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Abstract

Thermal comfort is among the primary determinants of habitability in the built environ-
ment. In tropical developing countries, however, its treatment in public housing policy
has often been limited, fragmented, and, in many cases, subordinated to energy-saving
criteria that do not adequately reflect occupant needs or local climatic diversity. This study
analyses the integration of thermal comfort within housing policy using a mixed-methods
approach combining regulatory analysis with post-occupancy environmental monitoring.
Empirical monitoring shows average indoor temperatures between 16.3 °C and 18.5 °C,
with more than 80% of recorded hours falling below adaptive comfort thresholds and a
predicted dissatisfaction rate (PPD) of approximately 47%. These findings demonstrate that
compliance with efficiency-centred sustainability regulation does not necessarily ensure
thermally adequate indoor conditions in occupied social housing, highlighting a structural
gap in current regulatory frameworks between efficiency-based compliance and thermally
adequate indoor conditions in occupied social housing. The analytical framework inte-
grates three dimensions: policy analysis, environmental performance verification, and
interpretation of occupant adaptive behaviour. Rather than claiming that Bogota is statisti-
cally representative of all tropical conditions, the paper treats it as an analytically revealing
case in which tensions among efficiency-centred regulation, imported comfort standards,
and constrained occupant adaptation become visible. The paper also demonstrates that
the current Colombian sustainability regulation (Resolution 0194 of 2025) operationalises
sustainability primarily through energy and water saving targets and climatic zoning,
while lacking explicit, verifiable indicators for thermal comfort, occupant well-being, or
health outcomes. Finally, the paper discusses the relevance of locally calibrated standards,
standardised field methodologies, and passive design strategies within a broader agenda
of energy governance, environmental equity, and housing adequacy.

Keywords: thermal comfort; energy poverty; tropical climate; Colombia; Indoor
Environmental Quality (IEQ); social housing policy

1. Introduction
1.1. Thermal Comfort as a Sustainability and Equity Issue

Thermal comfort in housing has become a central concern within contemporary de-
bates on sustainability in the built environment. While traditionally addressed as a technical
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or architectural matter, it is increasingly recognised as a public interest issue closely con-
nected to health, equity, and quality of life. In tropical developing countries, this challenge is
intensified by rapid urbanisation, persistent deficits in housing quality—particularly within
social housing—and growing reliance on compensatory heating and cooling practices.
When dwellings fail to provide adequate indoor environmental conditions, households are
exposed to either prolonged thermal stress or increased energy expenditure, positioning
thermal comfort as a structural component of energy poverty and broader environmental
vulnerability. In Colombia, social housing is classified into two main categories according
to maximum sale price: Vivienda de Interés Social (VIS), aimed at low- to middle-income
households, and Vivienda de Interés Prioritario (VIP), targeted at the most economically
vulnerable populations and subject to stricter price caps. Although VIS projects generally
provide slightly larger floor areas and improved finishes, both categories commonly rely
on the same standardised construction systems—such as tunnel formwork and uninsulated
masonry walls—which limits their thermal performance, particularly in highland climates.

At the global level, debates on thermal comfort have evolved alongside energy tran-
sition and climate mitigation agendas. Over the past two decades, reducing building
energy consumption has become a primary policy objective, driving the widespread adop-
tion of energy-efficiency regulations. While these frameworks play a key role in limiting
emissions, they frequently prioritise measurable reductions in energy use over occupants’
lived thermal experience. As a result, buildings may comply with regulatory performance
criteria while delivering indoor environments that residents perceive as uncomfortable
or difficult to inhabit. Empirical research on low-energy and naturally ventilated housing
demonstrates that regulatory compliance does not necessarily correspond to acceptable
comfort conditions, particularly when performance metrics developed for temperate cli-
mates are transferred to other contexts without sufficient consideration of local climate,
cultural expectations, and everyday practices [1].

Similar mismatches between regulatory performance indicators and occupants’ lived
thermal experience have been reported in several studies on naturally ventilated build-
ings and low-income housing in tropical climates. Research in this field has shown that
compliance with standardised thermal performance metrics—often derived from con-
trolled laboratory models or mechanically conditioned buildings—does not necessarily
translate into perceived comfort under real occupancy conditions. In naturally ventilated
environments, thermal perception is strongly influenced by adaptive behaviours, includ-
ing clothing adjustment, window operation, spatial relocation within the dwelling, and
modification of daily activities [2].

Furthermore, global reviews of thermal comfort field studies indicate that empirical
datasets used to calibrate international standards remain geographically and typologically
uneven. Rupp et al. demonstrate that a large proportion of comfort research has histor-
ically been conducted in office buildings located in temperate regions, while residential
buildings—particularly those occupied by low-income households in the Global South—are
significantly underrepresented [3]. More recent compilations of thermal comfort datasets
confirm this imbalance and highlight the limited availability of systematic measurements
in tropical residential environments [4].

Despite decades of research on thermal comfort, a persistent gap remains between
scientific knowledge and its application within housing policy in tropical contexts. Much
of the empirical evidence underpinning comfort standards and regulatory frameworks
has been generated in temperate regions and in non-residential building types, especially
offices and educational facilities. By contrast, systematic post-occupancy evidence from res-
idential buildings in tropical regions—particularly in Latin America, Africa, and Southeast
Asia—remains limited and uneven, as discussed in Section 2. This imbalance constrains
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the development of housing policies grounded in locally generated data and weakens
governments’ capacity to address thermal comfort as a measurable, socially relevant ob-
jective. In practice, regulatory frameworks risk reproducing technical solutions that are
poorly aligned with living conditions and socio-economic constraints. This discrepancy
may also produce situations in which buildings formally comply with energy-efficiency
regulations while still failing to provide indoor environmental conditions perceived as
thermally acceptable by occupants. These situations generate a critical research gap be-
tween regulatory frameworks and empirical knowledge of residential thermal conditions
in tropical housing, particularly in low-income urban projects where adaptive capacity
and building performance constraints differ significantly from the contexts in which most
comfort standards were originally developed.

