly efficient systems, such as inverter-driven heat
pumps and variable refrigerant flow (VRF) systems. Additionally, passive measures like
improved insulation, strategic shading, reflective or green roofs, and natural ventilation can
be employed [30]. By integrating these approaches, buildings can reduce peak cooling loads,
enhance indoor comfort, and increase resilience to heatwaves [31,32]. Advanced controls,
such as model predictive control [31], optimize HVAC performance during extreme weather,
lowering electricity demand.
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3.5.3. Challenges and Benefits of Building Retrofitting

Building retrofitting involves upgrading existing systems with more advanced tech-
nologies and practices to improve energy and environmental performance and reduce
operational costs [33]. The building’s HVAC upgrades minimize energy use and carbon
emissions, make buildings more livable, and extend building lifespan. As mentioned, some
of the old buildings in Canada were not designed with future large-scale structural changes
and upgrades in mind [34]; the successful implementation of retrofit measures is often
constrained by technical limitations, high upfront capital costs, and regulatory and policy
barriers, all of which must be effectively addressed to enable large-scale upgrade adoption
in older buildings [21].

Many buildings present technological challenges due to structural and space con-
straints [35], limiting their ability to include new technology. For instance, installing
green roofs and/or solar panels can significantly enhance a building’s energy and envi-
ronmental performance; however, these changes often add considerable weight to the
structure /roof [36,37]. This increased load may require thorough, expensive assessments
to ensure the building’s integrity, and in some cases, it may necessitate extensive roof
renovations or replacements. Additionally, the limited space in some buildings can im-
pede the installation of new HVAC systems, renewable energy technologies, and envelope
upgrades [38]. However, these challenges can be partly or fully addressed with detailed
planning, and retrofits can be safely completed without compromising the building’s struc-
tural integrity and longevity. Figure 5 illustrates the key challenges and benefits associated
with building retrofitting. Technical and structural constraints, financial barriers, and
regulatory or policy hurdles can impact retrofit projects, while successful implementation
of upgraded HVAC systems and energy-efficient technologies leads to reduced energy
use and emissions, improved occupant comfort, long-term cost savings, and increased
property value.

Technical/Structural
Space & structural constraints;
New Technologies: Heat pumps,
Solar PV, Digitalization, Green

roofs; Complex planning & logistics

Reduced Energy & Emissions

Fi ial

Uncertain ROI

High upfront cost; systems
Financing challenges; Improve energy & environmental

Upgrading HVAC and other Improved Comfort & Well-
Being
Extended Building Lifespan

Increased Property Value

performance

Reduces operational costs Long-Term Cost Savings

Outdated codes and standards;
Permitting delays; Multi-
stakeholder approvals

Figure 5. Overview of major challenges and benefits associated with sustainable building retrofitting.

As mentioned, building retrofitting projects with better systems and technologies
require a significant upfront investment. These expenditures can be expensive, especially
for building owners with limited budgets and no government rebates. Securing financing
at reasonable terms for such projects can also be difficult, as lenders may be reluctant to
fund long-term retrofitting projects due to perceived risks and uncertainty surrounding
the return on investment (ROI) and inconsistent policy support [39]. This uncertainty can
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deter building owners and investors from committing to retrofitting projects, particularly if
they are unsure about recouping their investment within a reasonable timeframe. There
is a critical need for a user-friendly financial assessment tool that enables stakeholders to
quickly evaluate the potential benefits of retrofits.

In addition, building standards and codes often fail to adequately account for key
retrofit considerations, including upfront costs, heating system efficiency, technology se-
lection, and the performance of the building envelope [40]. Compliance with such energy
standards can be complex and restrictive, limiting the range of feasible retrofit solutions to
meet prescriptive requirements [41]. Despite all the above challenges, the advantages of
sustainable retrofitting are a necessary and ongoing requirement to keep reducing environ-
mental impact and cost savings, increase property value, and enhance occupant well-being.

4. Advanced HVAC Solutions for Building Energy Efficiency
4.1. Emerging Technologies and System

Modern HVAC systems are increasingly equipped with a variety of sensors—the
Internet of Things (IoT), cloud computing, and advanced controllers—enabling real-time
performance monitoring, predictive maintenance, and responsive operation under dynamic
indoor and outdoor conditions [42]. Data analytics and machine learning further support
optimized energy use, fault detection [43], and climate-adaptive operation, ensuring both
occupant well-being and system efficiency [32].

