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Abstract: Extreme low temperatures, heavy snowfall, ice accumulation, limited daylight, and in-
creased energy consumption in cold climates present significant challenges but also offer opportuni-
ties for improving building efficiency. Advanced materials and technologies in climate-responsive
envelopes can enhance sustainability, reduce carbon footprints and operational costs, and improve
thermal comfort under these environmental conditions. This literature review combines theoretical
aspects of building performance in cold climates with a summary of current and critical applications
in building envelope design, identifying research gaps and proposing future research directions.
It has been shown that various BIPV systems require further climate-based studies to optimize
solar energy yield. For example, integrating PV layers and PCM within DSFs can reduce cooling
loads, but more research is needed on PCM transition temperatures and ventilation strategies in
cold climates. A notable research gap exists in building-integrated vegetative systems, particularly
regarding soil thickness, irrigation, hygrothermal performance, and snow accumulation. Despite
excellent winter performance in buildings incorporating CLT components, they face increased cooling
energy consumption and potential overheating in summer. Additionally, the high initial moisture
content in CLT raises the risk of mold growth, especially when covered with vapor-tight layers. The
design examples in this paper emphasize the need for further investigation to achieve sustainable,
low-carbon, energy-efficient envelope designs for cold climates.

Keywords: building envelope; cold climate; building technology; energy performance; hygrothermal
performance; building-integrated photovoltaics (BIPV); building-integrated vegetative systems; cross-
laminated timber (CLT)

1. Introduction

Buildings account for nearly 151 (EJ) of energy consumption, which represents approx-
imately 36% of the world’s total final energy use. Of this, around 130 EJ, or 30% of global
energy consumption, is dedicated to building operations, whereas an additional 21 EJ is
utilized for various construction services. Moreover, the building sector is responsible for
approximately 55% of electricity consumption [1].

The building envelope serves as a barrier between the interior of a building and the
external environment. It consists of several elements that together function to separate and
filter the external conditions to attain adequate interior comfort as well as minimize heat
transfer. Since the envelope surrounds and protects building occupants like a skin, it must
be robust, resilient, and adaptable to effectively fulfill its purpose [2]. Hygrothermal perfor-
mance is a key vector for building performance, determining how effectively a building
envelope manages moisture and temperature fluctuations. Proper hygrothermal perfor-
mance is essential for preventing condensation, mold growth, and material deterioration,
which in turn enhances the durability and indoor comfort of the building [3–5]. Moreover,
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given that the most significant portion of the energy required over a building’s life-cycle
resides in the operational stage, the hygrothermal performance of the building envelope can
significantly affect the building’s overall energy performance [6]. Another important factor
in evaluating the performance of a building envelope is its energy efficiency, particularly
concerning HVAC system and lighting energy consumption. The design of the building
envelope plays a key role in determining these energy demands [7]. Numerous studies
have concentrated on minimizing energy consumption in HVAC systems and lighting by
designing energy-efficient building envelopes. These efforts include increasing thermal re-
sistance, enhancing thermal storage capacity, and optimizing solar absorptivity, all tailored
to specific climatic conditions [7–11].

The minimum building envelope requirements vary based on the building’s location,
to which the climate is related, and its context in respect to the presence of other buildings.
For example, in the USA, the building codes for southern climates tend to have less
stringent thermal insulation requirements compared to those for northern climates [12].
Both the magnitude and type of building energy demand, as well as the potential for
renewable energy generation, particularly solar energy, are dependent on climate and
location. Additionally, many building envelope defects associated with hygrothermal
performance, such as moisture, biological growth, corrosion, and efflorescence, are directly
associated with climatic conditions [13,14].