1.2. Study Objective and Contribution

Colombia provides a particularly revealing context for examining these dynamics. De-
spite its relatively small territory, the country exhibits pronounced climatic diversity typical
of the Andean region, ranging from cold-humid highland environments to hot-dry and
hot-humid tropical regions. Major cities such as Bogotd, Medellin, Cali, and Barranquilla
exemplify this variation (Figure 1). Nevertheless, national social housing programmes
have tended to promote standardised construction solutions with limited consideration
to regional environmental differences. Since the early 2000s, large-scale programs for
social housing (VIS and VIP) have focused primarily on addressing quantitative housing
deficits, often prioritising delivery scale and cost over thermal performance, ventilation,
and envelope design [5].
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Figure 1. Climatic diversity and standardised housing typologies in major Colombian cities [6].

Bogota is not presented here as representative of all Colombian or tropical climates.
Rather, it is treated as a critical analytical case: a cold-humid tropical highland city where
the disconnect between housing policy, thermal comfort, and everyday living conditions
becomes particularly visible, allowing underlying regulatory and design mechanisms to
be examined.

Despite the evolution of energy-efficiency standards, this gap is especially visible in
tropical climates, where comfort models and regulatory criteria are often applied without
sufficient consideration of local environmental, social, and behavioural conditions. Several
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studies warn that standards may be implemented too mechanically in response to energy
policy agendas, overlooking factors such as economic constraints, cultural practices, and
adaptive behaviours that shape thermal perception in everyday life [1,7,8]. This problem
is compounded by the limits of conventional predictive models in naturally ventilated
and warm-climate buildings, where occupants actively modify clothing, ventilation, and
patterns of use in ways not fully captured by standard approaches [9-11]. Although
adaptive approaches have addressed some of these shortcomings, reviews continue to
highlight the complexity of thermal comfort and the lack of robust empirical evidence
from tropical residential contexts, particularly post-occupancy studies capable of informing
more context-sensitive standards [12,13]. As a result, buildings may satisfy regulatory
energy targets while still failing to provide thermally acceptable indoor conditions for
their occupants.

This study examines whether efficiency-centred sustainability regulation in Colombia
effectively ensures thermally adequate indoor conditions in social housing under real
occupancy conditions. By combining a critical review of regulatory instruments with post-
occupancy evidence from monitored dwellings, it investigates the relationship between
regulatory compliance, measured indoor environmental performance, and occupants’ lived
thermal experience.

In doing so, the paper advances three principal contributions. First, it repositions
thermal comfort as a central policy indicator of environmental well-being rather than a
secondary by-product of energy efficiency. Second, it demonstrates how limited residential
evidence in tropical contexts constrains the applicability of imported comfort standards and
regulatory frameworks. Third, it situates thermal adequacy within a broader governance
perspective that connects energy consumption, equity, and public health. While grounded
in the Colombian case, the analysis speaks to other rapidly urbanising contexts charac-
terised by standardised housing provision and constrained adaptive capacity. Although
the empirical datasets have been previously reported in building performance research,
this paper makes a distinct contribution by reinterpreting them through a policy and gover-
nance lens, in dialogue with Resolution 0194 of 2025 [14], and explicitly linking regulatory
metrics to post-occupancy thermal adequacy, household vulnerability, and housing policy.

2. Conceptual Framework
2.1. Theoretical Models of Thermal Comfort

Thermal comfort research has been shaped primarily by two complementary theoreti-
cal approaches: the static (heat-balance) model and the adaptive comfort model. The static
model, developed by Fanger [15], is grounded in the principle of human heat balance and
defines comfort as a state of thermal neutrality achieved when internal heat production
and heat loss are in equilibrium. It operationalises comfort through six variables—air
temperature, mean radiant temperature, relative humidity, air speed, clothing insulation,
and metabolic rate—from which the Predicted Mean Vote (PMV) and Predicted Percentage
of Dissatisfied (PPD) indices are derived. These indices have been widely adopted for the
design and assessment of mechanically conditioned buildings and remain embedded in
international standards such as ISO 7730 [16] and ASHRAE 55-2004 [17].

The adaptive comfort model emerged in response to the limitations of static approaches
in naturally ventilated environments. Initially formulated by de Dear and Brager [18], and
later refined [19], the adaptive model conceptualises comfort as a dynamic outcome of
occupants’ physiological, behavioural, and psychological adjustments to their environment.
Rather than prescribing fixed indoor comfort thresholds, it links acceptable indoor con-
ditions to prevailing outdoor climates, explicitly recognising the role of adaptation over
time. This perspective has been progressively incorporated into major international stan-
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dards, marking a shift towards climate-responsive comfort frameworks that acknowledge
variability in occupant behaviour and environmental context.

Together, these models constitute the conceptual foundation of contemporary comfort
regulation. However, the assumptions and applicability of their approach depend critically
on the empirical evidence used to develop and validate their parameters, particularly
regarding climate, building type, and patterns of use.

