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Abstract

Residential buildings must now be designed and retrofitted as adaptive climate-health-work systems
rather than as static housing units. This structured literature review synthesises peer-reviewed
journal and conference evidence on residential taxonomy, ventilation, indoor environmental quality,
overheating, airborne infection resilience, post-pandemic occupancy changes and future
performance benchmarks. The review shows that single-family and multifamily buildings remain the
most practical first-order categories because they differ in envelope exposure, ventilation pathways,
system ownership, governance, retrofit feasibility and occupant control. Single-family dwellings
generally provide greater household autonomy, roof-based renewable potential and room-level
intervention flexibility, but can also carry higher envelope losses, lower density and stronger
dependence on occupant operation. Multifamily buildings benefit from compactness and shared
infrastructure, yet face additional risks from common services, vertical shafts, stack effects, corridor
pressurisation, inter-zonal airflow and collective maintenance. Ventilation evidence indicates that
natural, exhaust-only, supply, balanced heat-recovery, hybrid, demand-controlled and filtration-
based strategies cannot be ranked universally; their effectiveness depends on climate, airtightness,
pollutant source, occupancy, maintenance and governance. The review further shows that
overheating, cooling-demand growth, airborne infection preparedness and remote work are shifting
residential performance from winter-centric energy efficiency toward year-round thermal resilience,
clean-air delivery and prolonged-occupancy functionality. A future taxonomy is therefore proposed
around adaptive performance attributes, including thermal resilience, clean-air capacity, ventilation
controllability, energy flexibility, remote-work readiness, vulnerability and retrofit potential. The
core contribution is an implementation-oriented framework for aligning residential design, retrofit
and policy with health, indoor environmental quality, energy efficiency and carbon performance.

Keywords: residential buildings; ventilation; indoor environmental quality; overheating; climate
change adaptation; airborne infection; remote work; building taxonomy

1. Introduction

Climate change, infectious-disease risk and remote or hybrid work are redefining the technical
role of residential buildings. Dwellings are long-life socio-technical systems that mediate outdoor
climate, indoor exposure, energy demand and everyday activity, but their traditional design logic
has often treated them primarily as private, evening- and night-occupied environments. That
assumption is now incomplete. Climate change is increasing heatwave exposure and shifting thermal
risk in heating-dominated climates, where energy policy and design have historically prioritised
insulation, airtightness and winter heat conservation [1-4]. The COVID-19 pandemic also
demonstrated that respiratory infection risk is shaped by indoor airflow patterns, ventilation
effectiveness, exposure duration and room occupancy, making clean-air provision a residential health
function rather than a commercial-building concern only [5-8]. In parallel, hybrid and home-based
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work have increased daytime residential occupancy, altered internal gains and electricity demand
profiles, and extended exposure to domestic indoor environmental quality (IEQ) during productive
work [9-12].

These pressures challenge the conventional view of residential buildings as environments
occupied mainly during mornings, evenings and nights. Pre-pandemic residential occupancy
research relied on typical occupancy schedules, whereas COVID-19 substantially altered occupancy
duration, activity patterns and work-related use of homes [13,14]. During pandemic lockdowns,
homes were transformed into workplaces, classrooms, caregiving contexts and self-isolation spaces,
as work, study and daily-life activities migrated into dwellings [13-18]. This functional intensification
exposed design weaknesses in acoustic privacy, daylight access, ergonomic provision, cooling
capacity, contaminant control and ventilation controllability. Home-working studies further indicate
that personal workspace, noise, acoustics, daylighting, spatial layout, thermal comfort and IEQ
influence perceived productivity, satisfaction and wellbeing [12,16,19-21]. Similarly, home-office
studies identify limitations in visual comfort and ergonomic provision, including inadequate
furniture, reliance on laptops and increased discomfort during prolonged telework [15,16,22].
Increased residential occupancy also affected thermal-energy demand and indoor temperature
control, with studies reporting increased heating and cooling demand during lockdown and
narrower indoor temperature ranges after the pandemic, indicating greater energy use to maintain
comfort [23,24]. In the post-pandemic period, hybrid work appears to be persistent rather than
temporary, with labour-market evidence showing that work-from-home job postings increased after
pandemic restrictions were lifted [25,26]. Residential buildings must therefore be evaluated as
environments of prolonged exposure, cognitive performance and productivity, not only as places of
rest and restoration [11,12].

Climate change intensifies the same problem from the thermal and energy side. Energy policy
and residential design have often prioritised envelope insulation, airtightness and heat recovery to
reduce winter heating demand. While these measures remain essential for decarbonisation, they can
become vulnerable to summertime overheating when solar gains, internal loads, ventilation
opportunity and shading are poorly controlled [4,27,28]. Overheating research has therefore
challenged winter-centric design assumptions in temperate and heating-dominated climates by
showing that future residential performance must consider annual heating-cooling balance,
heatwave resilience, passive cooling, low-carbon active cooling and vulnerable occupants [3,28,29].
The future design problem is therefore no longer one-dimensional energy reduction [30]; it is the
simultaneous provision of low-carbon thermal resilience, health-protective and functional living-
working space.

The ventilation challenge is equally multi-objective. Ventilation is needed for pollutant dilution,
moisture control, odour removal, thermal comfort support and airborne-infection risk reduction, yet
higher outdoor-air rates can increase heating or cooling loads if they are not integrated with heat
recovery, demand control, filtration, passive cooling and appropriate controls [31,32]. Natural
ventilation, mechanical exhaust, supply systems, balanced heat-recovery ventilation, hybrid
ventilation, demand-controlled ventilation and filtration-based strategies each produce different
trade-offs across energy use, contaminant removal, comfort, acoustics, maintenance and user control
[31-33]. These trade-offs differ by residential form. In single-family dwellings, household-level
control may support room-level ventilation upgrades, filters, heat-recovery systems and window
operation; in multifamily buildings, shared shafts, corridors, pressure differences, stack effects and
centralised maintenance can create inter-zonal contaminant transfer and governance challenges [34-
37].

Despite substantial evidence on residential energy modelling, overheating, ventilation, indoor
environmental quality IEQ) and airborne transmission, these domains are often reviewed separately.
Building-stock studies commonly classify dwellings by age, archetype, envelope and energy system
to estimate demand or retrofit pathways [38-40]. Ventilation studies often focus on indoor air quality
(IAQ), energy penalties, moisture or infection mechanisms [5,31,32]. Overheating research has
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developed strong evidence on monitoring, simulation and adaptation measures [3,27], and remote-
working studies have demonstrated the importance of residential built environment conditions for
satisfaction and productivity [11,12]. The remaining gap is the absence of an up-to-date integrated
residential taxonomy that connects building type, ventilation pathway, climate adaptation, health,
governance and changed occupancy in one decision framework.

This review addresses that gap by using single-family and multifamily buildings as the first
order organising categories for an integrated synthesis. This distinction is practical because the two
categories differ in envelope exposure, density, roof and renewable-energy potential, service-system
architecture, airflow interaction, occupant control, ownership structure, maintenance responsibility
and retrofit feasibility [41-44]. However, the review does not treat typology as a fixed geometric
descriptor. Instead, it develops a layered performance taxonomy that combines structural class with
ventilation architecture, overheating exposure, energy-carbon interaction, remote-work readiness,
occupant vulnerability, governance and retrofit potential [38,45,46].

The aim of this review is to synthesise peer-reviewed evidence on contemporary residential
building taxonomy, ventilation systems, climate-related overheating, airborne-infection resilience
and changing residential use, and to propose a future-oriented taxonomy and benchmark framework.
The objectives are to: (i) classify contemporary residential buildings around single-family and
multifamily categories and relevant subtypes; (ii) critically review residential ventilation systems in
relation to IAQ, infection control, energy performance and controllability; (iii) synthesise emerging
challenges associated with overheating, cooling-demand growth, remote work and health-
productivity interactions; and (iv) propose future taxonomy dimensions and benchmark indicators
for climate-ready, health-protective and energy-efficient residential design and retrofit. Four research
questions guide the review: How can single-family and multifamily residential buildings be classified
for current urban landscapes and future performance needs? What ventilation strategies are used in
residential buildings, and what are their strengths and limitations for IAQ, infection control and
energy use? How do climate change, hybrid working and disease outbreaks alter residential
functional requirements? What future taxonomy and benchmark indicators can guide climate-ready,
health-protective and energy-efficient residential design and retrofit?

The paper is structured as follows. Section 2 describes the structured review method, search
logic, eligibility criteria, data extraction and synthesis approach. Section 3 develops the residential
taxonomy, with emphasis on single-family and multifamily buildings and cross-cutting performance
dimensions. Section 4 reviews residential ventilation systems and their implications for IAQ,
infection mitigation, energy use and controllability. Section 5 synthesises future challenges related to
climate resilience, airborne-infection preparedness, health, wellbeing, hybrid work and productivity.
Section 6 proposes future taxonomy classes and benchmark indicators for design, retrofit, operation
and policy. Section 7 concludes with key implications, limitations and priority research directions.

2. Methodology of the Structured Literature Review

This review used a structured literature review design to synthesise peer-reviewed evidence on
residential building taxonomy, ventilation systems, indoor environmental quality (IEQ), overheating,
airborne-infection resilience and transformed occupancy. The method was aligned with the review
objective of reframing residential buildings as climate-resilient, health-protective and energy-efficient
systems. The review followed the transparency logic of PRISMA 2020 for defining search fields,
eligibility criteria, extraction categories and synthesis procedures [47], but it was not designed as a
statistical meta-analysis. Quantitative pooling was inappropriate because the included studies
differed in climate context, dwelling typology, ventilation strategy, monitoring duration, simulation
assumptions, performance metrics, epidemiological endpoints and occupant-response variables. The
evidence was therefore integrated through thematic synthesis and evidence mapping, allowing
findings from building engineering, indoor environmental science, urban energy modelling and
environmental health to be compared across single-family and multifamily residential contexts.
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Figure 1 presents the methodological framework used in the review. It summarises the
progression from scope definition and search strategy to eligibility screening, data extraction,
synthesis and review outputs. The figure is used as a methodological map rather than a numerical
PRISMA flow diagram because database-level hit counts, duplicate counts and final inclusion totals
are not included (during search and extraction these data were not tracked).
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Figure 1. The framework of the adopted review strategy.

The evidence base was restricted to peer-reviewed journal and conference papers to maintain
scientific consistency across the review. Policy documents, design standards, governmental reports,
books, professional guidance and websites were excluded as cited evidence, although such sources
may remain relevant for later implementation and policy translation. The residential scope covered
single-family and multifamily dwellings in urban and peri-urban contexts, including detached, semi-
detached, terraced, low-rise apartment, mid-rise apartment and high-rise apartment forms. This
scope was selected because the review questions depend on differences in envelope exposure,
ventilation architecture, ownership control, system governance, overheating risk and retrofit
feasibility across residential categories.

2.1. Search Strategy and Information Sources

The search strategy was structured around four thematic blocks that corresponded to the review
questions and core objectives. The first block addressed residential taxonomy, urban form and
building-stock modelling. The second block addressed residential ventilation, IAQ, filtration,
contaminant control and airborne-infection mitigation. The third block addressed climate change,
heatwaves, overheating, passive and active cooling, thermal resilience, decarbonisation and energy-
carbon performance. The fourth block addressed transformed occupancy, remote or hybrid work,
productivity and prolonged residential exposure.

Search terms combined residential descriptors with system, exposure and performance terms.
The residential descriptors included “residential building”, “dwelling”, “home”, “single-family”,
“multifamily”, “multi-family”, “apartment”, “detached”, “terraced”, “building stock”, “archetype”
and “urban form”. Ventilation and IAQ terms included “ventilation”, “natural ventilation”,
“mechanical ventilation”, “demand-controlled ventilation”, “heat recovery ventilation”, “filtration”,
“indoor air quality”, “COz2”, “contaminant control” and “airborne infection”. Climate and thermal
terms included “climate change”, “heatwave”, “overheating”, “cooling demand”, “thermal comfort”,
“passive cooling”, “active cooling” and “thermal resilience”. Occupancy-related terms included
“COVID-19”, “pandemic”, “remote work”, “telework”, “working from home”, “productivity” and
“occupancy schedule”.

Searches were conducted in Scopus, Web of Science, ScienceDirect and PubMed/Medline, while
Google Scholar was used for citation chasing and sensitivity checks. Al-assisted research tools,
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including Elicit, Consensus and SciSpace, were used only to support query expansion, candidate-
paper discovery and preliminary organisation of evidence themes. The tools were not used as
evidence sources, and Al-generated summaries or relevance assessments were not cited. All
candidate papers identified through Al-assisted discovery were manually verified in bibliographic
databases and screened against the eligibility criteria before inclusion (see Table Al in appendix A
for representative prompts used).

Backward and forward snowballing was used to identify foundational studies and recent papers
that were not captured by the initial search strings. Foundational papers were retained when they
established critical concepts such as bottom-up residential stock modelling, ventilation-infection
associations, smart residential ventilation or overheating monitoring. More recent papers were
prioritised when they addressed post-pandemic home working, updated ventilation lessons,
contemporary residential overheating or future climate adaptation. The search was updated
conceptually to April 2026.

2.2. Eligibility Criteria

Studies were included when they satisfied at least one of four evidence requirements. First,
studies were included when they provided empirical, modelling or review evidence on residential
building typologies, archetypes, stock characteristics or urban form. Second, studies were included
when they evaluated residential or building-relevant ventilation strategies in relation to IAQ, energy
use, infection risk, contaminant control, filtration or operational reliability. Third, studies were
included when they analysed overheating, climate adaptation, cooling demand, passive cooling,
active cooling or thermal resilience in dwellings. Fourth, studies were included when they examined
residential environmental quality, energy demand, productivity, occupant behaviour or working-
from-home conditions under increased home occupancy or teleworking.