Extreme low temperatures, heavy snowfall, ice accumulation, limited daylighting
and solar gain, elevated energy consumption, and high reliance on fossil fuels in cold-
climate zones present substantial challenges but also unique opportunities for enhancing
building efficiency and integrating renewable energy sources [15]. The main challenges for
the hygrothermal and energy performance of building envelopes include managing heat
loss, moisture accumulation, and air infiltration. High thermal resistance is essential to
minimize heat transfer, while effective moisture control strategies are needed to prevent
condensation within walls, which can lead to mold and structural damage. Additionally,
energy performance is influenced by the need to balance insulation with adequate ventila-
tion to maintain indoor air quality and avoid excessive energy consumption for heating,
especially in environments with extreme temperature fluctuations [16–20]. By incorporat-
ing advanced materials and technologies, climate-responsive envelopes can contribute to
the sustainability and resilience of buildings, reducing their overall carbon footprint and
operational costs, and improving their thermal comfort in cold-climate regions. While there
are multiple reviews addressing advancements in building envelope technology, studies
that focus specifically on cold climates are relatively scarce. Additionally, many of these
studies prioritize energy performance metrics, leaving hygrothermal performance less
explored [21–25]. This paper presents a comprehensive review of recent advancements in
building envelope design and technologies aimed at achieving sustainable, low-carbon,
and energy-efficient solutions for cold climates. The review identifies existing research
gaps and outlines future research directions to drive further innovation in this field.

2. Theoretical Background
2.1. Climate-Responsive Design

The World Meteorological Organization (WMO) has indicated that a typical duration of
30 years is considered appropriate for current climatic observations to accurately describe
the prevalent climatic conditions in a specific region [26]. The Köppen–Geiger (K-G)
classification system, devised by Wladimir Köppen and later modified in collaboration
with Rudolph Geiger, remains the most widely used climate classification system today.
The system is based on the temperature and precipitation data and corresponds to the
Earth’s major biomes. It is organized around five main climate types: tropical (A), arid (B),
temperate (C), cold (D), and polar (E), each having multiple subtypes, denoted by a two or
three-letter code [27]. According to the Köppen–Geiger classification, the primary criteria
for a cold climate are as follows: (i) the average temperature of the warmest month exceeds
10 ◦C, whereas (ii) the average temperature of the coldest month is below −3 ◦C [28].
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Based on the characteristics of cold climates, it is evident that preventing heat loss is the
primary factor guiding all building designs. This is evident from the number of extremely
high values for Heating Degree Days (HDDs) typical for cold climates, which generally
exceed 2500 K·days for a base temperature of 10 ◦C [29]. Climatic variables significantly
influence both the design of buildings and the performance and durability of building
materials [2,30].

In Table 1, the various control layers for a building envelope and the corresponding
potential design approaches are presented, each aligned to the primary climatic factors
and environmental influences that may affect a given approach [2,31,32]. The recognition
of the various different climatic factors in consideration for a given building necessitates
that, as general guideline, for each building project, macro-climatic implications should
first be considered, and their validity should then be verified against local meso- and
micro-climatic conditions. For instance, a building located in a cold macro-climate region
may be situated in a city with distinct meso-climatic conditions, such as higher humidity
and milder winters. Furthermore, within a single meso-climate, micro-climatic variations
can occur, e.g., a building in a dense urban area might experience the urban heat island
effect, necessitating additional cooling strategies, whereas a building on a hillside might
require windbreaks to mitigate strong winds [33].

Table 1. Primary climatic factors and environmental influences together with building envelope
control layer and corresponding approaches [2,31,32].

Climatic Factor Environmental
Influence

Building Envelope
Control Layer Function of Separation Component Layer

Rainfall
Snow

Air humidity

Water

Waterproofing Storage and drying, Water barrier, Capillary
break, Secondary waterproofing

Drainage Water run-off, Conveyance,
Deflection, Drainage cavity

Vapor diffusion Vapor barrier, Vented cavity,
Thermal insulation position

Temperature
Frost Heat Heat transmission

control

Conduction barrier, Radiation barrier,
Convection barrier, Surface emissivity,

Thermal mass

Wind Air
Air tightness Air barrier, Air-tight sealants

Ventilation Fenestration, Ventilation, Openings,
Ventilation equipment

Sun exposure Solar radiation

Light
(visible spectrum) Glazing optical characteristics, Shading elements

Heat
(total solar spectrum)