2.2. Empirical Imbalance in Thermal Comfort Evidence

The empirical basis supporting adaptive comfort standards is unevenly distributed
across climatic regions and building typologies. Rodriguez and D’Alessandro [20] demon-
strate that, within ASHRAE-based field study datasets used to inform the adaptive algo-
rithms embedded in international standards, only approximately 23% of documented cases
correspond to hot-humid or hot-dry climates (Figure 2). This imbalance is particularly
significant given that around 40% of the world’s population lives between the Tropic of
Cancer and the Tropic of Capricorn, a proportion that continues to increase due to higher
population growth rates in tropical regions [21].
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Figure 2. Geographic, climatic, and building-type distribution of thermal comfort field studies
informing international standards, adapted from Ref. [20].

Beyond standard-setting datasets, Rodriguez and D’Alessandro’s evaluation of
543 peer-reviewed thermal comfort field studies published up to 2018 reveals broader
structural concentrations in the literature. Of the studies analysed, 87% were conducted in
just nine countries, and 65% were concentrated in only four cities. In addition, the majority
focused on office and educational buildings, while residential housing—particularly social
and low-income dwellings—was markedly underrepresented.
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Collectively, these patterns indicate that widely used comfort models and algorithms
were calibrated primarily on a narrow subset of climatic and socio-spatial conditions. As a
result, their relevance for residential environments in tropical regions—where everyday
practices, dwelling typologies, and constraints on adaptation differ substantially—remains
limited, with direct implications for policy transfer and regulatory effectiveness.

2.3. Thermal Comfort, Energy Use, and Vulnerability

Thermal comfort has direct and well-documented implications for energy consump-
tion, household vulnerability, and health outcomes. On a global scale, the increasing
demand for thermal regulation has reshaped energy systems, with cooling alone ac-
counting for a substantial share of electricity consumption and associated greenhouse
gas emissions [22]. In tropical regions, this trend is intensified by rapid urbanisation, rising
ambient temperatures, and limited access to climate-responsive housing design.

In low-income residential contexts, inadequate thermal conditions can generate a
dual burden. Households may experience prolonged exposure to heat or cold, which is
associated with increased respiratory and cardiovascular morbidity [23,24]. Likewise,
they may resort to compensatory energy use—such as portable heaters, fans, or air
conditioning—leading to disproportionate energy expenditure relative to income. Thermal
comfort thus becomes closely intertwined with energy poverty, understood as the inability
to maintain healthy indoor conditions due to structural, economic, or technical constraints.

These dynamics underscore why thermal comfort cannot be treated solely as a perfor-
mance parameter or a design variable. Rather, it operates as a structural interface between
building characteristics, energy systems, and socio-economic vulnerability, shaping both
exposure to environmental risk and patterns of energy use. From this perspective, ther-
mal inadequacy is not simply a technical deficiency but a distributional condition that
unevenly affects households with limited adaptive capacity. This interpretation aligns with
energy justice scholarship, which highlights the distributional, procedural, and recognition
dimensions of energy systems [25]. Energy justice scholarship refers to an interdisci-
plinary framework that examines how energy systems allocate benefits, costs, risks, and
decision-making power across different social groups, emphasising fairness in both energy
governance and energy-related living conditions. Within this framework, ensuring ther-
mally adequate housing becomes a matter of equity and governance, positioning indoor
environmental conditions as a relevant component of climate policy, social protection, and
public health regulation.

3. Methodology
3.1. Research Design and Analytical Strategy

This study adopts a mixed, exploratory research design structured across two comple-
mentary analytical levels:

(1) adocumentary and regulatory analysis of policies, standards, and institutional frame-
works related to thermal comfort and energy efficiency; and

(2) an analytical synthesis of empirical post-occupancy data derived from prior research
on social housing in Bogota.

The methodological strategy is designed to connect governance frameworks, building
performance, and lived residential experience. By combining regulatory analysis with
empirical evidence from occupied dwellings, the study examines how policy assumptions
regarding comfort and efficiency align—or fail to align—with actual indoor environmental
conditions and occupant practices in a tropical urban context. This approach allows thermal
comfort to be examined simultaneously as a technical parameter, a regulatory construction,
and an everyday residential condition, without treating these dimensions in isolation.
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3.2. Phase 1: Documentary and Regulatory Analysis

The first phase consisted of a structured review of policies and regulations governing
sustainable construction, thermal comfort, and energy performance. The regulatory docu-
ments were selected based on their current legal force and direct applicability to the social
housing sector. Similarly, the 44 monitored units were selected as analytically relevant
examples of the high-rise, uninsulated masonry construction commonly used in Bogotd’s
social housing sector. The scope of the review included three categories of documents:

e National regulations related to housing and sustainable construction in Colombia,
including Resolution 0549 of 2015 and its successor Resolution 0194 of 2025 [14], as
well as Decree 1077 of 2015 [26].

e  Technical standards adopted or referenced in the Colombian context, notably Colom-
bian Technical Standard NTC 5316 [27], alongside international standards such as
ASHRAE 55-2020 [28], ISO 7730 [16], and EN 15251 [29].

e International reference frameworks related to building energy efficiency and indoor
environmental performance, including the Energy Performance of Buildings Directive
(EPBD) and the World Resources Institute’s Building Efficiency Initiative.

Three criteria guided document selection:

e  Direct relevance to residential buildings and housing policy.
e  Official or normative status within national or international institutional frameworks; and
e  Applicability or formal adoption within the Colombian regulatory context.

To ensure consistency in analysis, a comparative analytical matrix was applied to
all documents. The matrix examined: (i) how thermal comfort is defined or referenced;
(ii) the degree of parameterisation, including design thresholds and measurable indicators;
and (iii) the presence or absence of mechanisms for verification, monitoring, or post-
occupancy assessment.