Advanced heating systems such as VRF with multi-stage heat pumps provide precise
temperature and desired capacity controls to traditional HVAC systems [44]. Smart con-
trols, including programmable thermostats and building automation systems, optimize
energy use by adjusting heating and cooling based on indoor activities and weather con-
ditions [45]. Energy recovery ventilator (ERV) and heat recovery ventilator (HRV) [46],
variable drive fans, and demand-controlled ventilation (DCV) enhance IAQ while reducing
energy consumption [47]. Renewable energy sources, such as building-integrated photo-
voltaics (BIPV) further improve envelope efficiency and sustainability [48]. Retrofitting
existing HVAC systems, adopting energy efficiency measures and promoting building
operators/managers/owners training [49] are some of the developing opportunities to
maximize savings and performance. Building energy standards should be established
that prioritize cost and GHG emissions instead of focusing on energy consumption [50].
Building energy standards should include heating system type and minimum efficiency
levels [51].

Additionally, waste heat recovery systems [52] in buildings improve HVAC perfor-
mance, reduce energy consumption, and enhance efficiency by capturing and reusing
wasted energy from the ventilation system [46], gray water [53], and building exhaust
systems [54]. HRV and ERV systems transfer heat and moisture between outgoing and
incoming air, reducing heating and cooling loads while maintaining high IAQ. Heat ex-
changers recover waste heat from exhaust streams to preheat incoming fresh air, thereby
reducing overall energy demand. These heat recovery strategies lower operational costs, ex-
tend HVAC equipment lifespan, and enhance sustainability by reducing a building’s carbon
footprint. Furthermore, the development of advanced analytical and decision-support tools
can help building owners quantitatively assess the energy, emissions, and cost-effectiveness
impacts of these measures, enabling informed investment decisions. Table 3 compares key
building technologies across energy, cost, IAQ, carbon reduction, and support for NZEB.
VREF + HP and BIPV lead in energy savings and carbon reduction, HRV/ERV excels in IAQ,
while IoT with MPC offers moderate benefits across all metrics. Overall, each technology
supports NZEB goals to varying degrees.
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Table 3. Summary of key HVAC technologies and their performance impacts.

Technology Energy Saving Cost-Impact TIAQ Carbon Reduction = NZEB Support
VRF + HP High Medium Medium High High
HRV/ERV Medium High High Medium Medium
BIPV High Medium Low High Very High
IOT and MPC Medium High Medium Medium Medium
Table 4 summarizes emerging HVAC technologies suitable for cold-climate buildings,
highlighting their operational principles, typical performance metrics, and integration
strategies [55-61]. ASHP deliver efficient heating solutions at moderate temperatures, with
GSHPs demonstrating consistent performance even under extreme cold conditions, though
at a higher initial investment. BIPV systems and thermal energy storage facilitate on-site
electricity utilization and enable demand-side load shifting. A hybrid dual-fuel system
and artificial intelligence-driven predictive maintenance helps optimize costs, emissions,
and overall system reliability. DCV enhances energy efficiency by modulating airflow in
accordance with occupancy levels. It is essential, however, to maintain careful oversight
regarding control complexity, sensor precision, and the seamless integration of these
technologies. The selection of a particular technology depends on a thorough cost—benefit
and environmental performance analysis in the local context.
Table 4. Overview of emerging HVAC technologies for cold-climate buildings [55-61].
Technol Operating Principle  Indicator (KPD Metrics  Integration Log; Implementation
echnology perating Principle ndicator etrics Integration Logic : :
(Typical Value) Considerations
Prioritize operation in .
Vapor-compression COP: 3—4 (mild cold), mild temperatures, :fl?(sli[l{a ilef}rzztﬁcgc}es,
ASHP cycle extracting heat 1.5-2.2 (extreme cold);  supplemented by d dy . tg’.
from ambient air seasonal COP: 2.0-2.8  thermal energy storage rde uce lgapaa ym
(TES) or auxiliary heat eep co
Ground-coupled heat COP: 3.5-5.0; seasonal Base-load heat source; High Cal:l)ita.l ccl)st;
GSHP exchange via COP: 3.0-4.0; stable pairs with PV/TES for site/ tgep (t)glca
earth loops capacity at low temps grid/load management lcc?l?gs }r)zll;bzlc K
Envelope-integrated Module Supplies heat pump Weather variability;
BIPV photovoltaics for efficiency:15-22%; first; excess charges winter snow shading;
on-site electricity 120-200 kWh/m? /yr TES or exports to grid ~ higher capital cost
Peak reduction: : .
TES Sensible/latent heat  2040%shift2-6;  opnogy onduring  Added cost; coptrol
(Water/PCM) storage for load shifting PCM latent: peak; g plexatys .
150-250 k] /kg at peak cycling degradation
Hybrid Switches between 10-30% operating cost ~ Switch based on price, =~ Complex controls; risk
Dual-Fuel ASHP and natural gas  reduction; 15-35% temperature, of fossil
(ASHP + gas furnace) furnace based on logic =~ GHG reduction carbon intensity fuel dependency
Machine Learning 5-20% energy Savings; . . . Data quahty
Al-Based analysis of HVAC 10-30% maintenance Continuous momtonr.lg dependency;
Predictive S o of COP/flow/power; :
Maintenance sensor data for cost reduction; 20-40% flag drift/faults cybersecurity and
fault detection downtime reduction & analytics integration
Adjusts ventilation 10-25% ventilation Modulate ventilation Sensor
DCV using CO, /occupancy ot load to occupancy; can  calibration/drift; IAQ
sensing Chergy savings integrate with MPC risk if sensors fail