Glazing transmittance, Glazing reflexivity,
Glazing emissivity, Shading elements

The term “bioclimatic” originated in biological research in the early twentieth century
before being applied to the field of architecture. Rooted in environmentalism and influenced
by preceding movements in passive solar- and low-energy design, the use of bioclimatic
design is intended as a means to integrate passive and active strategies, thereby offering
both an ecological and humanistic response to climate challenges. Bioclimatic principles
serve as the foundation for subsequent ecological and sustainable design philosophies that
recognize the interdependence between design practices and natural environments [34].
Bioclimatic design provides a means to optimize building performance by adapting the
building envelope to local climatic conditions. The objective involves enhancing indoor
thermal comfort through the selection of appropriate component layers of the envelope
that together provides the environmental separation [35]. Climate-responsive building
elements are building construction elements that integrate building service functions, such
as heating, ventilation, and lighting, to contribute to a comfortable and healthy indoor
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environment while minimizing energy consumption. The concept of climate-responsive
design represents a successive step of bio-climatic design, focusing on the strategic uti-
lization of local climate and environmental characteristics. Climate-responsive design
positions the building as an intermediary between energy supply and demand within the
built environment. This architectural design approach serves as a synthesis of comfort
and energy efficiency and should be regarded as an integral component of an integrated
strategy aimed at creating more sustainable, comfortable, and healthy buildings [36]. A
climate-adaptive building envelope (CABE) is characterized as a dynamic system that can
adjust its geometric configuration, thermal properties, color, and transparency in response
to varying weather conditions over time. CABE systems are designed to enhance energy
efficiency and create optimal daylighting conditions within buildings [37]. This is achieved
through an interdisciplinary study of parametric design, building performance simulation,
optimization, fabrication with advanced materials, and operation management [38,39].
Whereas “adaptive” refers to the inherent capability of a system to adjust and respond to
changing conditions autonomously, “adjustable” denotes the capacity of the system to be
modified through external intervention, such as the use of manual adjustments.

2.2. Climate Change and Climate-Responsive Building Envelope

The importance of a climate-responsive building envelope goes beyond studying
and analyzing current and historic climatic variables. It involves addressing regional
climate change and urban overheating, which are among the most extensively documented
effects of climate change [40]. Urban overheating is experimentally documented in over
450 cities globally. While the extent of overheating varies according to the local thermal
balance, the average temperature increase typically approximates 5 ◦C [41]. Referring to
multiple research projects, NASA, in collaboration with the Goddard Institute for Space
Studies, concludes that the evidence for climate change is robust. The average global
temperature has increased by approximately 0.98 ◦C compared to the 1951–1980 baseline,
a rise attributed to elevated levels of CO2 and other anthropogenic emissions [42]. Thus,
technological advancements are crucial for achieving sustainable design. The focus of
the design should be on the building envelope, its orientation, and its footprint, as the
knowledge of these elements is essential for enhancing building adaptability and energy
efficiency. Buildings should be constructed to higher initial standards, including the use
of advanced materials. The designs should facilitate the upgrading of building systems,
particularly in the areas of heating and cooling and the integration of renewable energy
sources [43].

3. Materials and Methods

State-of-the-art literature reviews provide a time-based overview of the current state of
knowledge regarding a particular phenomenon and propose directions for future research.
They are intended to provide a contemporary synthesis of knowledge, focusing on recent
developments [44]. State-of-the-art literature reviews are based on the principle that there
is no single objectively true or correct synthesis of a body of literature. Therefore, these
reviews do not require that the literature included in the review use identical methodology
to support meta-analyses (i.e., the statistical combination of results from two or more
separate studies) to generate appropriate results [45].

The objective of this state-of-the-art literature review is to provide a critical summary
of current advancements in technologies for the building envelopes of cold-climate zones,
identify research gaps, and propose future research directions in this field.

The Database searches through Scopus, Web of Science, and IEEE Xplore were used
for the initial paper review. The search was limited to research articles written in English.
To ensure the articles represented current developments for cold-climate responsive enve-
lope design, the review focused on articles published from 2010 onward, with particular
emphasis on research conducted within cold-climate zone locations. Several keywords
and phrases were used to guide the preliminary search as indicated in Figure 1. A total
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of 59 papers were reviewed, as provided in Table A1, Appendix A. The literature was
gathered and organized using the reference management tool Mendeley.
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The review was divided into two thematic groups, as shown in Table 2.

Table 2. Topic themes.