3.3. Phase 2: Empirical Data Sources and Processing

The second phase involved synthesising empirical data from post-occupancy studies
conducted between 2015 and 2021 on social interest housing (VIS) projects in the Bogota
plateau region. These studies [30,31] focused on assessing indoor thermal conditions and
occupant comfort in representative social housing typologies.

The analysed housing developments share construction characteristics typical of large-
scale VIS projects in Bogotd, including multi-family buildings of five to six storeys, tunnel
formwork construction systems, uninsulated 12 cm solid brick fagades, aluminium-framed
single-glassed windows (4 mm), non-ventilated metal roofs, and average internal heights
of approximately 2.30 m. Dwelling floor areas range between 45 and 70 m?.

To characterise the thermal performance of the building envelope, the thermal transmit-
tance (U-values) and glassing properties of the main envelope components were estimated
using DesignBuilder v6.1 software based on the construction layers of each element. The
resulting parameters are summarised in Table 1.

A total of 44 apartments were monitored, representing approximately 14.6% of occu-
pied units in the selected housing complexes. The monitored sample included apartments
located in different positions and orientations within the selected housing developments
(Figure 3). Indoor and outdoor air temperature and relative humidity were measured si-
multaneously using HOBO U12 data loggers, Onset, Bourne, MA, USA (accuracy £0.35 °C
and +2.5% RH). Sensors were installed in primary living-dining spaces (TZ1), positioned
0.7 m above floor level and located away from direct solar radiation sources. Measurements
were recorded at one-hour intervals over 24 h monitoring periods during representative
dry and wet seasonal cycles between November and April.
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Table 1. Thermal characteristics of the envelope components. U-values were estimated using
DesignBuilder software based on the construction layers of each element.

Component Configuration (Outside — Inside) Thermal Properties

Windows 4 mm translucent glass in aluminium frame U =3.835 W-m 2.K~1; SHGC = 0.768;
without thermal breaks direct solar transmission = 0.741
Aluminium corrugated sheet — non-ventilated

Roof cavity (~700 mm) — reinforced concrete slab U=255W-m2.K!
(100 mm)

Brick facade Stucco finish (3 mm) — single-leaf brick wall U = 3174 W-m—2K-1
(120 mm)

Concrete facade Stucco finish (3 mm) — single-leaf concrete wall U =3.836 W-m-2K-1
(100 mm)

Partition walls Single-leaf reinforced concrete wall (80 mm) U=4153W-m2.K"!

Reinforced concrete slab (100 mm) — ceramic

Floor slab . U=23.869 W-m2.K!
flooring (3 mm)
Envelope configuration =~ Window-to-wall ratio (WWR) Tower: 32.9%; TZ1: 56.7%
(A) Metal roofing configuration (B) ' TZ5 WC
1w 126 128
H Non-ventilated cavity | :Bedroom Tzawe IIZTl laundry k.:czhgen
— = of a
o = concrete slabs = al| S -
8 |m T z 1 - T3 T22 living/dining |

I 'Bedroom Bedroom

Fixed top vent I

2.30
219

Living room / dining room

Balcony (C)

at

S
= = B i
< i

Single-glazed window
4 mm thick glass

230
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NW-facing N

R .
/
L /d | I
iving room / dining room X . D )
i L T ? — ‘.\ 1 1 1
I— 7 ngl I W
S Single-leaf brick wall i N3
: : cale: Ny e
: T 10’ /el o
‘\\—

SE-facing

_/ @ studied towers

= 060

010

Figure 3. Schematic representation of the envelope configuration and analysed thermal zones in
the studied social housing typology: (A) typical building section showing envelope layers and
construction system; (B) example floor plan indicating thermal zones and the monitored living—
dining space (TZ1); (C) schematic project layout illustrating the tower configuration analysed. The
figure is diagrammatic and does not represent the orientation of all monitored apartments.

Recorded environmental data were processed using both the static (PMV /PPD) and
adaptive comfort models as defined in ASHRAE 55-2017 [32], employing the Center for the
Built Environment (CBE) thermal comfort tool, version 2.5.7 [33]. Model input parameters
were standardised across cases as follows: air speed of 0.3 m/s, clothing insulation of
0.74 Clo, and metabolic rate of 1.1 met. This air-speed value was adopted to represent
low but perceptible indoor air movement under typical naturally ventilated conditions in
the monitored dwellings, where ventilation is predominantly single-sided and window
opening is often restricted during colder periods. This value is consistent with low indoor
air-speed conditions described in ASHRAE 55-2017 [32].

Complementary post-occupancy 36-item questionnaires were administered to one occupant
per dwelling (n = 44). These were designed to assess occupants’ satisfaction with multiple
dimensions of indoor environmental quality. The questionnaire covered thermal comfort,
indoor air quality, acoustics, lighting, spatial layout, aesthetics, adaptability, and overall
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dwelling perception. The instrument was developed with reference to adaptive thermal
comfort research by de Dear and Brager [18] and to the standardised post-occupancy survey
framework proposed by the Center for the Built Environment (CBE) [33]

The questionnaire was administered through face-to-face interviews conducted in
each dwelling, typically between 07:00 and 08:00, at the beginning of the monitored day.
A total of 44 occupants participated, including 23 females and 21 males, aged between
20 and 60 years (25% aged 20-30, 43% aged 31-40, 27% aged 41-60, and 5% above 60).
Open-ended comments, where provided by respondents, were used only as complementary
qualitative context to illustrate recurring perceptions already identified in the descriptive
survey results; no formal qualitative coding procedure was applied.