4.2. Opportunities with Heat Pump Systems

About 80% of Canadians live in homes connected to a relatively clean electric grid,

with an average annual emissions factor of 50 gCOse/kWh or less [50]. In BC, nearly 98%

of homes are powered by hydroelectricity [62]. Using electric heating systems in buildings
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where clean electricity is easy to access is essential for reaching sustainability goals. People
in B.C. are increasingly opting for heat pumps to warm their homes. In just five years,
from 2017 to 2022, the number of homes using heat pumps jumped by about 80%, rising
from around 142,000 to 254,000 [63]. Additionally, in 2022 and 2023, for the first time,
more heat pumps were brought into the province for homes than traditional natural gas
furnaces. This trend shows a big shift in how people are choosing heating systems to
warm their homes. Electric heat pumps are gaining traction due to supportive government
policy and evolving regulatory requirements. When the electricity comes from clean energy
sources, transitioning to heat pumps can have a significantly larger effect on reducing
energy consumption and emissions [64,65].

ASHP is a promising and rapidly growing heat pump system in Canada [65]. However,
the economic challenge of ASHPs with the present natural gas price structure is that their
operating costs are higher than those of conventional furnaces/boilers systems typically
used in most Canadian buildings. In the coldest months, ASHPs may require auxiliary
heating to meet demand in some parts of Canada. On the other hand, ground source heat
pumps (GSHP) offer a reliable option for consistent year-round performance, particularly
suited to Canadian conditions [66]. Despite GSHP performance effectiveness, the high costs
linked to drilling and trenching can make these systems costly for many buildings.

Additionally, many system integrators in Canada offer dual-fuel switching heating
systems (natural gas furnaces with ASHP) equipped with fuel-switching controllers [67].
Hybrid systems with dual-fuel switching controllers are designed to optimize energy use
by switching between fuel sources, such as electricity and natural gas. These dual-fuel
source controllers include decision-making factors such as temperature, cost, emission
factors, and component efficiency, which can help save operating costs in some buildings
and reduce emissions [68].

4.3. Advanced HVAC Automation and Control

Historically, HVAC systems relied on simple on/off control strategies, such as con-
ventional thermostats, which are inadequate for managing the dynamic thermal loads and
varying weather conditions of modern buildings. These limitations often result in tem-
perature fluctuations, inefficient system operation, increased energy consumption, higher
operational costs, and elevated GHG emissions [67]. In contrast, modern HVAC systems
increasingly integrate advanced sensors and IoT technologies to enable real-time data acqui-
sition, continuous system monitoring, and remote operation [69]. IoT-enabled controllers
support predictive performance analysis and early fault detection, enabling proactive
scheduling of maintenance activities before system failures occur. This shift from reactive to
predictive operation improves energy efficiency, system reliability, and equipment lifespan
while enhancing occupant comfort and supporting decarbonization goals.

Beyond hardware innovations, optimal control strategies such as reinforcement learn-
ing [70] significantly enhance HVAC system performance. These strategies balance energy
consumption, thermal comfort, IAQ, and costs through reward-based optimization. By
dynamically adjusting operations based on weather, occupancy, and energy tariffs, re-
inforcement learning effectively implements the proposed integrative framework. This
approach is particularly valuable in cold climates, where fluctuating thermal loads and
peak demand require adaptive control strategies.