Building Envelope Performance in Cold Climates Advancements in Building Envelope Design for Cold Climates

Hygrothermal performance
Energy performance

BIPV
Advanced glazing
Advanced shading

BIVS
Sustainable building materials: CLT

1. Review of recent studies of building envelope performance in cold climates

This part was intended as a means to determine building envelope performance,
particularly in cold-climate zones. It provides theoretical and research-focused aspects,
and in addition, in the review, existing limitations are identified and research gaps to
be addressed in future research are provided. A focus was placed on finding trends
related to issues on building envelope climatic response, including energy efficiency and
hygrothermal performance.

2. Review of building envelope advancements in cold climates:

This part focuses on the applied part of the problem, specifically advancements
in building envelope design, particularly in cold-climate zones. Additionally, it aims
to evaluate and analyze these advancements in relation to the performance of building
envelopes in such climates.

Following the categorization process, a comprehensive analysis of each group is per-
formed to uncover insights, strengths, and weaknesses within the existing body of research.
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The final phase involves synthesizing the findings across all thematic categories, thereby
creating connections among various research domains. This synthesis aids in identifying
interdependencies and clarifying potential directions for future investigations. The review
concludes with an assessment of the research and industry outlook regarding advance-
ments in building envelope implementation in cold-climate zones. It also summarizes
specific research gaps related to these climatic conditions. This work lays the groundwork
for future research and technological advancements in building envelopes, aiming to en-
hance their performance in the years to come. Figure 2 illustrates the framework of the
methodology applied in this review.
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4. Results and Discussion
4.1. Overview of Reviewed Articles

The articles spanned a wide range of topics, approaching climate-responsive building
envelopes in cold regions from different perspectives. As illustrated in Figure 3, the majority
of the literature identified focused on hygrothermal and energy performance, along with
BIPV technology. Numerous articles focused on the research of BIPV, leading to the division
of this category into the following two areas: the effectiveness of BIPV in cold climates
and the integration of BIPV with DSFs. The latter area also included the incorporation of
phase-change materials (PCMs) within these DSFs.
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Amongst the literature reviewed, Canada had the highest number of articles, as shown
in Figure 4. This was followed by studies conducted across multiple countries or different
climatic zones.
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4.2. Hygrothermal Performance

Many studies have highlighted the significance of analyzing the hygrothermal per-
formance (i.e., the movement of heat, air and moisture through building envelopes) of
building walls, particularly in cold climates [16,46–53]. Efficient hygrothermal performance
can significantly enhance the durability of a building, prevent biological growth within
the structure, and maintain a favorable indoor environment [54]. However, inefficient
hygrothermal performance can lead to several adverse consequences; for example, it may
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(1) affect the comfort level of occupants, potentially causing respiratory issues [55,56];
(2) reduce the effectiveness of the insulation, thereby increasing the energy consumption
from heating, ventilation, and air conditioning (HVAC) systems, significantly impairing
the thermal performance (i.e., thermal resistance) of walls [57], and; (3) promote the devel-
opment of mold growth and wood decay, the latter effect posing a hazard to the overall
structural integrity of the building [58].

In the existing literature, the hygrothermal performance of building envelopes in
cold climates has been investigated by using numerical simulation, field experiments, or
both approaches. For instance, through an assessment of the moisture performance of
76 buildings in Finland, as undertaken by Annila et al. [46], it was found that the majority of
moisture and mold damage was identified using a surface moisture indicator. In a separate
study, Lee et al. [47] presented a methodology for assessing the hygrothermal performance
of framed wall assemblies by employing 2D finite element transient simulations of heat–
air–moisture transfer using DELPHIN V5 hygrothermal simulation software. The paper
illustrates example design limits for different wall assemblies in heating-dominated climates
in North America. The design limits for wall assemblies with moisture membranes of
varying vapor permeance are provided for both the area of the field of the wall and at
window sills. High-level findings include:

• Membranes with a high vapor permeability, coupled with insulation, offer greater
potential for moisture drying in the area of the field of the wall compared to lower
permeable membranes. However, this difference can be mitigated by employing
higher insulation ratios for walls using materials with lower permeability.