Studies were excluded when they were not peer reviewed, lacked relevance to residential
buildings, focused exclusively on non-building public-health measures, or did not provide usable
findings for the taxonomy, ventilation or climate-health synthesis. Policy texts, professional guidance
and standards were not used as cited evidence in the review because the manuscript was designed
to synthesise peer-reviewed scientific literature. Studies focused on offices, schools or other non-
residential settings were excluded unless the underlying mechanism was directly transferable to
residential performance. For example, [48], controlled exposure evidence linking ventilation, COz,
volatile organic compounds and cognitive performance in office environments was treated as
mechanistic support for home-working exposure-response interpretation, but it was not used to infer
residential-specific thresholds without qualification.

2.3. Data Extraction, Appraisal and Synthesis

For each paper, the extraction fields included building type, climate context, study design,
ventilation or thermal strategy, key metrics, main findings, implications for single-and multifamily
buildings and identified research gaps. The appraisal considered methodological transparency,
empirical or modelling robustness, duration of monitoring, validation of simulation inputs, clarity of
typological classification, relevance to residential settings and consistency with the review questions.
Evidence was then organised into four synthesis outputs corresponding to Sections 3-6. This
organisation is intended to make the review useful both as a scientific synthesis and as a design-
oriented framework.

Because the review develops a conceptual taxonomy rather than a pooled effect estimate, the
synthesis emphasises convergence across multiple evidence streams. Where findings diverged, the
discussion identifies the boundary conditions, such as climate, urban density, occupant behaviour,
envelope airtightness, ventilation controllability, maintenance quality and ownership structure. This
is essential for residential buildings because the same intervention can produce different outcomes
in detached houses, terraced dwellings, low-rise apartments and high-rise multifamily buildings,
depending on system design and governance context.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Al-assisted tools were also used to support the design of evidence-synthesis table structures,
including possible extraction fields and thematic categories. However, the final extraction, appraisal
and interpretation were completed manually from the original peer-reviewed papers. Where Al-
assisted tools suggested candidate claims, the original article was consulted, and the claim was
included only when supported by the manually reviewed source.

2.4. Limitations of the Review Method

The review method is constrained by the heterogeneity of residential building stocks, climates,
ventilation systems, energy systems, exposure metrics and health endpoints. Many studies evaluate
energy, thermal comfort or overheating without infection-risk metrics, whereas infection-risk studies
often simplify residential typology, occupant behaviour and ventilation operation. Studies on remote
or hybrid work also frequently report perceived productivity or satisfaction without concurrent
measurements of IAQ, acoustics, daylight, temperature and energy use. These differences limit direct
comparison across studies and preclude defensible quantitative ranking of residential subtypes or
ventilation strategies.

A second limitation concerns reporting granularity and transferability. Database-specific hit
counts, duplicate-removal counts, full-text exclusion counts and final corpus size were not available;
consequently, this methodology reports a transparent structured-review process, search architecture,
eligibility logic and synthesis procedure rather than a numerical PRISMA flow. Some mechanistic
evidence from non-residential settings was retained when it directly informed ventilation, airborne-
infection or cognitive-performance mechanisms relevant to home working, but such evidence did not
replace residential-specific data. The proposed taxonomy and benchmark directions should therefore
be treated as a framework for future empirical testing, stock-level modelling and performance-based
design research.

The use of Al-assisted discovery tools may introduce retrieval bias because tool outputs depend
on database coverage, ranking algorithms and query phrasing. This risk was mitigated by using
conventional databases as the primary search sources, applying backward and forward snowballing,
manually screening all records, and treating Al-generated outputs only as discovery aids rather than
evidence.

3. Taxonomy of Contemporary Residential Buildings

A taxonomy of contemporary residential buildings is required because residential form is not a
neutral descriptor. It determines envelope exposure, service-system architecture, ventilation
pathways, renewable-energy potential, maintenance responsibility and occupant control. Building-
stock modelling studies [38-40] have commonly used typologies, archetypes and bottom-up
classifications to represent heterogeneous residential stocks for energy, carbon and retrofit analysis,
but these classifications have often prioritised energy demand and envelope characteristics more than
the combined ventilation, overheating, health, governance and occupancy implications now required
for climate-adaptive and post-pandemic housing assessment [45,49].

The primary distinction adopted here is between single-family and multifamily residential
buildings. This distinction is analytically useful because it separates dwellings that are normally
operated and retrofitted at the level of one household from buildings in which multiple households
are connected by shared envelopes, shared services, circulation spaces and collective decision
processes [39,50]. It also aligns with the review objectives because single-family and multifamily
buildings differ in density, envelope exposure, ownership control, service distribution, renovation
governance, ventilation pathways and user exposure patterns. These differences affect energy-carbon
performance because housing typology, density and urban morphology influence operational energy
demand, greenhouse-gas emissions, infrastructure requirements and building-integrated energy-
production potential [41-44].

The reviewed literature did not identify a universal numerical threshold for defining single-
family and multifamily buildings by dwelling-unit count, height, density or ownership model. Such
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threshold data are therefore unavailable in the evidence base considered. Consequently, the
taxonomy developed here is treated as a functional-operational classification. A single-family
building is defined by one-household use and predominantly one dwelling-level control, whereas a
multifamily residential building is defined here as a building or connected building complexes
containing multiple independent dwelling units within a shared physical, spatial and service-system
structure.

3.1. Primary Distinction Between Single-Family and Multifamily Residential Buildings
3.1.1. Single-Family Residential Buildings

This category includes detached, semi-detached, terraced or row houses, and other low-rise
attached forms with a discrete household identity and relatively direct household control over indoor
conditions, envelope interventions and building-service operation [39]. In building-stock models,
these dwellings are commonly represented as archetypes or individual stock units because energy
demand is strongly influenced by envelope geometry, construction age, thermal properties, heating
system and occupancy [38,40,46].

The single-family category is internally heterogeneous and should not be reduced to detached
houses alone. Detached houses usually have greater external envelope exposure and higher surface-
to-volume ratios, whereas semi-detached and terraced forms may retain household-level operation
while benefiting from shared party walls and reduced heat-loss exposure. Degree of attachment, roof
geometry, orientation, plot density, settlement context and envelope age should therefore be treated
as sub-classification variables because they shape heat transfer, solar access, overheating
vulnerability, ventilation opportunities and renewable-energy integration potential [42,44,51].

Intervention feasibility is strongly influenced by ownership and household-level decision
authority. Building owners have more control over building characteristics and control. However,
ownership control does not guarantee retrofit implementation, since decisions remain mediated by
finance, knowledge, disruption, aesthetics, perceived risk, household priorities and life-course
conditions [52,53]. Consequently, single-family taxonomy should incorporate both physical form and
governance dimensions when assessing retrofit potential, climate resilience and residential energy
performance. Table 1 summarises the key studies supporting this taxonomy and identifies the
evidence gaps relevant to energy efficiency, climate adaptation, IEQ, decarbonisation and retrofit
feasibility.

3.1.2. Multifamily Residential Buildings

This category includes low-rise apartments, mid-rise apartment buildings, high-rise residential
towers, condominium blocks, cooperative housing and other multi-unit residential forms. They are
distinguished from single-family buildings not only by dwelling-unit number but also by shared
envelopes, circulation spaces, corridors, risers, service shafts, central or semi-central building
services, collective maintenance arrangements and potential inter-zonal airflow pathways [34,35,37].

Multifamily buildings generally provide higher land-use intensity and greater geometric
compactness because external envelope area and service infrastructure are distributed across several
dwellings. Shared walls, floors and ceilings can reduce heat-transfer exposure and may support lower
operational energy demand per dwelling, although this advantage is context-dependent, i.e., climate,
system, occupancy and operational/service management, rather than universal [41-43]. At the same
time, multifamily buildings introduce technical and governance constraints associated with shared
services, vertical airflow pathways, stack-driven pressure differences, corridor pressurisation,
contaminant transfer between zones, collective maintenance responsibility and uneven occupant
control over indoor environmental conditions [34-37,54-58].

The multifamily class is also internally heterogeneous. Low-rise walk-up apartments, corridor-
access mid-rise buildings and high-rise towers may differ substantially in stack-effect exposure,
pressure distribution, shaft leakage, facade exposure, maintenance complexity and ventilation
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controllability [34,36,37,55]. Multifamily taxonomy should therefore extend beyond dwelling-unit
count to include height class, access typology, shaft and riser configuration, ventilation strategy,
compartmentalisation, tenure structure, maintenance responsibility and degree of resident control.
Table 2 summarises the evidence supporting this classification and highlights gaps related to
ventilation performance, inter-zonal contaminant transfer, overheating risk, energy efficiency, retrofit

implementation and equitable indoor environmental control.

3.2. Primary Motivators for Each Building Type

The motivators for single-family and multifamily buildings operate at household, market and
system scales, but they differ in their dominant performance logic. Single-family living is commonly
associated with greater privacy, spatial autonomy, outdoor access and more direct control over
dwelling attributes. Housing-preference and residential-satisfaction studies indicate that household
choices are influenced by values, perceived dwelling attributes, privacy, control and the
correspondence between preferred and actual residential [59-63]. These preferences are relevant to
contemporary residential performance because spatial flexibility and direct control can support
dedicated work areas, acoustic separation, thermal zoning and household-level ventilation decisions
under prolonged daytime occupancy [12].

Table 1. Summary of studies supporting the taxonomy of single-family residential buildings.

T -
Ref (s) ainxonor.mc Main results Implications Gaps
dimension
Bottom-up residential stock Useful for retrofit targeting and
models require Single-family buildings should be carbon assessment; however,
Building-stock  disaggregation by form, age, treated as separate stock class these reviews did not provide a
[38,40] archetypes and systems and occupancy because the intervention unitis  combined health-ventilation
! modelling variables; top-down models  often the individual dwelling, taxonomy or a universal
granularity are less suitable when  envelope, roof, HVAC system and  threshold for single-family
intervention-specific occupant behaviour. definitions. Such data is
outcomes are required. unavailable.
Residential typology and
associated urban Detached and small-plot single-  Highly relevant to climate-
morphology were shown to family forms should be classified change mitigation and cooling-
Urban morphology, . . . o . .
influence operational energy by surface-to-volume ratio, demand transitions; infection-
[42]  compactness and o . ) )
surface exposure demand and building- exposure, plot density and roof  risk and hybrid-occupancy
P integrated energy- geometry rather than by metrics were not integrated in
production potential across ownership alone. the study.

European climates.
Residential density and
housing typology were  Single-family classification should
linked to dwelling operation,  include settlement context,

Supports a multi-scale
taxonomy for carbon and

Density, infrastructure resilience. Exact

infrastructure and . transportation, including subu.rban, pert 1.1rban per-capita impacts cannot be
[41,43] L infrastructure and and low-density urban fringe . .
policy-linked - . universalised because results
tvpolo greenhouse-gas outcomes; conditions, because impacts depend on geography, stock
ypology housing policy can affect the  extend beyond the building p 1 §eography; st
o . } composition and mobility
distribution of single-family envelope.
. . context.
and multifamily stock.
Single fa.m ily bulldmgs can b € The taxonomy is relevant for
. . subclassified by roof orientation, . .
Housing-unit geometry and . . renewable integration and low-
. shading, density and plot .
Roof, plot and solar neighbourhood . . carbon retrofit, but the study
[44] ) . morphology to identify . .
access configuration influence solar . did not evaluate ventilation,
K photovoltaic, solar-thermal, R
potential. . . overheating-health trade-offs
passive-solar and shading . . . .
- or infectious-disease risk.
opportunities.
. Motivators for single-family living Useful for linking building
. . Housing preferences were . . . s
Housing attributes, . ... may include autonomy, privacy, form to retrofit acceptability.
shown to be associated with ’ .
values and . spatial control and outdoor access; Energy, IAQ, overheating and
[59] values and dwelling . . ) .
household . these should be treated as infection-risk metrics were
attributes rather than purely e . o .
preference . . acceptability and governance unavailable in this housing-
economic descriptors. .
variables. preference study.
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Taxonomic . -
Ref (s) . . Main results Implications Gaps
dimension
Homeowner energy retrofit ~ The single-family class has a
in single-family owner- relatively direct owner-to- Important for retrofit
. occupied dwellings was intervention pathway, but governance and climate
Owner-occupied . L . . L
[52] retrofit rocess characterised as a dynamic intervention depth depends on adaptation. Quantitative IAQ,
P socio-technical process finance, timing, competence,  overheating and infection-risk
rather than a one-time disruption and household endpoints were unavailable.
technical decision. priorities.
A survey of Swedish single- Single-family taxonomy should Relevant to Nordic and
. . family house owners include ownership, heating-climate retrofits.
Barriers, drivers . . . . . . s
. examined perceived barriers, income/finance, perceived Generalisability beyond
[53] and finance for . . . . . .
. drivers and green-loan  barriers, renovation readiness and ~ Sweden is uncertain and
energy renovation . . . .

relevance in energy advisory support as operational combined health-energy

renovation decisions. sub-classes. outcomes were not reported.