4.4. Challenges in Implementing Energy-Efficient HVAC Upgrades

The adoption of energy-efficient HVAC upgrades in buildings has encountered several
challenges, including high upfront costs, outdated regulatory compliance requirements,
short-term gains vs. long-term investments, limited awareness, and inconsistent policy
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support [71-73]. As mentioned earlier, one significant hurdle to implementing technological
upgrades is the high upfront costs. System upgrades can take years to make an investment
profitable, even though these changes make buildings more energy-efficient and livable.
For instance, in Canada, upgrading to cold-climate heat pumps can cost between $8000 and
$20,000 for an entire home. Even though homeowners can also take advantage of various
incentives, including federal grants and interest-free loans [74], which help reduce the
overall expenses. Still, these upgrades involve high initial costs, though the upgrade can
yield annual energy savings of $1500 to $4500, particularly for households transitioning
from oil heating [75]. While Canadian data on simple payback periods for residential heat
pump upgrades is encouraging, actual payback periods can vary significantly depending
on factors such as region, local energy prices, existing heating systems, fuel-sources, and
available incentives.

Many strategies have been suggested to overcome barriers to HVAC system up-
grades [76-78], including tax credits, rebates, and low-interest financing options, some of
these are already implemented in Canada. Increasing workforce training programs and
launching public awareness campaigns help building owners and professionals to under-
stand the benefits and opportunities of advanced HVAC systems. Strengthening building
standards, simplifying permitting requirements, enforcing technological upgrades, and
providing incentives/tax rebates can encourage broader adoption of building efficiency
measures [1,5]. More precise data on cost savings, efficiency improvements, and payback
periods can help decision-makers make informed investment decisions.

Fostering collaboration among universities, industry stakeholders, regulatory agen-
cies, HVAC contractors, and building owners is essential for advancing energy-efficient
solutions [78]. Universities contribute technology upgrades and training, industries apply
the technologies, regulators establish standards, contractors implement solutions, and
building owners make investment decisions. Developing a skilled workforce requires a
strategic approach to training curricula in community colleges and trade schools, with
emphasis on energy auditing, HVAC performance optimization, envelope efficiency, and
smart building technologies.

4.5. HVAC Technologies for Future High-Performance Buildings

The demand for sustainable buildings is growing to address climate obligations and
to make buildings self-sufficient in their energy needs. In the last couple of decades, the
HVAC industry has witnessed a wave of innovations and emerging trends to improve
energy efficiency, cost-effectiveness, and environmental sustainability in buildings [79-81].
The key trends include data-driven modeling and performance prediction [82], predictive
maintenance [83], digitalization of controls [84], renewable energy integration [85], min-
imizing or eliminating dependence on grid power, low-cost energy solutions, demand
flexibility [86], and integration of thermal/electric storage [87,88]. The most promising
trend is the heat pumps and harnessing renewable energy to electrified buildings.

Another emerging trend in HVAC systems is the use of motion sensors and digital
technologies [89]. These artificial intelligence (AI)/machine learning (ML)-based technolog-
ical solutions facilitate real-time monitoring and control of building conditions and align
performance with factors like occupancy, humidity, air quality, carbon monoxide level,
and weather. Smart sensors [89] are adept at changing the building’s indoor and outdoor
parameters and adjusting the performance of HVAC systems accordingly. On the other
hand, IoT [90,91] capability allows seamless communication between HVAC components
and building energy management systems, enabling and communicating the changes to
the stakeholders to observe the real-time building performance. An integrated predictive
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Al-Based Modelling
Predictive

Performance

Forecasting

maintenance algorithm [72] is a proactive strategy for servicing the HVAC systems based
on a continued equipment supervision strategy.

The schematic presented in Figure 6 highlights the integrated role of emerging HVAC
technologies in shaping future high-performance and sustainable buildings [81]. By com-
bining smart digital control platforms, data-driven performance modeling, predictive
maintenance, renewable energy integration, demand flexibility, and cost-effective low-
carbon heating and cooling solutions, next-generation HVAC systems enable buildings
to transition from passive energy consumers to active, intelligent energy systems. The
integration of demand response and energy storage supports grid stability while lowering
operating costs, making advanced HVAC systems more economically attractive.

Cost-Effective
Low-Carbon Heating
& Cooling

Flexible Demand
Response &
Energy Storage

Renewable-
Powered HVAC
Systems

NEXT-GENERATION HVAC
SYSTEMS

Condition-Based &
Predictive Performance
Forecasting &
Maintenance

Smart Digital
Control HVAC
Platforms

Figure 6. Conceptual schematic of key emerging trends and innovation pathways in next-generation
HVAC systems [81].

5. Future Outlook

As mentioned in previous sections, energy-efficient strategies and emerging technolo-
gies offer significant opportunities for sustainable building progress. These advancements
are fueled by technological innovation, the adoption of solar PV systems, the expansion of
digital and data-driven technologies, evolving regulatory requirements, supportive policy
initiatives, and improved collaboration between industry and research institutions.