For the purposes of the present study, only responses related to thermal comfort and
general dwelling satisfaction were analysed, corresponding to a subset of 21 items from the
full questionnaire. These items were primarily structured using seven-point Likert scales
consistent with the CBE methodology, complemented by categorical and frequency-based
questions addressing adaptive behaviours and perceived indoor environmental conditions.
Responses were analysed descriptively to identify recurrent patterns and to support the
interpretation of measured environmental data.

To integrate the documentary and empirical components, an analytical triangulation
process was implemented through three sequential steps:

1.  Identification of divergences between comfort assumptions and parameter definitions
embedded in regulatory and normative documents and the measured indoor thermal
conditions observed in the studied dwellings.

2. Linkage of identified technical discrepancies to reported occupant behaviours and
energy-related practices, including adaptive strategies associated with
thermal regulation.

3. Contextualisation of these relationships within Colombia’s stated sustainability ob-
jectives, including national energy efficiency goals and commitments under in-
ternational climate frameworks such as the Paris Agreement and the Nationally
Determined Contribution (NDC).

This triangulation enabled a structured comparison between regulatory intent, build-
ing performance, and lived residential conditions, without presupposing causal interpreta-
tions or evaluative conclusions.

4. Results
4.1. Colombia’s Regulatory Framework for Sustainable Construction

The documentary analysis conducted for this work reveals that Colombia’s hous-
ing sustainability framework has evolved toward greater technical precision in efficiency
targets, yet without a parallel consolidation of enforceable thermal comfort criteria. Colom-
bia’s regulatory development is part of a wider global shift in which sustainability is
increasingly defined by measurable performance indicators, particularly energy-reduction
targets. This trajectory can be observed in Figure 4 (Colombia) and Figure 5 (rest of the
world), which situate national developments within a broader temporal and international
context, highlighting the progressive expansion and diversification of sustainability frame-
works across scales.

Over the past three decades, international governance frameworks—ranging from
energy performance directives and ISO standards to climate mitigation agreements—have
progressively reframed sustainability as a quantifiable, compliance-based objective. Energy
consumption and carbon emissions became central regulatory metrics. Although thermal
comfort remained present in technical standards, it was largely embedded within engineer-
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ing models and simulation-based compliance procedures rather than treated as a socially
verified outcome under real conditions of occupation.

QO Indigenous environmental
adaptation

QO Use of european passive
climate strategies

(O Colombian Architecture
Society (SCA): 1934

« Law 23, Natural Resources and Environmental
Protection Code, Government of Colombia: Bogotd,
Colombia, 1973

« Decree 2811, National Natural Resources Code,
Government of Colombia: Bogota, Colombia, 1974

« Law 99, National Environmental System (SINA),
Government of Colombia: Bogotd, Colombia, 1993

NSR-10, Colombian Seismic Resistant Construction Regulations,
Government of Colombia: Bogota, Colombia, 2010

Resolution 5926, Recognition Programme for Eco-Efficient
Buildings (PREE), SDA: Bogotd, Colombia, 2011

« Agreement 489, Bogotd Development Plan 2012-2016, Bogota
City Council: Bogota, Colombia, 2012

Law 1715, Integration of Renewable Energy Sources,
Government of Colombia: Bogotd, Colombia, 2015

Decree 1285, Sustainable Construction Guidelines, MVCT:
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Figure 4. Evolution of Sustainability, Energy, and Environmental Regulation in the Built

Environment: Colombia.

Colombia’s regulatory pathway reflects this same logic of alignment and adaptation.
Early environmental legislation established general principles of resource protection but
did not address building thermal performance. The adoption of NTC 5316 in 2004 [27]
introduced comfort parameters derived from ASHRAE 55-2004 [17], yet without enforce-
ment mechanisms or systematic climatic recalibration for Colombia’s diverse territorial
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conditions. Resolution 0549 of 2015 [34] marked the first attempt to translate sustainability
into binding quantitative requirements for residential buildings, with a focus on water and

energy savings.
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Figure 5. Global Evolution of Sustainability, Standards, and Policy Frameworks in the

Built Environment.

The subsequent densification of climate and energy legislation—particularly following
national commitments to decarbonisation—culminates in Resolution 0194 of 2025 [14]. This
instrument does not merely update technical thresholds; it consolidates a regulatory model
in which sustainability is operationalised primarily as resource efficiency. The internal
structure of the resolution, illustrated in Figure 6, confirms this orientation.
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RESOLUTION RESOLUTION

0549 OF 2015

Regulatory
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0194 OF 2025
N \‘

« Stronger sustainability standards for new buildings 3

« Replaces Resolution 0549 (2015)

« Aligned with climate commitments

« Focus on carbon neutrality, energy efficiency, and water savings

« Mandatory for new projects (VIS and VIP included)
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strategies in the resolution

Explicit omissions

(policy gaps)
No enforceable indoor thermal comfort ranges by
climate or housing type

No requirement to measure indoor temperature or
humidity after occupancy

perception

Mechanisms and
metrics
A) EFFICIENCY TARGETS

« Mandatory minimum energy and water savings
« Savings calculated against an average-consumption baseline
« Baseline differentiated by building use and climatic zone

D

B) CLIMATIC ZONING i
« National climate classification based on
temperature and relative humidity
« Zoning defines baseline consumption
and required savings
« Implemented through a geovisor,
shapefiles, and municipal classification

C) IMPLEMENTATION MECHANISMS

« Catalogue of passive (design) and active (system) strategies

« Compliance verified by self-declaration during licensing

« Gradual enforcement by project size, use (VIS, VIP, non-VIS),

and municipality category
2 3 4
Request | Documentation | Pre-assessment |Site validation |Results

D) MONITORING AND CONTROL

« Monitoring and Control Mechanism (MSC)

« Verification of declared energy and water savings

« Reporting during design and construction phases

« No requirement for continuous indoor environmental

x No obligation to assess occupants’ thermal comfort

Figure 6. Regulatory structure of Resolution 0194 of 2025 [14] based on official graphical material
and identified gaps in thermal comfort governance.