• Highly vapor-permeable sub-sill membranes installed at window sills exhibit greater
tolerance to rain penetration, and the advantages outweigh the potential concern
of standing water atop the sub-sill, leading to inward vapor drive and moisture
accumulation in a wooden sill. Nevertheless, when choosing the membrane, it is
imperative to take into account the durability of vapor-permeable sub-sill membrane
products.

• The tolerance to rain penetration in the field area of the wall assembly is dependent
on the location of the leak. In marine climates, such as those located in Vancouver and
Seattle, wall assemblies with vapor-permeable membranes tolerate rain penetration
better at the studs than within the stud cavity, whereas the opposite is observed in
climates such as those located in Toronto and Edmonton. However, wall assemblies
with low vapor permeability are generally not tolerant of rain penetration.

Given that wind-driven rain represents a significant moisture source that can pose
risks to building envelopes, especially when rainwater unintentionally infiltrates into the
envelope assembly through defects of the wall component, research conducted in Southern
Ontario, Canada, introduces a stochastic modeling methodology to assess the influence
of rain infiltration on the hygrothermal performance of highly insulated wood-framed
walls. These walls include an I-joist deep cavity wall, two exterior insulated walls, and
a conventional 2 × 6 stud wall serving as the baseline wall. According to the findings
derived from the stochastic simulations, rainwater deposited on a water-resistive barrier
does not pose any moisture damage risk. However, significant risks are observed when
rainwater directly impacts the exterior or interior surface of wood sheathing, with the
highest risk associated with interior deposition [53]. Another study conducted in Ottawa,
Canada, employed a stochastic hygrothermal simulation to assess the mold growth risk of
a brick veneer-clad wood-frame wall featuring a drainage cavity under both historical and
projected future climatic conditions. The study concludes that, in the climatic context of
Ottawa, mitigating the exposure of walls to wind-driven rain is a more effective strategy
for controlling the risk of mold growth compared to enhancing cladding ventilation and
improving the water tightness of the exterior façade [49].

Furthermore, the moisture performance of a vapor-permeable building envelope
in Finland is presented through a combination of field measurements and numerical
simulations. The findings indicate that the vapor diffusion resistance of the internal surface
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should be greater than that of the external surface, typically adhering to a recommended
ratio of 3:1 or 5:1. However, it must be noted that the vapor resistance of the vapor retarder
may be considerably lower than that offered by polyethylene and still ensure structural
safety, even within a cold-climate context [48]. In another study, the mutual transfer of heat
and moisture within building envelopes located in the severe cold region of Harbin, China
was modeled. The study concludes that the drying rate of recently constructed building
envelopes exhibit a notable increase during the initial year, particularly within the initial
months. The insulation performance of the wall during the first winter is significantly
compromised due to the elevated initial moisture levels and the presence of freezing ice
within the insulation layer. In the simulated envelope, the freezing of moisture, particularly
within the insulation layer, significantly influences the heat transfer coefficient (thermal
resistance). Consequently, the maximum heat transfer coefficient of the modeled envelope
during the first winter is approximately 7% higher than that observed in the tenth year,
which is considered to represent the final hygric state [50].

A study conducted in Montreal, Canada, examined the impact of adding thermal
insulation on frost damage using the hygrothermal simulation program WUFI 6.5 Pro [51].
The findings indicate that the effect of thermal insulation on the risk of frost damage is
influenced by several factors, with the properties of the bricks and the level of moisture
exposure being the most significant. The addition of interior insulation lowers the temper-
ature within the brick, which significantly increases the moisture content in the interior
brick layer, and escalates freeze–thaw and frost damage cycles, particularly in the second
and middle layers. Another study, conducted in Alaska, USA, evaluated the hygrothermal
performance of an adaptable house wall (AHW) panel, which incorporates composite infill
panels combined with vacuum-insulated panels to withstand harsh cold conditions. The
results indicated a moderate risk of mold growth in the inner plywood layer of the AHW,
whereas the outer plywood layer exhibited no risk, signifying an acceptable condition [16].

Moreover, Piggot-Narvarrete et al. [52] evaluated the impact of construction defects
on the hygrothermal performance and airtightness of a lightweight wood-frame envelope
system in Quebec, Canada. The results demonstrate that all observed defects reduced the
hygrothermal performance of the assessed wood-frame envelope. Amongst these defects,
structural separation and staples penetrating the vapor barrier caused the most significant
adverse effects, notably increasing heat loss, as well as the likelihood of air exfiltration and
interstitial condensation.