Future trends [92] will be driven by using advanced sensors, actuators, IoT and
cloud computing and complementary technologies, where IoT devices collect and transmit
data, and cloud computing provides the infrastructure to store, process, and analyze
this data, enabling remote management and data-driven insights and controls. These
IoT based devices can optimize building energy performance based on occupancy and
weather conditions.

Additionally, AI/ML algorithms analyze massive data to identify patterns and make
predictive adjustments, ensuring optimal energy use, comfort, and system maintenance [93].
Figure 7 conceptualizes these emerging trends of next-generation HVAC systems. In
this scenario, environmental and occupancy-related data collected by sensors are pro-
cessed by an intelligent control layer that integrates occupancy estimation algorithms with
the building management system (BMS). Based on the estimated occupancy levels, the
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HVAC system dynamically adjusts ventilation rates across different building zones to
optimize performance.

DATA & SENSING LAYER
(CO, Sensors, Motion Sensors, Schedules)

v

INTELLIGENCE & CONTROL
Occupancy Estimation (Al/ML)
BMS, Control Logic, Prediction

v

_BUILDING ZONES (HVAC RESPONSE)

Zone 1: Low Occupancy — Baseline Airflow
Zone 2: Unoccupied - Minimum Ventilation
Zone 3: High Occupancy — Boosted Airflow

Figure 7. The occupancy-based strategy of the HVAC control system [93].

Another promising development is an exponential growth in the acceptance of renew-
able energy technologies, especially solar PV. Solar PV can generate electricity to power
HVAC and other systems in the home; BIPV can generate electricity and replace the build-
ing envelope material [94,95]. Solar thermal collectors can preheat air/water/glycol for
heating applications [96]. Geothermal source heat pumps can be used at stable ground
temperatures to provide efficient heating and cooling, minimizing or eliminating depen-
dence on grid electricity [97]. Wind energy can supplement power generation, particularly
in areas with consistent wind speeds [98]. Smart controls [99] and IoT-based [84] energy
management systems can optimize HVAC performance with renewable systems by adjust-
ing loads based on energy availability. Researchers at Western University in Ontario have
created a highly efficient home system that integrates solar PV, a heat pump, and a thermal
battery [100]. Results from this living lab indicate a 45% reduction in electricity bills and a
55% decrease in carbon emissions, showcasing the benefits of combining solar energy with
efficient heating and energy storage.

Thermal energy storage (TES) presents a promising solution to minimize the heat-
ing/cooling capacity/load of HVAC systems [101]. One significant advantage of TES is its
ability to reduce electricity generation capacity by shifting excess generation load during
low-demand periods. It helps to increase the effectiveness of generation capacity and grid
stability during high-demand periods [102], allowing for installing smaller HVAC units to
meet a building’s heating and cooling needs. Seasonal TES has been successful in many
countries, often implemented alongside district heating systems. Large-scale seasonal
TES is frequently combined with solar thermal collection systems and used with district
heating [103]. An example of successful seasonal solar thermal energy storage is the Drake
Landing Solar Community (DLSC) in Okotoks, Alberta, Canada [103]. This project reduces
DLSC space heating bills by 90% using a seasonal underground solar storage system with
active solar thermal generation.

Collaboration between HVAC manufacturers, system integrators, university/college
researchers, policymakers, and energy providers will be vital to developing integrated, sus-
tainable solutions that meet the evolving needs of buildings and climate [104]. Continued
research into materials, technologies, and system designs and performance evaluation will
drive innovation in energy-efficient HVAC systems and supporting technologies [105]. The
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development of new materials, such as mass timber [106], with enhanced thermal prop-
erties and sustainability credentials will enable the construction of more energy-efficient
building envelopes. Future advancements in energy-efficient technologies are expected to
influence green building certification frameworks, such as LEED, BREEAM, and other green
building rating systems [107], by driving stricter requirements for energy performance,
system efficiency, and building envelope design. As energy-efficient HVAC technologies
become more mainstream and cost-effective, building codes and standards may need to
evolve to mandate or incentivize the adoption of these technologies and materials in both
new construction and retrofit projects.