Resolution 0194 strengthens mandatory minimum savings for energy and water, differ-
entiates baselines by building use and climatic zone, and formalises compliance procedures
through staged documentation and verification. The introduction of national climatic zon-
ing constitutes a significant institutional advance that acknowledges Colombia’s territorial
heterogeneity. Baseline consumption and expected reductions are no longer uniform but
conditioned by environmental classification.

Yet the analysis reveals a critical asymmetry. Climatic differentiation applies exclu-
sively to projected consumption targets, not to indoor environmental quality. The regulation
specifies the amount of energy that must be reduced, but it does not define the required
indoor thermal conditions for each climatic zone. No enforceable temperature or humidity
ranges are established. No post-occupancy evaluation is required to verify that dwellings
provide acceptable comfort once inhabited. Compliance is demonstrated through projected
performance and documentation rather than through measured environmental outcomes.

Moreover, while passive and active strategies are catalogued as design pathways,
their selection is linked to achieving energy savings rather than guaranteeing indoor
adequacy. The Monitoring and Control Mechanism verifies declared reductions in con-
sumption during design and construction phases, yet it does not extend to continuous
indoor environmental monitoring or occupant-based assessment.

The continued parallel existence of NTC 5316 [27] reinforces this gap. Although
comfort parameters are formally recognised in Colombian technical standards, they are not
structurally embedded within the enforcement logic of sustainability regulation. Comfort
is technically acknowledged but institutionally peripheral.

The regulatory findings, therefore, reveal a hierarchy of priorities: energy efficiency
is quantified, climatically zoned, and enforceable; thermal comfort is referenced but not
operationalised as a measurable right or performance condition. The empirical evidence
presented in Section 4.2 illustrates this possibility in the Bogota case.

From a policy analysis perspective, the evolution of Colombian regulation demon-
strates institutional maturity in climate alignment and in the governance of efficiency.
However, it also exposes a conceptual limitation: sustainability is equated with reduced
resource consumption rather than with ensured environmental adequacy. This distinction
becomes central when regulatory intent is contrasted with the empirical post-occupancy
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TEMPERATURE-RELATIVE HUMIDITY CHARTS

evidence presented in the following section, which reveals the lived implications of this
efficiency-centred framework.

4.2. Measured Indoor Thermal Conditions in Bogotd Social Housing

In parallel with the regulatory analysis, empirical evidence from monitored dwellings
enables assessment of actual indoor environmental performance under occupied condi-
tions. The monitored apartments—constructed with 12 cm uninsulated solid brick fagades,
single-glassed aluminium windows, non-ventilated metal roofing systems, and limited
airtightness control—demonstrated limited thermal responsiveness and persistent expo-
sure to cold and humid conditions during both dry and wet seasonal monitoring periods
(Figure 7).
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Figure 7. Empirical Evidence of Thermal Comfort Performance and Adequacy Gap.

Average indoor air temperatures ranged between 16.3 °C and 18.5 °C. Minimum
values reached approximately 13 °C in the early morning hours, while maximum values
approached 21 °C around midday. Despite moderate daytime outdoor solar gains, indoor
temperature amplitudes remained relatively compressed, indicating a slow thermal re-
sponse and limited heat-retention capacity of the envelope. The dwellings did not exhibit
strong passive solar buffering, and nocturnal heat loss was pronounced.

Relative humidity levels were consistently elevated, typically between 65% and 80%,
with prolonged periods above 75%. These values indicate indoor environments char-
acterised by high moisture persistence, limited drying capacity, and increased risk of
condensation—conditions consistent with the highland cold-humid climatic context of
Bogota and with construction systems lacking thermal insulation and vapor control layers.

When evaluated using the static PMV /PPD model (ASHRAE 55), the recorded con-
ditions produced an average Predicted Mean Vote (PMV) of —1.35 and a correspond-
ing Predicted Percentage of Dissatisfied (PPD) of approximately 47%. These values fall
well outside the neutral comfort range (—0.5 < PMV < +0.5), indicating substantial pre-
dicted thermal dissatisfaction under standardised clothing (0.74 Clo) and metabolic rate
(1.1 met) assumptions.

https://doi.org/10.3390/su18073406


https://doi.org/10.3390/su18073406

Sustainability 2026, 18, 3406

14 of 19

Application of the adaptive comfort model yielded broader acceptable temperature
bands, with neutral indoor temperatures estimated at approximately 22 °C and acceptable
limits ranging from 19 °C to 25 °C, depending on outdoor running mean temperatures.
However, measured indoor temperatures remained below the lower adaptive threshold for
more than 80% of occupied hours. Thus, even under adaptive assumptions appropriate for
naturally ventilated buildings, the dwellings remained below adaptive comfort thresholds
during most monitored occupied hours.

The combined temperature and humidity profiles indicate not only low thermal
acceptability but also conditions potentially associated with reduced perceived air quality
and damp-related health risks. The empirical evidence, therefore, demonstrates that the
monitored social housing units consistently operated outside both static and adaptive
comfort thresholds during representative monitoring periods.

4.3. Occupancy Perceptions and Adaptive Practices

Questionnaire responses closely mirrored measured environmental conditions. Only
27% of respondents described their dwellings as “comfortable” or “slightly comfortable,
while 56% reported experiencing “moderate” or “intense” cold during most of the day.