D\Ziltlillr; ifﬁ%megihfﬁnc' Critical for climate-change
. O OPP Ys Single-family dwellings should be adaptation and future cooling
orientation and weather e ; .
classified by envelope exposure,  demand. Universal single-

Overheating and conditions influence
[3,51] 8 . . roof/loft condition, shading,  family overheating thresholds
thermal resilience ~ overheating propensity; o . . Lo
Lo . ventilation potential and are unavailable because risk is
overheating is increasingly . . . . .
L O, o adaptive-cooling capacity. climate-, design- and
recognised in buildings .
. . . behaviour-dependent.
without active cooling.
COVID-19 changed
residential occupanc . . e Relevant to post-pandemic
pancy Single-family classification should . 1t 1o postpan:
Occupancy schedules and activities; : . residential functionality. The
. . . . include daytime occupancy, . .
transformation and residential built- oy reviewed literature does not
[12,13] . . L workspace availability, . . .
home-working environment conditions . ..., provide universal productivity
. acoustic/thermal controllability . K X
performance influenced remote-work . . metrics by single-family
. . and ventilation controllability.
satisfaction and subtype.
productivity.
Ventilation and indoor air
movement were associated Taxonomy integrates health
X X o Single-family buildings should be R y. . 8t .
o . with airborne transmission o o with building services.
Ventilation, air . . subclassified by ventilation type, . L. . .
mechanisms; effective R i 4 K ! Residential infection-risk data
movement and - . . . filtration capacity, room isolation i . .
[5,8] X K ventilation, filtration, air K K R specific to single-family
infection-control . . . potential, window-opening RO
. disinfection and avoidance e subtypes remain limited, so
mechanisms . . control and ability to separate . .
of recirculation were . quantitative subtype rankings
. . . . infected occupants. /
identified as engineering are unavailable.
controls.

Table 2. Summary of scientific evidence supporting the taxonomy of multifamily residential buildings.

Ref (s) T?xonor'mc Main results Implications Gaps
dimension
Building-stock modelling Multifamily buildings should be ~ Relevance lies in avoiding
requires sufficient separated from single-family overly coarse archetypes.
(38,4546 Heterogeneity- typological and performance buildings because shared Research gaps remain in
" aware stock detail to capture systems, unit stacking, access ~ coupling stock models with
| modelling heterogeneity and support type and collective governance IAQ, overheating, infection-
tailored retrofit or stock-  create different modelling and risk and ownership-
intervention units. governance variables.

level assessment.
Multifamily and apartment
ty.pologles were show1.r1 to be Multifamily classification should
important for operational . .
enerav and enerev-carbon include compactness, height,
2 &Y dwelling adjacency, shared-wall

outcomes because area and building-integrated
morphology and

compactness affect heat
transfer and energy use.
High- and low-density
residential developments
were compared across
dwelling, utilities, roads,
operations and
transportation dimensions.

Supports compact urban-
energy strategies, but energy
benefits cannot be assumed
without climate, system,

. . occupancy and ventilation
energy-production potential. .
assumptions.

Compactness,
[41,42] shared envelope and
operational energy

Relevant to carbon and
Multifamily buildings should be resilience planning. Findings
linked to neighbourhood density are case-specific and cannot be
and infrastructure intensity, not directly transferred to all cities

only to building geometry. without local infrastructure
and mobility data.

High-density
[43] infrastructure and
life-cycle effects
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Taxonomic . -
Ref (s) . . Main results Implications Gaps
dimension
Field measurements and Essential for IAQ, smoke
airflow simulations High-rise multifamily buildings  control, odour transfer and
Stack effect, . e . LD . R K
identified pressure- require sub-classification by infection-risk pathways. The
pressure e . . . . .
[37] L distribution problems height, vertical shafts, leakage evidence is strongest for high-
distribution and . Lo . . e
L caused by stack effectin  distribution, elevator/stair cores rise buildings in cold-season
high-rise form . . . . . . .
high-rise residential and pressure-control strategies.  conditions; broader climate
buildings. comparisons are limited.
Highly relevant to airborne
The review synthesised . gny .
. Multifamily taxonomy must contaminant control and
. driving forces, measurement, .
Inter-zonal airflow . o include corridor, shaft, party-wall pressure management. More
. techniques and building- ) . )
[34] and contaminant . and service-penetration comparable field data across
performance impacts of . . o
pathways . . . . pathways that connect dwellings climates, ventilation systems
inter-zonal airflow in multi- .
o . 1 and common spaces. and construction eras are
unit residential buildings.
needed.
Field testing in newly Supports performance-based
. constructed multi-unit ~ Multifamily classification should classification beyond height or
Suite-level o s . o . .
. residential buildings  include suite airtightness, leakage unit count. The research gap is
airtightness and . . s .
[35] .. evaluated suite-level air distribution and the link between measured
compartmentalisatio . .
leakage and compartmentalisation quality as leakage, occupant exposure,
n
compartmentalisation core variables. energy use and health
performance. outcomes.
Studies of corridor . . .
ressurisation Directly relevant to infection-
1 7 . . .pe . . .y .
P .. Multifamily classification should  risk mitigation and IAQ.
. . compartmentalisation and , . . o 1 .
Pressurised corridor o identify corridor-supply systems, Longitudinal data that combine
. ventilation systems show . . .
[36,55] ventilation and . . suite exhaust, make-up air contaminant measurements,
. . that system configuration . .
system interactions . pathways, pressure differentials pressure data, energy use and
can affect air and . . . .
. . and maintenance regimes. occupant behaviour are still
contaminant transport in ..
e o limited.
multifamily buildings.
Relevance is strong for energy-
The review identified carbon performance.
- . Multifamily buildings should be perior .
L. opportunities and barriers i Compared with single-family
Photovoltaics in . subclassified by roof access, roof- .
.. for photovoltaic deployment . . dwellings, renewable
[64] multi-unit 1. area allocation, metering, . .
. . o on apartment buildings, . . integration may be
residential buildings . . i ownership model and benefit- e .
including issues specific to . . institutionally constrained
. . sharing mechanism. .
multi-occupancy settings. even when roof potential
exists.
Group decision-making can  Multifamily taxonomy should
p de & . Y omy Critical for retrofit feasibility
. . affect resident preferences include owner association, rental, R i
Collective decision- . . . - and equity. More research is
. for sustainable energy social housing, condominium
making and . . ) needed on how governance
[58] . measures, while systemic and cooperative governance o .
renovation . . affects ventilation, overheating
policy and process barriers arrangements, as well as
governance . . L and health outcomes, not only
can reduce high-rise stakeholder coordination
. . . energy measures.
renovation quality. requirements.
Relevant to just climate
A systematic review Multifamily classification should )
. i . . . D adaptation and
. . .. . identified social and resident consider distributive, procedural L .
Equity and justicein . . . .. . . decarbonisation. Taxonomies
. . dimensions of equitable and recognition dimensions . o
[65] residential . . . that omit equity risk
. energy renovation, including because benefits and burdens can L .
renovation overestimating technically

justice-oriented decision
criteria.

Dwelling characteristics,
urban heat island exposure
and demographic
vulnerability can interact to

Overheating, urban
[3,51,66] heat and vulnerable

exposure affect indoor heat exposure
and heat-related risk.
Residential occupancy
schedules and activities
Transformed changed durir}g CQWD-19,
[12,13] occupancy and . and resldentlal. .
productivity environmental conditions

were associated with
remote-work satisfaction
and productivity.

). Distributed under a Creative Comm

differ among owners, tenants and

vulnerable occupants. feasible but socially

inaccessible interventions.
Strong relevance to climate
adaptation. Comparative
overheating data by
multifamily subtype, tenancy
and cooling access remain
incomplete.

Multifamily buildings should be
classified by floor level,
orientation, facade exposure,
ventilation access, shading,
cooling access and vulnerable
occupancy patterns.

Multifamily classification should
include workspace adequacy,
acoustic privacy, daylight access,

Relevant to hybrid work and
prolonged exposure. Robust
typology-specific productivity
metrics comparing apartment
subtypes are unavailable.

balcony/common-space access
and controllability of ventilation
and temperature.
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Taxonomi . s
Ref (s) _ax m . 1€ Main results Implications Gaps
dimension

Health-oriented taxonomy is
essential, but quantitative
infection-risk rankings across

Ventilation, air movement, Multifamily classification should

o filtration and air disinfection  incorporate shared-air risks,
Ventilation and

. . were identified as key filtration feasibility, ventilation .
[5,7,8]  infection-control . . . . multifamily subtypes are
. . engineering controls for effectiveness, maintenance .
engineering . e N e . unavailable because pathogen,
airborne transmission risk in reliability and ability to isolate or -
. . . . occupancy and ventilation
indoor environments. control airflow by unit.

conditions vary strongly.

The same motivators create technical opportunities and systemic risks. Single-family dwellings
may provide favourable conditions for decentralised heat pumps, rooftop photovoltaics, battery
storage, envelope upgrades, external shading, garden-based microclimate measures and dwelling-
level ventilation control when ownership, finance and technical advice are aligned [44,52,53].
However, these advantages coexist with larger exposed envelopes, lower settlement density and
dispersed infrastructure, which may increase per-capita thermal-energy, infrastructure and
transport-related burdens in some contexts [41-43]. The single-family motivator is therefore not
simply individual preference; it is a combined question of autonomy, retrofit readiness, energy-
carbon consequences and climate-resilience capacity.

The primary motivators for multifamily buildings are density, land efficiency, affordability,
proximity to employment and services, compactness, shared infrastructure and the ability to
accommodate many households within constrained urban land. These characteristics make
multifamily housing central to compact urban development and energy-carbon strategies that seek
to reduce per-dwelling envelope exposure and infrastructure intensity [41-43]. Multifamily buildings
can also create economies of scale for district heating, centralised ventilation, shared maintenance,
heat recovery and collective retrofit programmes. Yet the same shared structure can reduce
individual control and create operational interdependencies, because ventilation paths may extend
beyond the dwelling unit, maintenance may depend on central systems and retrofits may require
collective approval or coordinated investment [34,56,58,64].

The motivation for multifamily classification is therefore operational and institutional as well as
geometric. These buildings must be distinguished by how occupants share air pathways, thermal
loads, common plant, corridor systems, envelope interventions, maintenance responsibilities and
decision authority. This distinction is particularly important for airborne-infection and contaminant-
control assessment because ventilation, air movement and exposure duration are associated with
airborne transmission mechanisms, and shared leakage or pressure pathways can modify exposure
between units [5,8,34,67].

3.4. Cross-Cutting Taxonomy Dimensions

The synthesis indicates that single-family and multifamily categories should be treated as the
primary organising units, but not as the final taxonomy. A performance-relevant taxonomy requires
cross-cutting dimensions that connect physical form with climate, ventilation, health, energy and
governance. Morphological compactness should be captured through attachment, height, surface-to-
volume relationship and roof-to-floor relationship because these variables influence heat transfer,
solar access and local energy-production potential [42,44]. Urban context should also be represented
because density, infrastructure intensity, mobility dependency and heat-island exposure can offset
or reinforce dwelling-level performance [43,49,66].

Envelope and climate-exposure characteristics must be included because overheating and
cooling demand depend on dwelling geometry, fabric properties, ventilation opportunity, solar
gains, orientation and future weather conditions. Overheating studies show that dwelling
characteristics can strongly shape indoor heat exposure, while climate change increases the relevance
of summer thermal resilience in dwellings historically designed around heating-demand reduction
[3,51,66]. Ventilation-system architecture should also be explicit because natural ventilation, exhaust-
only systems, balanced mechanical ventilation, heat-recovery ventilation, demand-controlled
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ventilation and pressurised corridor systems differ in controllability, filtration feasibility, energy
penalty and contaminant-removal pathways [5,34,36].

Governance and control are equally important taxonomic variables. A technically feasible
intervention in an owner-occupied detached house may be institutionally constrained in a
condominium, cooperative, rental apartment or social-housing block. Studies of energy renovation,
photovoltaic deployment and group decision-making show that shared ownership, split incentives,
maintenance responsibility and procedural barriers can determine whether appropriate measures are
implemented [56,58,64]. Occupancy pattern and functional intensity should also be incorporated
because pandemic-related changes in residential occupancy and remote work altered exposure
duration, internal gains, acoustic demands, workspace requirements, ventilation controllability and
thermal-comfort needs during daytime hours [12,13].

Equity, adaptability and system resilience complete the taxonomy. The capacity to retrofit, cool,
ventilate and maintain a dwelling is unevenly distributed across households and tenures, and justice-
oriented renovation literature indicates that residential decarbonisation should consider distributive,
procedural and recognition dimensions rather than technical potential alone [65]. System resilience
should be treated as an integrating dimension because future residential buildings must maintain
acceptable thermal, air-quality and energy-carbon performance during heatwaves, power
constraints, infectious-disease events and prolonged occupancy. These dimensions move the
taxonomy beyond geometry towards a performance-based and governance-aware classification.

3.5. Relevance of the Taxonomy for Modern Challenges

The relevance of the single-family/multifamily distinction becomes clear when climate change,
airborne infection, energy transition and transformed occupancy are considered together. For climate
adaptation, single-family dwellings may offer direct opportunities for envelope upgrades, external
shading, roof insulation, attic ventilation, passive cooling and rooftop renewable systems, but their
higher envelope exposure and low-density infrastructure can increase heating, cooling and
infrastructure implications in some contexts [41,43,44]. Multifamily buildings may benefit from
compactness and shared walls, but overheating exposure and adaptive capacity can vary by floor
level, orientation, facade exposure, ventilation access, cooling availability and occupant control
[3,51,66].