5.1. NZEBs, HVAC Systems, and Case Study

NZEBs aim to balance their annual energy consumption with the energy they generate
on-site from renewable sources. Achieving this balance involves a comprehensive strategy
that includes passive solar design, robust building envelopes, energy-efficient systems, and
the use of active renewable energy technologies [107]. In addition, NZEBs rely on energy-
efficient design, advanced materials, HVAC system performance, and digitalization. New
approaches are emerging in these buildings in Canada and worldwide to minimize energy
use (kWh/m?), enhance occupant comfort, and reduce environmental impact. Suggestions
for improving both existing and new constructions as NZEB and NZEB-ready include
using smart insulation materials [108], incorporating solar passive design [109], using
triple-glazed windows, incorporating thermal energy storage within the walls and roofs of
buildings and using state-of-the-art HVAC with heat recovery systems [110,111]. Applying
smart occupancy and motion sensors and extensive use of AI/ML technologies to analyze
the building’s changing indoor/outdoor conditions.

A study by [112] explored pathways for buildings to become NZEB (Figure 8). The
study provides a comprehensive review of residential NZEBs, highlighting their potential
to significantly reduce energy consumption and GHG emissions. By integrating energy
infrastructure, such as grid interaction, district heating, and energy storage, with renewable
energy sources like solar (both PV and thermal), wind, and biomass, NZEBs can meet or
exceed annual energy needs with onsite renewables. The study emphasizes technological
advancements and the necessity for flexible design strategies that adapt to local climate
conditions, building codes, resources, and costs to support the wider development of
residential NZEBs.

One prominent residential project in Canada is the Fernwood Net-Zero Energy Retrofit
(Figure 9), a deep renovation of a 1912 Edwardian-Victorian heritage residence in Victoria,
BC (Climate Zone 4), completed in 2021 [113]. This 404.1 m? project transformed a his-
torically significant home into a net-positive energy building, generating approximately
101.7% of its annual energy demand through a 13.5 kW PV system while eliminating on-
site fossil fuel use. Key interventions included high-performance envelope retrofits with
vapor-permeable air barriers and mineral wool insulation, roof insulation upgrades, and
the replacement of the oil heating system with an ASHP, an HRV, and a heat-pump water
heater. The retrofit achieved an estimated annual reduction of 18.44 tCO»e, significantly
improved thermal comfort and IAQ, and is projected to extend the building’s lifespan by
up to 100 years.

In its first year, the home saved over 100% in energy and exported $311 in excess
electricity, though some upgrades cost up to twice the initial estimates. Initially, the Fern-
wood retrofit budget was based on standard retrofit assumptions and expected envelope
upgrades. However, once construction began, the actual costs rose significantly above
their projections. This increase was primarily due to underestimating the labor require-
ments, especially for installing exterior insulation over uneven existing stucco walls. The
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complexity of aligning the new cladding systems greatly increased both installation time
and costs beyond the initial estimates. Additional factors contributing to the cost increase
included unforeseen site conditions typical of older homes, the need for structural and
seismic upgrades, and minor but unanticipated utility-related charges. Despite the cost
escalation, the project serves as a demonstrative model for deep energy retrofits of older
Canadian homes and illustrates a potentially scalable pathway for decarbonizing aging
residential housing stock.

En(:{rfgulziil:;md = Renev;::\llr))l:lgnergy Electrical Grid
v y
Passive Building Design t=jp»! Solar PV/Thermal Districc(t)::;e:gting &
High Perg;l:tl::ce HVAC ~ Wind /Bi(:nass /CHP Natural\i ;}t;vséfl‘i{omass
v v
Low Energy Appliances Off-Site Green Power Energy‘Storage

Smart Controls

Behaviour

User Operation &

P> Net Zero Energy Building

- Annual Energy Balance = Zero

Figure 8. Integrated framework for net zero energy buildings (adapted and redesigned by authors
from [112]).

e
"Ill (

|
) .

Figure 9. Illustrates the Fernwood Net-Zero Retrofit. The (left side) shows the house prior to the
retrofit, while the (right side) presents the house after completion of the net-zero renovation [113].

5.2. Regulatory and Policy Initiatives

HVAC system installation, operation, and upgrades are governed by a combination of
regulatory standards and policy initiatives to ensure safety, efficiency, and environmental
regulations. Building standards, including ASHRAE standards, the National Building
Code of Canada (NBC), and the National Energy Code for Buildings (NECB), regulate
HVAC system design, installation, ventilation, fire safety, operation, maintenance, and
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retrofit practices, while ASHRAE Standard 90.1 establishes minimum energy performance
requirements for buildings in both the U.S. and Canada [114,115]. Occupational health
and IAQ requirements are addressed through guidelines from the Occupational Safety and
Health Administration (OSHA) and the Environmental Protection Agency (EPA) [116,117].