”

The remaining 17% corresponded to intermediate categories of the Likert scale, indicating
neutral or mildly cool perceptions rather than clear comfort or intense discomfort. Reports
of excessive humidity, condensation on walls or windows, and stagnant indoor air affected
more than 60% of households. Overall thermal satisfaction averaged 3.4 on a seven-point
Likert scale, indicating moderate dissatisfaction (Figure 8).

SOURCE OF DISCOMFORT HOW TO IMPROVE THE SITUATION PEOPLE WILLING TO PAY TO IMPROVE
CONDITIONS
Environmental modifications to Behavioural s
the existing physical elements adaptations S0%

1 MMS investment

of the space

o 2.2% dress
warmly
32.6% install heating

33.3% draughts
from windows

23.8% excessive .

Adjustments of

17.4% close window personal expectations 84.1% are
vents or norms wiling to pay
air movement INg 10 pay
13.0% thick curtains 0%
19% cold
surrounding

10.9% change materials
surfaces

4 withdrawing from the
6.6% other modifications space 18.4% more 31.6%
15.9% others - - than 6 MMS 2-5 MMS
indoor 6.5% change 6.5% investment
windows/doors moving out
7.9% others - - "
outdoor 4.3% more fumiture MMS: minimum monthiy salory

Figure 8. Reported adaptive practices and perceived indoor environmental discomfort among
surveyed occupants.

Adaptive responses were primarily compensatory rather than structural. The most
frequently reported strategies included:

e  Use of portable electric heaters (48% of households).
e  Reduction in natural ventilation during night-time hours (71%).
e  Concentration of daily activities in less exposed interior areas.

These practices reflect constrained adaptive capacity rather than climate-responsive
architectural adjustment. Reduced ventilation, while perceived as protective against cold
air infiltration, likely contributed to elevated indoor humidity. The absence of insulation
and controlled ventilation systems limited passive mitigation options.

Qualitative comments suggest that residents frequently attribute discomfort to
construction quality and insufficient thermal protection. However, no formal post-
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occupancy verification or reporting channel exists within housing management or regula-
tory systems, reinforcing the institutional separation between measured experience and
policy enforcement.

4.4. Energy Implications and Household Vulnerability

Although the housing developments analysed lack centralised heating systems, re-
liance on portable electric heaters was associated with a self-reported increase in monthly
electricity consumption during colder periods. This increase reflects compensatory energy
use directly linked to thermal inadequacy rather than baseline domestic demand.

Energy burden was unevenly distributed. Households with elderly occupants or
young children reported greater difficulty maintaining acceptable indoor conditions and
more frequent use of the heater. Given the socio-economic profile of social housing beneficia-
ries, these additional expenditures represent a non-trivial proportion of household income.

The empirical findings reveal a self-reinforcing feedback loop of thermal vulnerability
(Figure 9):

* Low thermal resistance (R)

* Uninsulated masonry walls

¢ Single-glazed windows

* High nocturnal heat loss

* Limited passive solar buffering

Poor
Building
Envelope

* Higher electricity expenditure due
to compensatory heating

* Disproportionate energy burden
for low-income households

* Greater vulnerability for elderly

. * Compensatory practices
Inefficient ! v

Occupant

THERMAL

2 * Use of portable electric heaters
VULNERABILITY

i Response * Reduced natural ventilation
. :Drz:;:zg:r?;focfhrii:?atory and FEEDBACK LOOP : during night-time
cardiovascular problems * Concentration of activities in
interior rooms

« Persistent indoor cold J ).

¢ Predictec sfaction ’
¢4
¢ Relative humidity typically !

e High n

condensation risk

Figure 9. Self-reinforcing cycle linking deficient envelope performance, compensatory energy use,
indoor moisture retention, and household vulnerability in the studied Colombian social housing.

Phase 1: Deficient envelope performance (uninsulated brick and single glassing) leads
to persistent indoor cold and high moisture.

Phase 2: Occupants react with compensatory practices, such as using inefficient
portable electric heaters and restricting natural ventilation to retain heat.

Phase 3: These actions result in increased electricity expenditure and internal moisture
retention (condensation), exacerbating the initial inadequacy.

Phase 4: The household remains trapped in a state of thermal discomfort while
incurring higher economic and health costs, contributing to the reproduction of energy
vulnerability and conditions consistent with energy poverty.

Despite the absence of permanent mechanical heating systems, thermal regulation
occurs through informal, inefficient, and economically burdensome practices.

Taken together, the results indicate that the analysed social housing in Bogoté exhibits
low thermal acceptability and reliance on compensatory energy use under real occupancy
conditions. These findings provide empirical grounding for the regulatory asymmetry iden-
tified in Section 4.1: efficiency-based compliance does not guarantee thermally adequate
living environments.
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5. Discussion and Conclusions: Thermal Comfort as a Governance,
Health, and Equity Issue

5.1. Thermal Comfort Beyond Performance: Health and Lived Experience

The findings indicate that thermal comfort in social housing cannot be understood
solely as a matter of building performance or regulatory compliance. As shown in
Sections 4.1 and 4.2, persistently cold and humid indoor environments were observed
in the analysed social housing in Bogotd. According to previous studies, such condi-
tions may be associated with physical and psychological stress for occupants, particu-
larly in contexts where residents have limited capacity to modify their dwellings [23,35].
These conditions reinforce the understanding of thermal comfort as a social determinant
of health, with tangible implications for respiratory health, fatigue, sleep quality, and
emotional stress [36].