For IAQ and airborne-infection resilience, single-family buildings may allow clearer room
separation and household-level ventilation decisions, but performance still depends on the actual
ventilation system, filtration potential, window-opening behaviour, maintenance and occupant
understanding. Multifamily buildings may offer centralised engineering opportunities, but shared
corridors, vertical shafts, pressure imbalances, service penetrations and inter-zonal leakage can create
exposure pathways that are not present in fully detached dwellings [5,8,34-37,67]. The reviewed
literature does not provide sufficient residential evidence to rank all single-family and multifamily
subtypes by infection risk under comparable pathogen, occupancy, climate and ventilation
conditions; such comparative data are unavailable.

For energy-carbon performance, the taxonomy clarifies why compactness, system scale and
governance must be evaluated together. Multifamily buildings may have lower per-dwelling
envelope exposure and infrastructure intensity, but renewable integration and deep retrofit may be
constrained by shared ownership, split benefits and collective decision processes [56,58,64]. Single-
family buildings may allow clearer control over roof-based solar systems, envelope upgrades and
building-service replacement, but implementation can be limited by household finances, decision
readiness, contractor availability and non-energy values attached to the dwelling [44,52,53].

For transformed occupancy, the taxonomy shows that residential buildings should be evaluated
as prolonged-exposure and productivity environments rather than only as sleeping and resting
spaces. COVID-19 changed residential occupancy schedules and activities, while residential built-
environment conditions were associated with remote-work satisfaction and productivity [12,13].
Spatial capacity, acoustic privacy, daylight, thermal control and ventilation controllability should

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1457.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 May 2026 d0i:10.20944/preprints202605.1457.

13 of 37

therefore be incorporated into future classifications. However, robust cross-national metrics
comparing productivity outcomes between single-family and multifamily subtypes are not available
in the reviewed literature.

Overall, the taxonomy supports a shift from form-based classification towards performance-
based residential classification. Single-family and multifamily classes should remain the primary
organising categories, but they should be recombined with cross-cutting dimensions of compactness,
climate exposure, ventilation architecture, controllability, governance, equity, renewable-energy
integration and occupancy intensity. Table 3 summarises the current taxonomy and compares key
performance implications across density, airflow, overheating, contaminant risk and governance.
This structure is more suitable for climate-resilient residential design, pandemic-risk mitigation and
health-protective energy efficiency than classification based only on geometry, tenure or construction
period.

Table 3. Matrix comparing single-family and multifamily subtypes across density, aerodynamics, overheating,

infection risk, and governance.

Ventilati Retrofi
s Morphological entilation & Overheating Infection/ etrofit &
Building Class Aerodynamic i1 . . Governance
Subtypes . Vulnerability Contaminant Risk .
Profile Complexity
High potential for = High in detached Low governance

Detached, Semi- Low inter-household
Single-Family Detached,

Terraced, ADUs

natural cross- (solar gains) and friction; high per-unit

risk; localized entirely
cost for envelope

ventilation; entirely  terraced (limited .
to internal occupants.

occupant-controlled. cross-ventilation). upgrades.
High
Mixed: Natural, High risk due to Moderate; risks '8 g.ov.ernance
friction

Multifamily ~Low-rise, Mid-rise exhaust-only, or ~ urbanheatisland  transfer via shared
(Low/Mid)  apartment blocks  decentralized and dense, trapped corridors and poorly
MVHR. internal gains. sealed party walls.

(strata/associations);
economies of scale for
systems.
Dominated by stack  Severe risk from

effect; relies heavily high solar exposure High risk of vertical Extreme complexity;

Multifamily Towers, High- requires specialized

. . . on mechanical (glazing) and  inter-zonal transfer via . .
High-Rise density blocks engineering for
(Hig ) v pressurization/exha trapped internal  shafts and stairwells. & &
ust heat pressure management.

High risk due to Dependent on public

Frequently poorly - Critical risk due to overcrowding, poor funding; high risk of

Social / Varies (often  maintained natural lack of active ventilation. and solit incentives
Affordable Mid/High-Rise) or outdated cooling and poor . ’ P
. . baseline health between landlord and
mechanical exhaust. envelope quality. [
vulnerabilities. tenant.

4. A Critical Review of Ventilation Systems in Residential Buildings

Residential ventilation is reviewed here as a coupled health, energy and resilience system rather
than as a simple air-supply function. Its delivered performance depends on system type, envelope
airtightness, pressure distribution, outdoor air quality, climate, occupant behaviour, acoustic
acceptability and maintenance quality [31,33,68]. The distinction between single-family and
multifamily buildings is critical because single-family systems are usually governed at household
level, whereas multifamily systems are affected by shared shafts, corridors, risers, pressure networks
and inter-zonal airflow pathways [34,36]. Ventilation therefore operates at the intersection of the
three objectives of this review: climate-resilient residential design, infection-risk mitigation through
clean-air delivery, and protection of occupant health and IEQ without avoidable energy penalties.

The functional scope of residential ventilation has expanded. Traditional objectives such as
dilution of indoor pollutants, moisture removal, odour control and mould prevention remain
essential, but future systems must also support overheating resilience, pollutant filtration, pandemic
preparedness, daytime home-working conditions and low-carbon [8,31,32]. These requirements
create a multi-objective optimisation problem rather than a single airflow-rate problem. Higher
outdoor-air provision may reduce indoor-generated contaminants, but it can also increase heating,
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cooling, dehumidification, fan-energy and noise burdens when heat recovery, demand control,
filtration and acoustic design are not integrated [31,32].

Table 4 summarises the evidence by ventilation strategy and topic. It should be read as a
comparative synthesis rather than as a ranking, because the reviewed studies differ in climate,
building type, ventilation metric, monitoring duration, pollutant endpoint and modelling
assumptions. Where the reviewed literature did not provide comparable typology-specific data or
universal thresholds, the limitation is stated explicitly in the discussion and research-gap column.

4.1. Functional Objectives and Performance Metrics

Ventilation controls exposure by combining outdoor-air supply, extraction of indoor pollutants
and air distribution within occupied zones. In dwellings, the main exposure-control objectives
include CO2 dilution as an occupancy proxy, removal of moisture from kitchens and bathrooms,
reduction of odours and volatile organic compounds, control of particulate and combustion-related
pollutants, and prevention of humidity conditions that support mould growth [33,69,70]. These
objectives are not equivalent. A system that controls moisture may not adequately control particles
or volatile organic compounds, and a system that maintains low COz may still fail to remove pollutant
sources that are not occupancy dependent ([71,72].

The literature does not support one universal metric for residential ventilation. Outdoor airflow
rate, air-change rate, CO: concentration, humidity, contaminant removal effectiveness, local air-
distribution effectiveness, filtration efficiency, fan power, acoustic level, heat-recovery performance
and operational reliability are complementary rather than interchangeable indicators [31,33,72,73].
This is important for the taxonomy developed in Section 3 because single-family dwellings can often
be assessed at the whole-house and room scale, whereas multifamily buildings also require corridor,
shaft and inter-unit pressure indicators [34,36].

Table 4. Evidence synthesis for ventilation systems in residential buildings.

Ventilation

. ef(s Main results Implications Gaps
strategy/topic © P P
Both categories require A universal residential
Ventilation is linked to pollutant  pollutant- and moisture-based ventilation rate or metric that
dilution, moisture control, odour performance assessment. Single-simultaneously predicts IAQ,
Functional removal, comfort and health. ~ family assessment can focus on health, infection risk, energy
objectives Ventilation rate, air change, CO2,  whole-dwelling control and  and comfort is not available
. [31,33,69,70] - . . . . .
and metrics humidity, pollutant concentration household maintenance; in the reviewed literature.

and health outcomes are related ~ multifamily assessment must ~ Future taxonomies should
but not interchangeable metrics.  also include shared spaces and use multiple indicators rather

inter-zonal pathways. than a single airflow metric.
Provide low-energy outdoor air
and ventilative cooling, but Single-family dwellings usually
performance depends on wind, offer more direct window Evidence is context specific.

temperature difference, facade control and crossflow potential. =~ More data are needed on
v geometry, occupant behaviour and Multifamily dwellings may be = natural ventilation under

Natural  [3,74,75,77, . . . . .
atural [ external constraints. In air- constrained by single-sided  heatwaves, polluted outdoor

ventilation 8l conditioned residential bedrooms, layouts, height, wind exposure,  air, night-time security
additional ventilation may be  stack effects, security, noise and  constraints and hybrid-
required, and short-term natural  limited occupant control over working occupancy.
ventilation can be inefficient and shared airflow paths.
difficult to control.
In single-family dwellings, The evidence indicates that
Exhaust systems can remove exhaust systems affect nominal extract flow alone is
moisture and odours from kitchens infiltration, radon entry, insufficient; pressure
Mechanical and bathrooms but rely on make- combustion safety and envelope differentials, leakage paths
exhaust  [33,34,79,92] up air. Thjs.may create m.ois.ture risk. In multifar.nily and make-up air qual%ty
systems uncontrolled airflow through  buildings, they may contribute  should be measured. Field
leaks, corridors, shafts or adjacent to inter-suite transfer and evidence for long-term
units when pressure balanceis  corridor-to-suite airflow if not exhaust-only performance in
poor. balanced with supply and occupied multifamily
compartmentalisation. buildings remains limited.
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Ventilation
. Ref(s) Main results Implications Gaps
strategy/topic
Supply-only approaches ma
PPy-OR'Y 2pp M3 Further studies are required
. support filtration and positive .
Supply systems and corridor . . to define robust pressure-
. . pressure in single-family .
. pressurisation can deliver make-up . . management strategies

Mechanical . . . dwellings but can increase . o,

air and influence contaminant . . . across climates, building
supply and moisture exfiltration risk in cold

[36,37,55,92] movement, but performance

ressurisatio
P depends on leakage distribution,

climates. In multifamily heights and airtightness

g . levels. Data are unavailable
n . buildings, pressurisation affects . .
stack effect, fan operation and i . for a universal pressurisation
. . suite-corridor pressure .
door/window operation. . . . target applicable to all
relationships and contaminant o g
multifamily buildings.
transport.
Balanced systems can provide
intentional outdoor-air supply and In single-family buildings, unit- Performance can degrade
exhaust, filtration, pressure level systems can be integrated through poor
Bal d balance and heat or energy with airtight envelopes, heat commissioning, filter neglect,
alance
o recovery. Field studies in recent pumps and filtration. In frost protection issues, noise
ventilation . e g . .
) homes reported improved multifamily buildings, and user misunderstanding.
with heator  [80-83] . f . L
pollutant removal when whole- centralised, semi-centralised and ~ More comparative field
energy : - . :
house mechanical ventilation =~ apartment-level systems differ studies are needed for
recovery . . . . .
operated, while Passive House in shaft requirements, decentralised versus
evidence emphasises the commissioning, maintenance centralised multifamily heat-
importance of installed-system access and occupant control. recovery systems.
quality and maintenance.
i . The reviewed evidence
DCV can reduce unnecessary  Single-family DCV can be tuned .
g : supports potential energy
ventilation energy by responding  to one household and may .
. . . benefits but does not
Demand- to occupancy, CO2, humidity or integrate with heat recovery or . .
. . T establish universal
controlled other signals, but sensor choice heat-pump systems. Multifamily . .
[68,84-86] . . residential control rules.
and smart and control logic determine DCV must address shared . . .
oo . . N Infection-risk periods and
ventilation whether IAQ is protected. CO2  services, apartment diversity,
. . remote-work occupancy can
control is not a complete proxy for sensor maintenance and . . .
. . . . invalidate assumptions based
all residential pollutants. privacy/governance issues. .
on conventional schedules.
Single-family buildings may use Hybrid ventilation needs
Hybrid strategies can switch & Y gs may y .
. . secure night ventilation, pollution-aware,
Hybrid and between natural and mechanical .
; automated openings and temperature-aware and
mixed-mode modes to balance IAQ, energy and . .
o oo mechanical boost. Multifamily =~ occupant-aware controls.
ventilation thermal comfort. Ventilative o . . . SR
. [4,76,87,94] . . buildings require careful design Evidence is still limited on
with cooling can reduce cooling . . .
o . . because fagade access, safety,  reliable operation during
ventilative demand, but outdoor air pollution . . . e
. - . ., single-sided layouts, corridor heatwaves, wildfire smoke,
cooling and heatwave conditions can limit

benefits pathways and wind/stack high humidity and dense
pressures can alter performance.  urban noise conditions.
Noise, electricity use, device
Portable and in-duct filtration can ~ Single-family dwellings can .. ty use, .
. . sizing, placement, filter
reduce particle exposure and deploy room-level portable air
. . . . replacement and occupant
e contribute to equivalent clean-air  cleaners or upgraded in-duct .
Filtration and . . .. . . S o acceptance remain
. delivery. Filtration is especially filters. Multifamily buildings . . .
portable air . .. implementation barriers.
[7,87-89]  relevant for aerosols, PM2.5 and may require filtration in .
. . Health-energy comparisons
outdoor pollution, but it does not apartments and shared spaces, s .
. . . ..., across filtration levels in real
replace outdoor air for CO2, odour with maintenance responsibility

and moisture control. clearly allocated. dwellings remain
underdeveloped.