Canada’s federal government is working toward the implementation of net-zero
energy-ready (NZER) building codes by 2030, ensuring that new buildings are highly
energy-efficient and require minimal energy for HVAC operations [118]. Furthermore,
Canada has aligned its regulatory approach with international energy efficiency standards,
with proposed Amendment 18 introducing more stringent minimum efficiency require-
ments for appliances and HVAC equipment in 2027 and 2030 [119].

Complementing these regulatory measures, Canada has implemented several policy
initiatives to accelerate the adoption of high-efficiency HVAC technologies. Programs
such as the Canada Greener Homes Grant and the Canada Greener Homes Loan provide
financial incentives and interest-free financing for residential energy retrofits [74]. The Oil to
Heat Pump Affordability Program supports the transition from oil-based heating to efficient
heat pumps, particularly in eastern Canada, while the Green and Inclusive Community
Buildings Program funds energy-efficient retrofits for public infrastructure [75].

Table 5 summarizes the major features of Canada’s HVAC policy landscape in recent
years, including financial incentives and numerous provincial rebates to enhance adoption
and upgrade building systems with newer technologies and practices. However, challenges
persist, including coverage gaps, administrative complexities, and regional or fuel-type
inequities. To address these limitations and optimize energy savings, emission reductions,
and equitable access, more regionally tailored enhancements and a cohesive, outcome-

focused policy design are necessary.

Table 5. Overview of key Canadian HVAC policies in recent years [74,75,120-125].

Target & Incentive Application s el .

Program Eliggibility Coverage Pr}:)lZedure Impact Limitation

Grants up to $5000 Register online; Svelrigg(i)é(l)?so

for upgrades and Complete energy pk}i itted: Federal
Canada Greener = Homeownersand  $600 for energy assessment; isl?velzlsltlmeer{t €deral  This program
Homes residential retrofits, evaluations; Complete retrofit; ' 2 $15 closed in
Initiative [74] small businesses interest-free loans up ~ Submit billfon' Nogt all early 2024

to $40,000 for documentation funds allocated to

eligible retrofits for rebates HVAC systems.

Direcft—install 1no—cos’c Aims to reduce

retrofits: insulation, energy bills and . . :
I%%ﬁgs Greener Low—to—median— air sealing, heat Deli\{ered by GHGg }elzmissions; 22(1:11 feg‘gévc\llztﬁ(l;s
Affordability income households ~ pumps, solar PV,and  provinces Evidence of not widely
Program [120] and tenants windows and doors.  &territories outcome will ublished vet

$30 M agreement emerge as p yet.

with Manitoba. programs roll out.

Up to $15,000 federal Participants save

pllfls up to $5000 g]rioeunte?'l%zo}s,f:rly Funding in certain

provincial and d dgy 278 areas is highly
Oil to Heat Pump  Low-to-median- territorial Apply via national ?gnslgf gcoe ' popular and gets
Affordability income households  co-funding; one-time portal or annually: 2 fully subscribed
(OHPA) [75] heating with oil $250 bonus; In provincial partners 5 olelln atel within weeks, but

Yukon up to $24,000 37}3 ;00 tons of}éO it is limited to

total for reduction 2 oil-heated homes.

low-median income.

in Manitoba.
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Table 5. Cont.

Target & Incentive Application el

Program Eligibility Coverage Procedure Impact Limitation
Rebates are available ot Helps reduce

C ial and for HVAC upgrades g}sggcﬁtﬁﬁi operating costs
BC Hydro Rebate in%ﬁ;ntri?a an and cgntrOIS, progrgms witﬁ and energy Not standar'dized
Program [121] buildings covering up to 75% energy savings consumption in across provinces

of project costs in
certain categories.

verification

non-residential
sectors.

Provincial and
Territorial HVAC
Incentives
[122-125]

Varies by province

Yukon offers up to

$24,000 for

low-income

households;

Newfoundland Process and Provincial mix has }’rogramts (alre
provides up to amounts vary by allowed stacking ~ -#7eR €6/ VALY
$22,000 through program; often of federal and widely m d
takeCHARGE; Nova  require pre/post provincial generosity an
Scotia has rebates audit or installed incentives, design, and some
over $5000; Ontario by certified increasing overall ~ have limited
offers up to $7500 for  contractors. cost-effectiveness.  timelines or
mini-splits and funding caps.
$12,000 for

ground-source

heat pumps.