Crucially, the results indicate that discomfort is not episodic or incidental but embed-
ded in everyday domestic life. This persistence may undermine occupants’ perceived con-
trol over their living environment and may contribute to environmental stress, as suggested
by reported coping practices and occupants’ comments (Section 4.3). In this sense, thermal
comfort operates not only at the physiological level, but also at the level of perceived well-
being and environmental stress, which is particularly relevant in social housing contexts
characterised by prolonged indoor occupation and constrained residential mobility.

5.2. Limitations and Ethical Considerations

No new fieldwork or surveys were conducted specifically for this study. All em-
pirical data were obtained from prior research projects that received ethical approval
from the corresponding institutional review bodies at the time of data collection. The
datasets consist exclusively of non-invasive environmental measurements and anonymous,
voluntary occupant questionnaires, with no collection of personal or sensitive data. All
procedures complied with applicable institutional regulations and ethical standards for
research involving human participants.

This study presents several limitations. The empirical evidence is confined to Bogota’s
cold-humid highland climate and is not transferable to Colombia’s hot-dry or hot-humid
regions. The analysis does not incorporate metered household energy data, relying instead
on reported behaviours and inferred consumption patterns. Moreover, the findings are not
statistically generalisable; the objective is to generate policy-relevant insights by examining
the relationship between regulation, building performance, and lived experience within a
critical urban context.

5.3. Energy Efficiency, Compensatory Practices, and Vulnerability

The analysis further reveals a structural contradiction between efficiency-oriented
regulation and lived energy practices. Although the analysed dwellings lack permanent
mechanical heating systems, occupants respond to inadequate thermal conditions with
compensatory behaviours, most notably the use of portable electric heaters and reduced
ventilation—which increases household electricity consumption (Section 4.3). This dynamic
illustrates how energy efficiency, when pursued without adequate attention to indoor
habitability, can generate compensatory energy practices that partially offset intended
efficiency gains.

For low-income households, these compensatory practices translate into heightened
vulnerability. Thermal discomfort thus becomes a mechanism by which energy poverty
is reproduced, not only through affordability constraints but also through the inability
to maintain healthy indoor conditions without incurring additional energy costs. This
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reinforces the need to conceptualise energy poverty as simultaneously thermal, economic,
and health-related, rather than as a purely infrastructural or income-based phenomenon.

5.4. Policy Implications: The Limits of Efficiency-Centred Regulation

From a policy perspective, the findings suggest a structural misalignment between
regulatory metrics and habitability outcomes, in which compliance is verified through
projected consumption reductions rather than through demonstrable environmental ad-
equacy. Current Colombian regulations allow dwellings to be classified as “sustainable”
without demonstrating acceptable indoor thermal or health conditions. The empirical
evidence obtained from the analysed housing sample indicates that such an approach ex-
ternalises health and energy costs onto occupants, particularly those already experiencing
socio-economic vulnerability.

These results suggest that sustainability policy cannot be evaluated solely by resource-
efficiency metrics. A dwelling that meets efficiency targets but remains thermally unhealthy
fails to achieve the broader objectives of sustainable development. Thermal comfort must
therefore be repositioned as a core policy indicator that links housing quality, public health,
energy governance, and social equity.

Overall, the empirical results demonstrate three central patterns: (1) the monitored
dwellings systematically operate outside both static and adaptive thermal comfort thresh-
olds; (2) occupants rely on compensatory practices such as portable electric heaters and
reduced ventilation; and (3) existing regulatory frameworks prioritise projected efficiency
targets without verifying indoor environmental adequacy under real occupancy conditions.

Considering the empirical results and policy analysis presented, the study supports
three main conclusions. First, the findings indicate that thermal comfort merits treatment
as a core dimension of housing adequacy and as a relevant public health consideration,
rather than as a secondary design outcome. Second, the persistent gap between regulatory
intent, building performance, and lived experience reveals the inadequacy of imported
comfort standards and efficiency-centred frameworks when applied without local empirical
grounding. Third, the exclusion of thermal comfort from enforceable housing policy can
contribute to the persistence of energy vulnerability and unequal exposure to unhealthy
indoor conditions in tropical urban contexts.

Addressing these challenges requires a shift towards integrated governance ap-
proaches in which thermal comfort is explicitly measured, monitored, and regulated along-
side energy consumption. Such a shift would enable housing policy to move beyond narrow
efficiency goals and towards a more human-centred conception of sustainability—one that
recognises the dwelling not merely as an energy system, but as a metabolic interface
between climate, body, and society.

In this sense, embedding thermal comfort into housing policy is not an optional
refinement, but a necessary step towards climate justice, public health protection, and
socially meaningful sustainability in tropical cities.

In conclusion, the Bogota case examined in this study shows that compliance with
efficiency-oriented sustainability regulation does not, in itself, ensure thermally adequate
indoor conditions in occupied social housing. The monitored dwellings remained out-
side accepted comfort ranges during most monitored hours, while surveyed occupants
reported discomfort, humidity-related problems, and reliance on compensatory prac-
tices such as portable heaters and reduced ventilation. When interpreted alongside the
documentary analysis, these findings reveal a structural disconnect between regulatory
compliance, indoor environmental adequacy, and lived residential experience. The study’s
principal contribution lies in demonstrating that thermal comfort should be treated as
an explicit, verifiable dimension of housing sustainability policy. In practical terms, this
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implies the need for stronger climate-responsive design requirements, locally calibrated
comfort criteria, and post-occupancy verification mechanisms capable of assessing whether
regulatory objectives translate into habitable indoor environments under real conditions
of use.
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