Future studies should
examine combined retrofit

cleaning

The single-family category

. . L. ackages, includin
Single-family studies indicate that ~ supports household-level P 8 &
. o . . . airtightness, heat pumps,
. . mechanical ventilation, DCV, heat decisions on window operation, .
Single-family . heat recovery ventilation,
o recovery and airtight-envelope exhaust upgrades, balanced e
ventilation  [80,83-85] . . o - filtration, solar control and
. . strategies can improve control of ventilation, filters, sensors and
integration . remote-work occupancy.
IAQ and energy when systems are heat recovery, but it also places .
. . . Data remain scarce for long-
designed and operated correctly.  operation and maintenance )
bili ¢ term maintenance and user
responsibility on occupants.
P vy P behaviour in ordinary
homes.
Multifamily Multifamily performance is shaped Multifamily buildings require Long-term field evidence is
ventilation, by stack effect, wind, shafts, taxonomy dimensions beyond still insufficient across
shafts and  [34-37,55] corridors, leakage paths, pressure  dwelling count, including climates, system types and
inter-zonal differentials and height, shaft configuration,  height classes. Standardised
airflow compartmentalisation. Inter-zonal corridor type, leakage methods for inter-zonal
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Ventilation . -
. Ref(s) Main results Implications Gaps
strategy/topic
airflow can affect IAQ, odour  distribution, shared ventilation airflow, pressure mapping
transfer, energy use and system and maintenance and contaminant transport
contaminant transport. governance. are needed.
The reviewed literature does
not provide a universal
Evidence supports an association Single-family risk is often provi oo
o . . o residential ventilation
between ventilation, airflow and dominated by within-household . .
. . . . . . threshold for infection
- airborne infection transmission, exposure and isolation . . .
Ventilation [5- .o 1 e prevention. Residential-
. and pandemic literature feasibility. Multifamily risk e s
and airborne 8,67,71,91,93 Rk . X specific studies linking
. L emphasises layered controls: additionally includes shared
infection risk ] o . . ; . system type, occupant
ventilation, filtration, source spaces, corridors, lifts, laundry R
i . . . behaviour, pathogen
control, avoiding recirculation and rooms and air transfer between ..
. . . emission and measured
reducing crowding. dwellings or common areas. . .
infection outcomes are
needed.
Tracer-gas methods, CO2 Single-family studies can often Integrated monitoring-
monitoring, pressure characterise whole-dwelling air modelling datasets remain
Measurement measurements, multizone change, while multifamily limited. Comparable
, simulation [36,71-73] modelling, energy simulation, CFD studies must include inter-zonal  protocols are needed for
and risk ’ and infection-risk models provide exchange and pressure ventilation, pollutants,
assessment complementary evidence. Each networks. Both categories energy, thermal comfort,
method has assumptions and  require seasonal monitoring and filtration, acoustics and
uncertainty. occupant-behaviour data. occupant use.
Design intent can be undermined . . Future taxonomy should
. . Single-family systems depend |
by poor commissioning, noise, . include governance and
. . ) on household maintenance and LD
Performance user misunderstanding, filter . e . maintainability. More
L user understanding. Multifamily . .
gaps, neglect, sensor limitations, g evidence is required on long-
. . systems depend on building .
maintenance [32,55,90,92] pressure imbalance and K term reliability,
. . managers, landlords, housing S I
and maintenance failures. " commissioning quality, filter
. associations, contractors and .
governance Underperformance may remain replacement behaviour,

occupants, creating shared

occupant interfaces and post-
accountability challenges. P P

occupancy verification.

hidden because residential systems
are rarely monitored continuously.

Routine IAQ control should be distinguished from airborne-infection risk reduction. Routine
IAQ is primarily linked to chronic exposure to indoor sources and moisture, whereas infection risk
is governed by source strength, exposure duration, breathing activity, occupancy density, air
distribution, removal mechanisms, filtration and occupant susceptibility [5,8,71]. The reviewed
residential literature does not provide a universal ventilation threshold that simultaneously protects
against all pollutants, thermal conditions and respiratory pathogens across building types.

4.1.1. Natural Ventilation

Natural ventilation is provided through single-sided openings, cross-ventilation, stack-driven
flow or combinations of wind- and buoyancy-driven pressure differences [74]. It remains attractive
in residential buildings because it can provide outdoor air with negligible fan energy, can support
purge ventilation, and can contribute to ventilative cooling when outdoor temperature, humidity,
pollution and noise conditions are favourable [74-76]. In heating-dominated climates that are
beginning to experience more summer overheating, this potential is relevant because night
ventilation and purge strategies can reduce heat accumulation when safe and effective openings are
available [3,76].

The same dependence on weather and occupant action is also the main limitation. Natural
airflow can be insufficient during calm periods, excessive during high winds, limited during cold
seasons, and curtailed by outdoor pollution, traffic noise, rain, insects, privacy, safety and security
concerns [77,78]. These constraints explain why natural ventilation cannot be assumed to provide
reliable TAQ or infection-risk mitigation without monitoring, appropriate opening geometry and
occupant-operable conditions. In single-family dwellings, household control over windows and
facades may support crossflow and purge ventilation, but energy and comfort penalties can occur in
cold or hot-humid conditions [60]. In multifamily dwellings, single-sided apartments, height-
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dependent wind exposure, stack effects, facade restrictions and corridor interactions can make
natural ventilation less predictable [34,36].

4.1.2. Mechanical Exhaust and Supply Systems

Mechanical exhaust systems are widely used because kitchens, bathrooms and utility spaces
generate moisture and odours that are best removed near the source [33]. Exhaust-only operation is,
however, dependent on make-up air through intentional inlets or leakage paths. Where make-up air
is not controlled, depressurisation can draw air through cracks, garages, shafts, corridors or adjacent
apartments, which may alter pollutant entry, odour transfer and energy performance [34,79]. The
nominal extract rate is therefore insufficient as a performance descriptor; pressure balance, leakage
distribution and make-up air quality must also be considered.

Supply-only systems can deliver filtered outdoor air and support positive pressurisation, but
they may increase moisture exfiltration risk in cold climates if humid indoor air is driven into cold
envelope assemblies [33]. In single-family dwellings, pressure imbalance mainly affects infiltration,
radon or soil-gas entry, combustion safety and envelope moisture risk. In multifamily buildings, the
same imbalance can also influence corridor-to-suite airflow, inter-suite contaminant transfer and
shared-service performance because units are connected by shafts, risers, stairwells and common
spaces [36,37,55]. Mechanical exhaust and supply strategies should therefore be evaluated as
pressure-management systems rather than as isolated fan devices.

4.1.3. Balanced Ventilation with Heat or Energy Recovery

Balanced mechanical ventilation with heat recovery or energy recovery is the most direct
strategy for reconciling controlled outdoor-air supply with energy efficiency in airtight or low-energy
dwellings. Supply and exhaust flows can be intentionally delivered, filtered, balanced and coupled
through sensible or enthalpy exchange, which reduces the heating or cooling penalty of ventilation
relative to uncontrolled infiltration or exhaust-only systems [80-82]. Evidence from low-energy and
Passive House dwellings indicates that balanced heat-recovery systems can support improved IAQ
when installed, commissioned and maintained correctly, but performance is heterogeneous across
dwellings and monitoring conditions [83].

Balanced systems should not be treated as automatically high performing. Correct sizing, duct
routing, airflow balancing, frost protection, summer bypass, acoustic control, filter replacement,
access for maintenance and occupant understanding are all required to maintain design intent [80,83].
The implementation pathway differs by residential category. Single-family systems can often be
designed around one household and one envelope, although duct space, retrofit disruption and
household maintenance remain constraints. Multifamily buildings may use centralised, semi-
centralised or apartment-level heat-recovery systems; these alternatives differ in shaft requirements,
commissioning responsibility, metering, filter access, pressure balance and resident controllability
[34,83].

4.1.4. Demand-Controlled and Smart Ventilation

Demand-controlled ventilation (DCV) and smart ventilation modulate airflow in response to
signals such as COz humidity, occupancy, pollutant concentration, outdoor conditions, time
schedules or energy-system constraints [32,84]. Their conceptual advantage is that airflow can be
increased when exposure or moisture generation is high and reduced when demand is low, thereby
reducing unnecessary fan and conditioning energy relative to constant-flow operation [32,85].

The effectiveness of smart control depends on whether the control variable matches the relevant
exposure. CO2, humidity or occupancy can be useful proxies for some residential loads, but they do
not fully represent formaldehyde, particles, nitrogen dioxide, bioaerosols, cooking emissions or
moisture stored and released by materials [72,86]. The post-pandemic shift towards remote and
hybrid work further complicates control logic because daytime occupancy, internal gains and
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exposure duration can be substantially higher than conventional residential schedules assumed [32].
For infection-sensitive periods, occupancy-based reduction may also be inappropriate if source
strength, susceptibility or shared-space exposure requires conservative clean-air delivery [8].
Universal residential control rules are therefore unavailable in the reviewed evidence.

4.1.5. Hybrid and Mixed-Mode Ventilation with Ventilative Cooling

Hybrid and mixed-mode ventilation combine natural and mechanical airflow according to
weather, indoor conditions, occupancy and control objectives [87]. In residential buildings, hybrid
operation may include manual or automated window opening, stack-assisted exhaust, mechanical
boost, secure night ventilation, seasonal switching between natural and mechanical modes, or
pollution-aware lockout during adverse outdoor conditions [76].

The main strength of hybrid operation is adaptive flexibility. During favourable outdoor
conditions, ventilative cooling can reduce overheating and cooling demand; during unfavourable
conditions, mechanical supply, filtration or heat recovery can provide greater control [4,87]. The same
strategy can become counterproductive when outdoor air is hot, humid, polluted, smoky or noisy, or
when occupants cannot leave openings ajar securely at night. Consequently, hybrid ventilation is
most defensible as a site- and climate-specific strategy coupled with solar control, secure openings,
acoustic design and control logic that recognises heatwaves and poor outdoor air quality [3,87].

4.1.6. Filtration, Portable Air Cleaning and Supplementary Air-Cleaning Technologies

Filtration and portable air cleaning contribute to clean-air delivery by removing particles from
supplied, recirculated or room air. In-duct filters can treat outdoor or recirculated air within
mechanical systems, whereas portable high-efficiency particulate air devices can provide room-level
equivalent clean air when they are correctly sized, placed, operated and maintained [88,89]. This layer
is particularly relevant for aerosols, PM2.5, outdoor pollution episodes and periods when window
opening is constrained by heat, smoke, noise or security [7,88].

Air cleaning should be interpreted as a supplement rather than as a replacement for ventilation.
Portable filtration can reduce particle exposure and may contribute to infection-risk mitigation, but
it does not remove COz, excess moisture, odours or all gaseous pollutants at the level provided by
appropriate outdoor-air ventilation [8,88]. It also introduces practical constraints related to device
sizing, spatial distribution of clean air, noise, electricity use, filter replacement, user acceptance and
maintenance accountability [88,89]. In multifamily buildings, filtration may be needed not only in
apartments but also in shared corridors, lobbies, laundry rooms and care-adjacent spaces where
occupants from several households can share exposure pathways [7].

4.2. Ventilation in Single-Family Dwellings

Single-family dwellings usually have decentralised decision authority, direct fagade and roof
access, and household-level control over window opening, fans, heating systems and retrofit
interventions. These features can support targeted upgrades such as improved wet-room extraction,
balanced ventilation with heat recovery, smart sensors, room-level filtration, humidity control and
integration with heat-pump or low-carbon retrofit packages [80,84,85]. This direct control is a
practical advantage for implementation, but it also transfers operation and maintenance
responsibility to occupants [90].

The main risk in single-family dwellings is underperformance after airtightness or energy
retrofits. Reduced uncontrolled leakage can improve energy performance, yet under-ventilation may
occur if mechanical systems are absent, undersized, poorly commissioned or intentionally disabled
because of noise, perceived energy use or misunderstanding [31,83]. Highly insulated and airtight
dwellings can also overheat when summer bypass, shading, purge ventilation, heat rejection or active
cooling pathways are not adequate [3,4]. Single-family ventilation should therefore be assessed as an
integrated household system that includes airtightness, moisture sources, combustion or soil-gas
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risks, window behaviour, filtration needs, maintenance capacity, remote-work occupancy and the
feasibility of heat recovery or smart control.

4.3. Ventilation in Multifamily Dwellings

Multifamily ventilation is shaped by both suite-level systems and building-level pressure
networks. Apartments can be connected to adjacent dwellings and common spaces through
corridors, stairwells, lobbies, shafts, service penetrations, refuse rooms, parking areas and leakage
paths [34,36]. Stack effect, wind pressure, exhaust operation, window opening and corridor
pressurisation can alter pressure relationships between suites, corridors and outdoors, so nominal
system type does not fully determine delivered IAQ or contaminant transport [37,55].

The multifamily challenge is partly technical and partly institutional. Centralised systems can
support professional maintenance, filtration upgrades and systematic commissioning, but they can
reduce individual occupant control and create shared failure modes. Decentralised apartment-level
systems can increase dwelling-level control and limit some shared pathways, but they place filter
replacement and operation partly with occupants and may complicate facade, shaft and maintenance
access [34,83]. Consequently, multifamily taxonomy should include height, access type, shaft
configuration, corridor type, leakage distribution, ventilation strategy, compartmentalisation,
ownership model and maintenance governance when ventilation performance is assessed [35,36].

4.4. Ventilation and Airborne Infection Risk

Airborne infection risk arises from the emission, transport, dilution, deposition, removal and
inhalation of infectious aerosols. Reviews of infectious-agent transmission in indoor environments
show that ventilation and airflow patterns influence exposure, but infection risk is also shaped by
source strength, exposure duration, respiratory activity, susceptibility, occupancy density and
proximity [5,71]. Pandemic-era literature reinforced the need for layered controls that combine
effective ventilation, filtration, source control, reduced crowding, avoidance of poorly controlled
recirculation and, where appropriate, air disinfection [7,8,67,91].