5.3. Future Research Opportunities

The ongoing challenges and opportunities in building energy systems highlight the
need for focused strategies to enhance their design, analysis, cost-effectiveness, and oper-
ation. As climatic conditions continue to change and urbanization progresses, there is a
pressing demand for further research and ongoing support aimed at improving building
efficiency, livability, and resilience. Key areas of further exploration include effective inte-
gration of renewable energy sources and solar passive concept [126] into existing HVAC
systems, which can significantly boost efficiency and cost-effectiveness, and reduce carbon
emissions across various building types. The advancements in the IoT also present avenues
for enhancing HVAC performance and optimizing energy usage, while addressing security
implications inherent in these integrations [127,128].

Furthermore, innovative solutions are essential for overcoming the barriers of
retrofitting older buildings with contemporary HVAC technologies, and conducting thor-
ough cost-benefit analyses of these retrofits are crucial [72,73]. Moreover, investigating
the direct link between advanced HVAC systems, such as multi-stage heat pump systems,
and occupant health benefits is necessary, in conjunction with the development of specific
metrics to evaluate improvements in AQI [129].

In addition, establishing effective policy frameworks will encourage the adoption of
energy-efficient HVAC technologies and practices, particularly in regions facing unique
climatic challenges. Understanding occupant behavior’s impact [130], such as occupancy,
on energy-efficient systems and promoting user engagement with advanced technologies
will maximize energy savings. In addition, assessing the life cycle environmental impact
of new HVAC technologies in real-world scenarios and fostering community and local
government support for low-carbon solutions are key for their development and acceptance.
Research on these questions can advance HVAC technologies, fostering sustainable, health-
conscious building environments.

6. Conclusions

This review provides a comprehensive synthesis of emerging HVAC technologies
and other strategies, and their role in advancing low-carbon, energy-efficient, and climate-
resilient buildings. The primary contribution of this review lies in the development of an
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integrated analytical framework that connects HVAC system design, operational perfor-
mance, policy instruments, climate stressors, indoor environmental quality, and housing
affordability within a unified systems perspective. Unlike conventional reviews that treat
energy efficiency, IAQ, digitalization, and electrification separately, this study demonstrates
their interdependencies. It highlights how technological, regulatory, and socio-economic
variables collectively shape real-world outcomes.

The review highlights essential climate-adaptive technology parameters for optimizing
performance in Canadian conditions. Key aspects include the effectiveness of cold-climate
heat pumps, strategies for hybrid fuel-switching, and the implementation of grid-interactive
controls. It also emphasizes the importance of occupancy-driven ventilation techniques
and the integration of thermal energy storage systems. By synthesizing technological per-
formance, retrofit constraints, and policy mechanisms, the paper bridges the gap between
innovation and practical deployment in both new and existing buildings.

The findings show that electrification through heat pumps, smart digital con-
trols, renewable energy integration, and thermal storage systems represent the most
promising pathway toward net-zero energy buildings and deep decarbonization of the
buildings. Nonetheless, challenges to adoption, such as high capital costs, complex
retrofitting of old buildings, strict regulations, and fragmented markets, persist and hinder
large-scale implementation.

Future Research Areas

e  Optimization of cold-climate Air Source Heat Pumps (ASHPs) integrated with appro-
priate thermal energy storage to enhance the COP, reduces auxiliary heating demand,
and alleviate peak electrical loads during extreme winter conditions.

e  Hybrid dual-fuel switching system optimization algorithms, incorporating dynamic
electricity pricing, real-time carbon intensity factors, and weather forecasting to enable
intelligent fuel switching in grid-interactive buildings.

e  Al-based predictive maintenance frameworks for HVAC systems using real-time
sensor data, digital twins, and fault detection diagnostics to extend equipment lifespan,
reduce downtime, and improve lifecycle cost performance.

e Innovative financing models for commercial and multi-unit residential retrofits, includ-
ing performance-based contracting, green bonds, on-bill financing, and risk-sharing
mechanisms that reduce capital barriers and improve ROI certainty.

o Integrated techno-economic-environmental modeling tools that simultaneously evalu-
ate energy performance, carbon reduction, lifecycle costs, and occupant health metrics
to support evidence-based policy and investment decisions.

e  Cybersecurity and data governance frameworks for IoT-enabled HVAC systems to
address emerging risks associated with building digitalization.

e  Quantification of health co-benefits associated with advanced ventilation and filtra-
tion technologies, including measurable IAQ indicators linked to productivity and
healthcare cost reductions.

Advancing research in specific areas is essential to moving beyond incremental effi-
ciency gains and achieving a fundamental transformation of building energy systems. To
create resilient, low-carbon, and affordable housing, it is crucial to coordinate technological
advances, align policies, innovate in financing, and enhance workforce skills.
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