The residential interpretation must distinguish within-household exposure from shared-space
exposure. In single-family dwellings, infection risk is often dominated by room sharing, isolation
feasibility, contact duration and household behaviour. In multifamily buildings, additional pathways
can occur in corridors, lifts, stairwells, laundry rooms, gyms, mail rooms and other common or semi-
common spaces, as well as through pressure-driven transfer between dwellings and service voids
[34,36]. The reviewed evidence does not provide a universal residential ventilation threshold for
infection prevention across pathogens, climates, dwellings and occupancy patterns. This evidence
gap supports a practical layered approach rather than reliance on one nominal airflow value [8,91].

4.5. Ventilation, Energy, Thermal Comfort and Acoustic Trade-Offs

Ventilation decisions directly affect energy and thermal performance. Increasing outdoor air can
reduce indoor-generated contaminants, but it may increase heating demand, cooling demand,
dehumidification load, fan electricity and acoustic exposure when systems lack heat recovery,
efficient fans, appropriate control and noise attenuation [31,32]. The energy-health trade-off is climate
dependent. In cold climates, heat recovery can reduce the penalty of ventilation; in warm, humid or
polluted contexts, outdoor air may require cooling, dehumidification or filtration [76,81].

Thermal and acoustic boundary conditions are particularly important under climate change and
hybrid occupancy. During summer heat events, window-based ventilation can reduce overheating
when outdoor temperatures fall at night, but it can increase heat exposure when outdoor air remains
warm or humid [4,87]. Outdoor noise and fan noise can discourage window opening or mechanical-
system operation, thereby undermining IAQ and cooling objectives [90]. This interaction is especially
relevant in dense urban multifamily buildings, where single-sided layouts, traffic noise, security
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concerns and pressure networks can limit natural ventilation while prolonged daytime occupancy
increases exposure duration.

4.6. Performance and Research Gaps

The central limitation across the evidence base is the gap between design intent and delivered
ventilation performance. Residential systems can underperform because of poor commissioning,
inadequate airflow balancing, blocked or dirty filters, sensor limitations, user misunderstanding,
excessive noise, occupant disabling, pressure imbalance, unsuitable schedules or neglected
maintenance [32,90,92]. Such gaps are difficult to detect because residential ventilation is rarely
monitored continuously after handover, and post-occupancy verification remains uncommon in
ordinary dwellings [83].

The research gaps differ by residential category. In single-family dwellings, stronger evidence is
needed on long-term maintenance behaviour, combined retrofit packages, sensor-informed control,
remote-work occupancy and the interaction between airtightness, heat recovery, filtration, heat
pumps, shading and summer bypass. In multifamily buildings, the largest gaps concern long-term
field evidence on inter-suite airflow, corridor pressurisation, shaft leakage, compartmentalisation,
shared-space exposure and governance of maintenance across climates, building heights and tenure
structures [34,36,55].

A broader methodological gap remains in integrated health-energy-climate assessment. Energy
studies often simplify pollutant exposure and occupant behaviour, while infection-risk studies often
simplify building typology, pressure networks and thermal-energy consequences [91,93]. Future
studies should therefore combine seasonal monitoring, airflow and pressure diagnostics, pollutant
measurements, energy data, acoustic assessment, occupant interaction and modelling under future
climate and hybrid-occupancy conditions. The evidence currently supports a hierarchy of context-
specific ventilation packages rather than a universal best system. Residential ventilation should
therefore be classified by clean-air delivery, controllability, pressure logic, filtration, heat recovery,
acoustic acceptability, maintainability and governance, not by system label alone.

5. Challenges and Prospects for Future Residential Buildings

Future residential buildings must operate as climate-adaptive, health-protective and work-
supportive environments, not only as shelters or low-energy envelopes. This shift is supported by
overheating studies showing that residential heat risk is increasingly relevant in temperate and
heating-dominated housing stocks [3,28], by airborne-infection literature showing that ventilation,
air movement and exposure duration shape indoor transmission risk [5,8], and by post-pandemic
studies showing that home working has changed residential occupancy schedules, domestic energy
use and daytime indoor-environmental requirements [9,10,12]. The central challenge is therefore
integrated performance: dwellings must maintain thermal safety, clean air, usable space, low
operational energy and acceptable carbon outcomes under coupled climate, health and occupancy
pressures.

This section consolidates the original challenge themes into three implementation-oriented
domains (collapsed themes). First, climate change, heatwaves, indoor overheating, the shift from
winter-centric design to annual heating-cooling balance, decarbonisation, electrification and grid
interaction are treated as a climate-energy-carbon resilience problem. Second, pandemic
preparedness, airborne infection resilience, residents” health and wellbeing, vulnerability and clean-
air interventions are treated as a health-resilience problem. Third, remote and hybrid work, indoor
environmental quality (IEQ), productivity, spatial adequacy and daytime energy use are treated as a
residential performance problem. This grouping avoids repetition and reflects the evidence that the
same intervention can affect multiple outcomes; for example, airtightness can reduce heating demand
while increasing pollutant accumulation if ventilation is inadequate [31,95], whereas active cooling
can reduce heat exposure but increase electricity demand if it is not coordinated with passive cooling
and demand flexibility [96-98].
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5.1. Climate Change, Heatwaves and Annual Energy-Carbon Resilience

Climate change has moved residential overheating from a secondary comfort issue to a core
resilience and health concern. Indoor overheating is produced by interacting drivers rather than by
outdoor temperature alone; solar gains, internal gains, envelope properties, ventilation availability,
night-time cooling potential, thermal mass, orientation, urban heat-island exposure and occupant
behaviour all affect indoor heat exposure [4,27,29]. Dwellings are long-exposure environments and
may serve as refuge spaces during heat events, especially for older adults, children, medically
vulnerable occupants and remote workers [3,99]. The evidence is especially relevant to temperate and
heating-dominated regions, where design traditions have historically prioritised insulation,
airtightness and winter heat conservation rather than summer heat rejection [66,100]. In Sweden for
example, complaints of thermal discomfort have increased alongside morbidity and mortality rates
in relation to hot weather and overheated indoor environments [101,102].

The reviewed literature supports a shift from winter-centric efficiency to annual adaptive
performance. Insulation, airtightness and heat recovery remain essential for heating-demand
reduction and decarbonisation, but these measures can become maladaptive when they are not
combined with external shading, solar control, secure purge ventilation, summer bypass operation
and efficient cooling pathways [4,100,103]. Low-energy and Passivhaus-type dwellings have
therefore been shown to require explicit overheating assessment rather than an assumption of
automatic future resilience [100]. This evidence supports design evaluation that includes heating
demand, cooling demand, humidity control, ventilation operation, peak electricity demand,
operational carbon and heatwave resilience in the same assessment frame.

Passive cooling should remain the first-line design response because it reduces heat exposure
before electricity-intensive cooling is required. Modelling and monitoring studies identify external
shading, solar-control glazing, reflective or cool surfaces, roof and facade measures, vegetation,
thermal mass, night ventilation and cross-ventilation as relevant adaptation measures [29,104].
However, their effectiveness depends on climate, dwelling form, operating assumptions, external
noise, security, outdoor pollution and night-time temperatures [3,28,95]. Passive strategies should
therefore be specified as integrated packages, not isolated measures, and should be tested under
future-weather and heatwave conditions before they are treated as sufficient.

Active cooling is likely to become a growing element of residential resilience where vulnerable
occupants, prolonged daytime occupancy and warmer future climates coincide. Reversible heat
pumps provide a technically mature route for efficient electrified heating and cooling [105], but
electrification changes the design problem from fuel switching to coordinated management of
heating, cooling, ventilation fan energy, domestic appliances, storage, on-site generation and peak
electricity demand [97,98,106]. The reviewed literature does not provide a universal quantitative
ranking of passive and active cooling options across all residential categories; such data are
unavailable because studies vary in climate files, building archetypes, occupancy schedules, comfort
criteria, system assumptions and retrofit feasibility [4,28,29].

The implications differ by residential category. Single-family dwellings often have greater
envelope and roof exposure, which can increase heat-transfer and solar-gain risks but can also
improve feasibility for roof-based photovoltaics, individual heat pumps, external shading and
household-level demand response [44,53,105]. Multifamily buildings may benefit from compactness,
shared plant and economies of scale, but facade shading, roof allocation, photovoltaic integration,
metering, storage, cooling access, cost sharing and control rights are mediated by collective
governance and maintenance arrangements [56,58,64]. Climate-energy resilience should therefore be
assessed through both physical exposure and implementation feasibility.

Performance gaps and equity risks are inseparable from climate resilience. Measured and
predicted energy outcomes can diverge because asset characteristics, household behaviour and
system operation interact in use [107,108]. Rebound and prebound effects further complicate retrofit
evaluation because efficiency gains may be converted into higher comfort, because some households
under-heat before retrofit, and because systems may not be operated as intended [109]. Energy
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poverty has been associated with health and wellbeing vulnerability [110-112], and summer cooling
has been identified as an overlooked dimension of European energy poverty [96]. Future assessment
should therefore combine overheating exposure, night-time recovery, passive survivability, cooling
access, peak electricity demand, operational carbon, retrofit feasibility and occupant vulnerability.
Universal thresholds for all dwelling types are not available in the reviewed literature and require
climate- and typology-specific validation [28,113].

5.2. Pandemic Preparedness, Airborne Infection Resilience, Health and Wellbeing

Pandemic preparedness has reframed residential ventilation as a health-resilience system rather
than a minimum-compliance service [114]. Current building ventilation systems are not designed to
protect people against airborne infections; airflows in buildings/rooms easily become pathways for
infection transmission, worse off in poorly ventilated spaces [115]. A systematic review of the built-
environment literature found strong and sufficient evidence linking ventilation and air movement
with transmission and spread of infectious agents, while also noting insufficient evidence to define
universal minimum ventilation requirements for all building types and infection scenarios [5].
COVID-19 literature subsequently emphasised airborne exposure, dilution, filtration, air distribution
and exposure duration as important elements of indoor risk management [8,116].

Residential infection resilience must be assessed at both household and building scales. At
household scale, exposure depends on source strength, room volume, occupancy density, exposure
duration, local exhaust, window opening, portable filtration and the feasibility of temporary
separation during illness [8,91]. At building scale, particularly in multifamily dwellings, exposure
can also be influenced by corridors, lifts, shared rooms, laundry spaces, service shafts, pressure
imbalances and inter-zonal airflow pathways [34,37]. The reviewed literature does not provide robust
residential-specific infection-risk metrics comparing single-family and multifamily buildings under
identical conditions; this data is unavailable, but quite often infection-risk studies simplify dwelling
typology and occupant behaviour [5,91].

A layered approach provides the most defensible practical interpretation of the evidence.
Outdoor-air ventilation remains necessary for dilution and for control of moisture, odours and many
indoor-generated pollutants [31]. Filtration and portable air cleaning can supplement ventilation for
aerosols and particles where outdoor-air delivery is limited or outdoor pollution is episodically high
[8,88], but air cleaning cannot replace outdoor air for carbon dioxide, excess moisture and many
gaseous indoor pollutants [31,88]. Demand-controlled and smart ventilation may reduce energy
penalties during routine operation, but controls based only on occupancy or carbon dioxide can be
insufficient during infectious episodes because source strength, susceptibility and exposure duration
can vary strongly [32,91].

The practical implications differ by residential category. In single-family dwellings, feasible
interventions may include local exhaust, window airing, portable filtration, mechanical ventilation
with heat recovery where climate and airtightness justify it, humidity control, occupant feedback and
temporary room isolation pollutants [31,88]. In multifamily buildings, infection resilience requires
apartment-level airflow verification, pressure management, compartmentalisation, shared-space
ventilation, central-system commissioning, accessible maintenance and clear accountability for filter
replacement and system operation [34,37,56]. These measures should be considered together because
a well-designed system can still underperform when it is poorly commissioned, poorly maintained
or poorly understood by occupants.

Residents” health and wellbeing extend beyond infection avoidance. Indoor temperature, air
quality, humidity, noise, light, odour, dampness, crowding, privacy and spatial adequacy interact
across long residential exposure periods (Sundell et al.,, 2011; Tham et al., 2020; Vardoulakis et al.,
2015). A global systematic review linked indoor temperature and health outcomes, while indoor-air
research has identified pollutants, moisture and dampness as important components of indoor health
protection [70,99]. Vulnerability and equity should therefore be part of health-resilience assessment
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because energy poverty, poor housing quality and overcrowding can limit the capacity to ventilate,
heat, cool or filter indoor air adequately [96,110-112].

The prospect is a health-first residential performance approach in which adequate ventilation,
humidity control, contaminant removal, filtration readiness, thermal safety and maintenance
accountability are treated as baseline building-service functions. This approach is consistent with the
review objective of maximising health and IEQ without compromising energy efficiency because it
links clean-air delivery to heat recovery, demand control, filtration, commissioning and occupant
feedback [8,31,32]. For multifamily buildings, this approach also requires governance mechanisms
that make shared-space IAQ protocols, pressure management and system maintenance visible,
funded and accountable [34,37,56].

5.3. Remote and Hybrid Work, Indoor Environmental Quality and Residential Productivity

Remote and hybrid work have transformed dwellings into prolonged daytime exposure and
productivity environments. Residential energy studies found that COVID-19 restrictions altered
domestic energy-use profiles, including increased daytime electricity use and changed non-HVAC
loads [9]. Review evidence on COVID-19-related electricity demand also showed that demand shifted
towards the residential sector during lockdown periods, although magnitude and timing varied by
jurisdiction, season and household [117]. Teleworking cannot be assessed solely through avoided
commuting because domestic energy and carbon effects depend on heated area, heating duration,
fabric performance and heating-system efficiency [10].

The IEQ consequences of home working extend beyond energy demand. Survey-based studies
indicate that spatial layout, workspace availability, acoustic privacy, daylight, glare control, thermal
comfort and ergonomics are associated with work-from-home satisfaction, wellbeing and perceived
productivity [12,16,19,118]. These findings support remote-work readiness as a residential
performance attribute rather than a behavioural condition alone. However, the reviewed evidence
remains dominated by cross-sectional or survey-based studies, and universal quantitative design
thresholds for productivity across single-family and multifamily dwelling types are [12,19,118].

Controlled exposure evidence from office settings has shown associations between ventilation,
carbon dioxide, volatile organic compounds and cognitive-function scores [48]. These findings
should be translated cautiously to homes because residential rooms differ in occupancy density,
pollutant sources, ventilation systems, furnishings, cooking emissions, cleaning activities, thermal
regimes and behavioural control. Residential evidence is beginning to address this gap: a year-long
study linked home indoor air quality and cognitive function among people working remotely during
the COVID-19 period [11]. Nevertheless, large longitudinal residential datasets that combine
measured IAQ, temperature, humidity, noise, daylight, energy use, room-level occupancy and task
performance across seasons and housing categories remain unavailable [11].

Single-family and multifamily implications are distinct. Single-family dwellings may more
easily provide dedicated work rooms, acoustic separation, daylight control, thermal zoning, room-
level IAQ monitoring and household-level ventilation upgrades, but conditioning larger floor areas
during work hours can increase heating or cooling demand [10,12]. Multifamily dwellings may offer
compact energy advantages and proximity to services, but they can have limited spare rooms, higher
exposure to neighbour or corridor noise, restricted facade modification, shared ventilation
constraints and lower individual control over system operation [19,34,118]. Remote-work
functionality should therefore be evaluated together with building category, space availability,
acoustic conditions, daylight access, ventilation controllability and energy consequences.

Hybrid working also intersects with overheating and infection resilience. Daytime occupancy
increases internal gains from occupants, equipment and lighting, which can increase cooling need
during warm periods [9,10]. Daytime work increases exposure duration to indoor pollutants,
inadequate ventilation and uncomfortable temperatures, making routine IAQ and thermal stability
more important than in occupancy schedules dominated by mornings, evenings and nights [11].
During infectious episodes, working at home may reduce exposure in external workplaces but can
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increase within-household exposure duration where isolation rooms, controllable ventilation or
portable filtration are unavailable [8].

Equity is central because not all dwellings can absorb the spatial, acoustic and energy demand
of hybrid work. Smaller dwellings, overcrowded households, renters, low-income households and
households with children or care responsibilities may have limited access to dedicated workspaces,
controllable IEQ and affordable heating or cooling [19,111,119]. Remote-work readiness should
therefore be assessed alongside vulnerability and affordability rather than treated as a premium
amenity. The practical prospect is a design and retrofit approach that links the work zone to
ventilation, daylight, acoustics, thermal zoning, cooling access, energy flexibility and occupant
feedback. In single-family dwellings, this may involve zoned conditioning, room-level monitoring,
targeted ventilation upgrades, external shading and local heat-pump or fan-assisted cooling. In
multifamily dwellings, it may involve acoustic separation, controllable ventilation, balanced shared
systems, facade-level overheating protection and management protocols for shared services. These
directions are qualitatively supported, but comparative measurements by dwelling type remain
limited and should be treated as testable taxonomy dimensions rather than definitive rankings
[11,12,16,118].

5.4. Summary of Evidence Synthesis and Implications

Table 5 summarises the evidence synthesis for the three collapsed challenge domains and links
them to the original subthemes, representative sources, synthesised results, implications for
residential building categories and key discussion insights. The table is used as a bridge between the
challenge review in this section and the future taxonomy proposed in Section 6. It preserves the
distinction between single-family and multifamily buildings because resilience is mediated by
envelope exposure, system architecture, occupant control, shared services, ownership structure and
maintenance responsibility [37,53,56,58].

Across the three domains, the evidence indicates that single-family and multifamily buildings
should not be assessed using identical resilience assumptions. Single-family dwellings often provide
more direct household-level control over retrofit, solar integration, heat-pump installation, room-
level filtration and space allocation, but they can also carry higher envelope exposure and stronger
dependence on occupant behaviour [44,53,105]. Multifamily buildings may benefit from compactness
and shared systems, but performance is mediated by centralised plant, vertical shafts, corridor
pressures, inter-zonal airflow, collective maintenance, split incentives and unequal occupant control
[34,37,56,58].

The resulting prospect is an adaptive residential performance framework in which climate
resilience, clean-air capacity, health protection, productivity, energy flexibility and equity are
assessed together. Quantitative thresholds for several proposed indicators are not included because
the data was unavailable in the reviewed literature; therefore, benchmark development should be
supported by monitored field evidence, validated stock-level modelling and post-occupancy
evaluation before the proposed taxonomy is used to rank building classes.

Table 5. Evidence synthesis: Challenges and prospects.

Original Representative Implications for Discussion and
Theme subthemes P Synthesised main results  residential building ..
. sources . insights
integrated categories
Climate change Overheating is driven by Single-family No universal
Climate and heatwaves; climate, building fabric, solar buildings may have  quantitative
chanee winter-centric exposure, ventilation higher envelope and  hierarchy of
8e design versus availability, internal gainsand ~ roof exposure, passive versus
heatwaves K [3,4,27-29,96— R . . . L.
annual heating- occupant behaviour. Winter- stronger potential for active cooling is
and annual . 98,100,105,107,108] .. R .
cooling balance; focused efficiency strategies PV, heat pumps, available across
energy-carbon . . . .
o indoor can increase summer shading and climates and
resilience . s :
overheating; vulnerability when solar household-level typologies.
passive and control and ventilative or demand response, Future taxonomy
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active cooling; active cooling are absent. and higher should include
decarbonisation, Electrified heating and cooling ~ dependence on overheating
electrification create new interactions with occupant behaviour. exposure,
and grid peak electricity demand, Multifamily passive
interaction; thermal storage, demand  buildings may benefit survivability,
retrofit response and household from compactness  cooling access,
constraints; energy affordability. and shared plant but peak-demand
prospects and require coordinated flexibility,
innovations. facade, roof, operational
ventilation, cooling, carbon, retrofit
metering and feasibility and
governance equity of cooling
strategies. access.
Residential-
Single-family o
. . specific
Pandemic dwellings can often R
infection-risk
preparedness; adopt room-level .
. oo e . . metrics by
airborne Ventilation, air distribution,  interventions, but .
. . e . . building
infection filtration, exposure duration effectiveness depends .
- category remain
resilience; and source control are central on occupant .
. . . . . . . unavailable.
. residential to infection-risk reduction. behaviour and
Pandemic . . Future taxonomy
health and Indoor health resilience also maintenance. .
preparedness, . e . should include
airborne wellbeing; depends on temperature, Multifamily clean-air
i -ai
. K energy poverty [5,8,31,34,37,88,91,959 humidity, pollutant control, buildings require K
infection R delivery,
. and vulnerable 9,112,116,120] noise, light, dampness, pressure . R
resilience, . ! . filtration
housing; overcrowding, affordability management, . .
health and . R . ik . ' . readiness, inter-
. ventilation- and maintenance. Air cleaningcompartmentalisation .
wellbeing o zonal airflow
related can supplement ventilation , shared-space .
. K R . risk, shared-
innovation; but cannot replace outdoor air ventilation, central-
) . space exposure,
retrofit and for moisture, CO2 and many system e
. . L controllability,
maintenance indoor pollutants. commissioning and .
s maintenance
performance clear responsibility e
. accountability
gaps. for maintenance and q
an
filter replacement. e
vulnerability.
Residential dose-
response
Single-family _response
dwellines may more evidence linking
Hybrid work increases & y measured IEQ to
. easily provide o
Remote and daytime occupancy, energy . productivity
. . . o dedicated work .
hybrid work; use, internal gains, ventilation . across dwelling
. zones, acoustic .
IEQ, health, needs and exposure duration. . . types remains
.. . L. separation, zoning ",
productivity and Home-working studies link limited. Future
. . . and household-level
Remote and wellbeing; spatial layout, dedicated . taxonomy
R N K services, but larger .
hybrid work, pandemic workspace, acoustics, L. should include
. . conditioned areas can
indoor occupancy daylight, thermal comfort, . remote-work
. [9-12,16,19,48,111,117- . . raise energy demand. .
environmental change; energy- ergonomics and IAQ with e readiness, work-
. 119] ) . . Multifamily o
quality and carbon effects of satisfaction, wellbeing and . zone availability,
. . . . Lo dwellings may have .
residential  teleworking; perceived productivity. acoustic privacy,
.. . . . compactness .
productivity equity of space Controlled office evidence daylight/glare
o advantages but can
and control; supports ventilation-CO2- LG control, stable
. K X face limited space, o
research and VOC-cognition relationships, K . ventilation,
R . neighbour noise, i
performance but residential transfer . thermal zoning
aps requires caution facade constraints and the ener
8ap 1 and lower individual 8y
. carbon
environmental
consequences of
control. .
daytime
conditioning.
Note. IAQ = indoor environmental quality; PV = photovoltaics. The table synthesises peer-reviewed literature

only. Where universal thresholds or direct comparative metrics are unavailable in the cited literature, this
limitation is explicitly stated.
6. The Road Ahead: Directions for Future Residential Building Taxonomy

The evidence synthesised in Sections 3-5 supports a shift from residential typology as
description to residential taxonomy as decision support. Future dwellings will be judged by how
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they perform under interacting design drivers: heat exposure, clean-air demand, electrified energy
systems, prolonged occupancy, vulnerability and governance constraints. Conventional residential
stock models remain useful because they classify dwellings by archetype, age, geometry, envelope
properties and energy systems [38-40]. However, an energy-centred classification is insufficient for
future design and retrofit when overheating resilience, ventilation adequacy, infection-risk
mitigation, hybrid-work functionality and occupant vulnerability become core performance
attributes [45,46].

The taxonomy proposed here therefore keeps single-family and multifamily buildings as the
first-order structural classes, because these categories differ in envelope exposure, system ownership,
airflow pathways, occupant control, renewable-energy integration and retrofit governance [34,41,42].
A second layer distinguishes physical and service-system subtypes, including detached, semi-
detached, terraced, low-rise apartment, mid-rise apartment, high-rise apartment, naturally
ventilated, exhaust-only, balanced heat-recovery, demand-controlled and mixed-mode dwellings. A
third layer adds adaptive performance attributes: overheating resilience, clean-air capacity,
ventilation controllability, energy flexibility, remote-work readiness, occupant vulnerability, equity
and retrofit feasibility. This layered structure is more actionable than geometric classification alone
because the same intervention can produce different outcomes in single-family and multifamily
buildings depending on pressure regimes, service ownership, user control and maintenance
responsibility [34,37,58].

For existing buildings, the taxonomy should be used to prioritise risk rather than to rank
building types universally. Dwellings with high heat exposure, inadequate ventilation, mould risk,
poor controllability or vulnerable occupants should be identified first; technical diagnosis and
governance assessment should follow before retrofit packages are specified [65,99]. For new
buildings, it can support performance-based design briefs in which passive cooling capacity,
controlled ventilation, monitoring-ready systems, spatial flexibility, maintenance access and low-
carbon operation are considered from the earliest design stages [32,83,121]. Evidence remains
heterogeneous across climates, dwelling forms, occupancy patterns and measurement methods; the
taxonomy should therefore be used as a decision-support structure, not as a universal hierarchy of
superior and inferior building forms [28,45].

Table 6 summarises the proposed future residential taxonomy and benchmark indicators. The table is
retained as a development framework: it identifies proposed classes, implementation directions, indicators,
evidence strength and research needs, while explicitly marking where transferable quantitative thresholds
remain unavailable in the reviewed corpus.6.1. Decision-support framework

The taxonomy should be operationalised as a decision matrix that connects building category
with risk exposure, occupant vulnerability, intervention feasibility, carbon impact and co-benefits.
For existing buildings, the first step should be risk screening, because overheating, poor ventilation,
mould, energy poverty and vulnerability can occur in the same dwelling [65,99]. The second step
should be technical diagnosis, including envelope condition, ventilation pathway, pressure regime,
ducting feasibility, facade constraints, service access and metering. The third step should be
governance assessment, because single-family owner control, rental tenure, condominium
association rules and building-management practices determine whether technically suitable
measures can be implemented [53,56,58].

For new buildings, the decision framework should move from retrofit triage to performance
assurance. Design teams should test whether each dwelling type can maintain thermal safety, clean
air, low-carbon operation and remote-work usability under future weather, prolonged occupancy
and disrupted-operation scenarios. This requires simultaneous modelling of heating, cooling,
ventilation, pollutant control, peak electricity demand, daylight, acoustic zoning and occupant
control, rather than sequential compliance checks. The framework should also make trade-offs
explicit: an intervention that improves energy efficiency may reduce IAQ if ventilation is inadequate,
and an intervention that protects against heat may increase grid stress if implemented without
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passive design or demand flexibility. This is why future residential taxonomy should classify
dwellings by adaptive capacity and operational controllability, not by morphology alone.

6.2. Research Agenda

The review identifies five priority evidence gaps. First, longitudinal field studies should jointly
measure residential IEQ, ventilation operation, overheating, energy use, window behaviour,
occupant feedback and health-relevant outcomes across seasons in both single-family and
multifamily dwellings. Second, home-based productivity and cognitive-performance studies should
develop residential thresholds for CO2, temperature, acoustics, daylight, glare and pollutant
exposure rather than transferring office evidence uncritically [11,48]. Third, occupied multifamily
studies should measure pressure, tracer-gas transfer, particle transport, corridor conditions, stack
effect and maintenance performance across building heights and ventilation typologies [34,36].

Fourth, building-stock and simulation models should integrate future climate, electrified
heating and cooling, ventilation, infection-risk proxies, grid flexibility, remote-work schedules and
occupant vulnerability into the same decision environment [10,38,46]. Fifth, smart ventilation,
portable air cleaning, occupant-feedback systems and low-cost sensor networks should be validated
in occupied dwellings, with attention to sensor error, privacy, maintainability, noise, filter
replacement and resident acceptance [32,88]. Across these priorities, evidence-strength labels should
be retained because the reviewed corpus is stronger for overheating, ventilation mechanisms and
energy modelling than for home-specific infection metrics and productivity thresholds.

6.3. Policy, Standards and Practice Implications

The practical implication is that residential codes, renovation programmes and performance
assessment should treat homes as climate-health-energy systems. Energy-performance schemes
should be expanded to include overheating risk, ventilation adequacy, filtration readiness, health-
relevant IEQ, occupant vulnerability, maintenance accountability and retrofit feasibility, while
avoiding universal thresholds where transferable evidence is unavailable [3,8,28,65].

For architects, the taxonomy supports early integration of shading, orientation, daylight,
acoustic zoning, flexible rooms, secure ventilation paths and service-access zones. For engineers, it
supports integrated design of ventilation, filtration, heat recovery, cooling, electrified heating and
controls because IAQ, infection-resilience, thermal comfort and energy performance interact
dynamically [32,83,91]. For building managers and housing providers, it reframes commissioning,
filter replacement, pressure management, monitoring, resident communication and maintenance as
continuing performance obligations, especially in multifamily buildings with shared airflow and
governance constraints [34,37,56].

The section therefore advances the core argument of the paper: residential buildings require a
new taxonomy because future performance requirements are multi-objective, health-centred and
context dependent. The single-family versus multifamily distinction remains necessary, but it is no
longer sufficient. The more practical classification is a layered taxonomy that combines structural
class, physic al and service-system subtype, and adaptive performance attributes. For existing
buildings, this taxonomy supports risk screening and retrofit prioritisation. For new buildings, it
supports design briefs, simulation inputs, commissioning requirements and post-occupancy
verification.

Table 6. Future residential taxonomy and benchmark indicators.
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Building category

Pr futur Benchmark Thresholds / metri
oposed future and implementation enchma esholds / metrics Evidence strength  Research needs
class . . indicators to be developed
direction
Structural class;
All residential . Composite risk-
o . physical subtype; o .
buildings; existing o classification score Validate taxonomy
ventilation pathway; . . Moderate. .
stocks should be . calibrated by climate, against measured
. . overheating . Supported by
Adaptive screened by risk, . . dwelling type, o energy, [AQ,
. o1 resilience; clean-air building-stock ;
performance  while new buildings occupancy and overheating, health

capacity; energy
flexibility; remote-
work readiness;

residential class should be designed
using adaptive
attributes from the

outset. o
feasibility.

Overheating hours;

Detached, semi- peak indoor

detached and terraced

. ) operative
dwellings; retrofit tenf erature;
Climate-ready  should prioritise heatwave
Vv

single-family ~ passive cooling and

dwelling survivability; solar-

control capacity;
secure ventilation
potential; efficient
cooling readiness.

solar control, while

new design should

integrate heatwave
scenarios early.

. . Daytime IAQ
Single-family stability; CO2
dwellings with .
patterns; daylight

prolonged daytime

. and glare control;
occupancy; retrofit

acoustic privacy;
thermal zoning;
workspace

Remote-work-
ready single- can use spatial zoning
family dwelling and controls, while
new design should
allocate adaptable
work zones.

ergonomics; reliable
power and data
access.
Heating demand;

Single-family cooling demand;

dwellings with roof,
envelope and
ownership potential

PV readiness;

Resilient low- .
storage readiness;

carbon single-

family dwelling for heat pumps, PV, htlea.t—.pump
flexibility; peak
storage and demand .
electricity demand;
response.
demand-response
potential.

Envelope condition;

Older or poorly alrtlgh t’n.ess;

ventilation

performing single-
Retrofit-priority family dwellings with
single-family high heating demand,

adequacy; mould

demand; fossil-fuel

dwelling poor ventilation,
L dependence;
overheating risk or
occupant
vulnerable occupants. o
vulnerability; owner
barriers.
Low-, mid- and high-  Suite ventilation;
rise multifamily corridor pressure;
buildings; retrofit  inter-zonal airflow;
Healthy shared- should begin with shaft leakage;
service airflow diagnostics  shared-space IAQ;
multifamily and maintenance filtration;
building audits, while new maintenance
design should verify ~ accountability;
compartmentalisation =~ commissioning
and pressure control. records.

governance. Universal

vulnerability; retrofit

vulnerability-specific Moderate to strong.

operational carbon; load-shifting duration;

risk; heating/cooling

constraints. Universal modelling studies

modelling and
evidence-mapping
literature [38,45,46]

and occupancy data
across climates and
building categories.

thresholds are
unavailable in the
reviewed evidence.

Climate- and
Develop field-

overheating limits; Supported by  validated metrics for
passive-survivability overheating heating-dominated
duration; cooling- reviews, climates, vulnerable

simulations and occupants and
monitoring studies dwellings without

demand intensity;
combined passive-

active cooling [3,4,27,28] active cooling.
performance.
H - ific IEQ-
oasepeico
p ty . longitudinal
thresholds are Emerging to .

. . measured studies
unavailable; metrics moderate. linking home IEQ
should be developed  Supported by ro%luctivit ’

for residential home-working and o pit’ion acoti,s,tics
cognitive home [AQ studies afg ener’ use in
performance, work [11,12,16,118] . &Y .
. . single-family
satisfaction and long .
. dwellings.
exposure duration.
Flexibility capacity; Moderate.
Supported by Integrate heat
comfort-safe demand residential pumps, PV, storage,
response; carbon- typology, solar-  ventilation, thermal

comfort and TAQ in
monitored single-

intensity-responsive potential and

operation; whole-  building-to-grid

house peak-load literature family trials.
benchmark. [42,44,122,123]
Priority index
combining technical Moderate. Develop decision-
risk, health risk, Supported by support tools that
carbon impact, retrofit decision, combine physical
affordability and equity and diagnostics with

owner decision household capacity,

affordability and

building-stock

cut-offs are [46,53,65]. disruption tolerance.
unavailable.
Suite-level airflow and Moderate.
- Undertake long-term
pressure criteria; ~ Supported by stack- . o
. . . occupied-building
equivalent clean-air  effect, inter-zonal .
X R studies of pressure,
metrics for shared airflow and . .
. . airflow, contaminant
spaces; acceptable multifamily
. . transfer and
inter-zonal transfer contaminant- .
. . . maintenance
index; maintenance  transport studies y
erformance.
reliability metrics. [34-37] P
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Proposed future Bul.ldmg categoTy Benchmark Thresholds / metrics .
and implementation . Evidence strength  Research needs
class . . indicators to be developed
direction
Indoor heat

Apartment-level

exposure; facade
p s heatwave

Urban mid-rise and

Measure overheating
L solar exposure; R . Moderate. . .
high-rise apartments . survivability metric; in occupied
shading . Supported by
- exposed to solar . . overheating . . apartments across
Heat-resilient X L. effectiveness; night- residential R R .
gains, limited L thresholds by R height, orientation,
urban apartment oo ventilation . . . overheating and .
I ventilation o . orientation, height, . . . tenure, cooling
building . feasibility; cooling high-rise airflow .
opportunities and tenure and . access and socio-
. access; vulnerable . . literature .
urban heat-island . __vulnerability; passive- economic
occupant protection; . . [27,28,37,113]. .
effects. . cooling effectiveness vulnerability.
peak cooling
under urban heat.
demand.
Multifamily buildings ~ Central or semi-
with shared services; central heat
g System-level carbon uantify how
retrofit should recovery; district or . 4 K Moderate. Q fy
intensity; fan-energy governance,
strengthen heat-pump systems; . . Supported by >
Managed low- Lo intensity; heat- maintenance and
commissioning and fan energy; . typology-energy .
carbon . . recovery persistence; . resident
e maintenance operational carbon; Lo and multifamily .
multifamily e . . commissioning ) participation affect
S accountability, while submetering; . retrofit governance
building o o compliance; occupant- . measured low-
new buildings should commissioning; evidence .
. . . level control and carbon retrofit
integrate metering, maintenance . [41,42,56,58,124]
feedback metrics. outcomes.
feedback and low- response; peak
carbon plant. demand.

Under-heating;
under-cooling;
overheating; mould  Health-equity risk
risk; ventilation index; intervention-
adequacy; priority score;
filter/cooling affordability-adjusted
affordability; energy energy and ventilation

Rental, social,
affordable,
overcrowded or
Equity-priority vulnerable-occupant
multifamily housing requiring
building targeted overheating,

Emerging to Develop equity-
moderate. centred post-
Supported by occupancy studies
energy renovation that connect energy,
equity and high- IAQ, heat exposure,

TAQ, mould and . rise retrofit health and resident
burden; occupant performance metrics. . .
energy-poverty - literature [56,65] participation.
K R vulnerability;
interventions. .
resident agency.
Residential-non- .
Airfl i idential airfl Limited.
irflow separation; residential airflow- . )
Buildings where P . transf i Mechanisms are Conduct field
. . ressure zoning; ransfer metric; . .
Mixed-use dwellings share P & . supported by  studies of mixed-use
. . odour transfer; noise pressure separation oo . . o
airflow- structure or services ventilation and  residential buildings
. . . control; schedule  performance; odour . .
separated with retail, offices, K inter-zonal airflow  with tracer-gas,
. . . . separation; source and pollutant transfer .
residential parking, education, . R L. science, but pressure and
o L9 control; filtration; indicators. i K i
building hospitality or other . . ... residential mixed- pollutant
. . shared shaftand  Residential-specific . . o
non-residential uses. . . use evidence is monitoring.
riser risk. thresholds are sparse [31,34]
unavailable. p ’
Sensor accuracy,
. Temperature; L .
Cross-cutting class for o sampling interval, . Validate low-cost
) humidity; CO2; Emerging.
L. new and retrofitted o alert thresholds, sensor networks,
Monitoring- . . PM2.5; ventilation . . Supported by
; dwellings; intended privacy-preserving L occupant feedback
ready learning status; energy use; smart-ventilation, .
. . to support post- . 0. data rules and . loops and privacy-
residential K filter condition; K POE-oriented and K
1 occupancy evaluation actionable feedback preserving
building . occupant feedback; . home IAQ research .2
and adaptive . metrics should be monitoring in
K fault detection; data [11,32,83] . R
operation. developed and occupied dwellings.
governance.

validated.

7. Conclusions

This review shows that residential buildings require a new performance-oriented taxonomy
because future dwellings must respond simultaneously to climate stress, airborne infection risk,
changing occupancy patterns, health protection and energy-carbon constraints. A useful taxonomy
should begin with the distinction between single-family and multifamily buildings, but it must
extend beyond morphology to include ventilation pathway, thermal resilience, clean-air capacity,
controllability, retrofit feasibility, governance, vulnerability and equity.
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Single-family and multifamily buildings create different opportunities and risks. Single-family
dwellings often allow direct household-level decisions on envelope upgrades, ventilation, shading,
heat pumps, filtration and roof-based renewables, but they may also involve higher envelope
exposure, larger conditioned areas and household-level financial or maintenance barriers.
Multifamily buildings can benefit from compactness and shared services, but they introduce shared
airflow pathways, stack effects, corridors, shafts, common maintenance responsibilities, uneven
occupant control and collective retrofit governance.

The review also shows that no residential ventilation strategy is universally superior. Natural,
exhaust-only, supply-only, balanced heat-recovery, demand-controlled, hybrid and filtration-
supported systems all involve trade-offs among clean-air delivery, pressure control, contaminant
removal, thermal comfort, acoustics, energy use and maintenance. Residential ventilation should
therefore be treated as a health-energy-resilience system rather than as a minimum-airflow
requirement.

Climate change, airborne disease preparedness and remote or hybrid work should be
understood as interacting design drivers. Heatwaves, solar gains, airtight envelopes, internal loads
and prolonged daytime occupancy increase the need for year-round thermal resilience. At the same
time, pandemic preparedness requires layered clean-air strategies, while hybrid work increases the
importance of stable daytime IAQ, acoustic privacy, daylight, thermal zoning and spatial flexibility.

The proposed future taxonomy addresses these interacting requirements through performance
classes and benchmark domains for thermal resilience, clean-air performance, energy-carbon
performance, health and wellbeing, remote-work readiness and retrofit feasibility. The reviewed
evidence supports this framework, although several numerical thresholds remain unavailable and
require future validation.

The main implementation challenge is the gap between design intent and occupied-building
performance. Ventilation systems, cooling strategies, filters, controls and low-carbon technologies
only deliver benefits when they are commissioned, maintained, affordable, understandable and
compatible with occupant behaviour. Future research should therefore prioritise longitudinal field
monitoring, occupied multifamily airflow studies, integrated climate-ventilation-energy-health
modelling, residential productivity evidence and equity-centred post-occupancy evaluation.

The central message is clear: Residential buildings should be classified and upgraded not only
by what they are, but by what they can reliably do. Future residential design, retrofit and policy must
move from single-objective energy optimisation toward multi-objective, health-centred performance
across both single-family and multifamily buildings.
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