Mahmoodzadeh et al. [59] illustrate a methodology incorporating both qualitative
and quantitative elements that can be used to characterize locations of air leakage with
infrared thermography. The qualitative analysis showed that areas of air leakage become
more evident under increased pressure differentials. Additionally, a temperature index was
introduced to prioritize the identification of air leakage areas for retrofitting purposes. In a
systematic and critical review of various exterior retrofitting systems aimed at enhancing
energy conservation and efficiency in cold climatic settings by Mirzabeigi et al. [60], it was
observed that, whereas general observations regarding the air leakage characteristics of the
various systems were documented, modeling the impacts of air leakage flow on heat and
moisture performance remained a challenge.

4.3. Energy Performance

In light of the significant energy and environmental implications arising from building
operations, regulatory bodies have taken steps to enhance building energy performance
by imposing more stringent energy requirements. However, a recent study conducted by
Huynh et al. [61] investigated and compared regulations governing the energy performance
of building envelopes for new residential construction in cold-climate regions, revealing
substantial disparities in energy requirements. For instance, the required thermal resistance
per unit area of above-grade exterior walls in Sweden is nearly double that of a comparable
climate zone in Canada. Furthermore, despite the Nordic countries sharing similar climate
conditions and building practices, a review conducted by Allard et al. [62] shows consider-
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able variations in the definitions of energy performance for residential buildings, as well as
variations in the methodologies employed for energy performance analysis, highlighting
substantial diversity across regions.

Numerous studies on energy-efficient building envelopes in cold climates have con-
centrated on insulation and glazing [19,60,63–66]. The use of PCMs has also been examined
in cold climates [67–69].

4.3.1. Insulation

In a Swedish study, the analysis focused on determining the cost-optimal usage of
building envelope insulation, specifically for elements such as attic roofs, ground floors,
exterior walls, and the installation of energy-efficient windows and doors in new buildings.
The results indicate that the cost-optimal thicknesses for insulation used in these envelope
elements notably exceed the minimum energy requirements of the current Swedish building
code [63]. In addition to that, a study carried out in Calgary, Canada, examined four
variations of wall assemblies with differing thermal resistances (R-values 17 and 50) in
terms of their energy efficiency and environmental impact. These configurations were
compared against a baseline conventional stud wall with an R-value of 17. The balance
of CO2 emissions and the reduced CO2 emissions resulting from the conserved energy in
R-50 high-thermal-performance building envelopes (HTPBEs) demonstrates their viability
as effective solutions for implementation in cold climates [19]. In another study conducted
by Chan et al. [64], a summary is provided for the thermal performance of glass-fiber-
core Vacuum Insulation Panels (VIPs) for a building located in Yukon, Canada that was
assessed over a period spanning 2011–2018. The primary findings of this study show the
promising and satisfactory performance of glass-fiber-core VIPs over an eight-year duration.
Additionally, the study demonstrates that the aging process of glass-fiber-core VIPs in cold
climates occurs at a very slow rate. Moreover, a comparative analysis of the energy-saving
potential of passive houses across various climatic zones in China was undertaken, and
supplemented by a sensitivity analysis for the thermal properties of the building envelope.
The findings indicate that reducing the insulation of exterior walls results in the most
substantial rise in energy consumption, particularly in the severe cold regions of China [65].

4.3.2. Glazing

It is recognized that the overall heat loss varies depending on the shape and configura-
tion of the building, even when the floor area remains constant. Moreover, a larger facade
area may necessitate a larger glazing area for daylighting purposes, leading to increased
heat loss through glazing. Hence, for buildings located in cold climates, building form
is a significant factor influencing both total heat loss and thermal comfort [70]. A study
conducted by Yao et al. [66] focused on analyzing the shape, size, and construction of
transparent building envelopes in China’s cold climatic zone. Two prototypical models, the
no-sunspace model and the sunspace model, were derived from typical rural residences in
China’s cold-climate zone. Subsequently, multi-objective optimization of the transparent
envelope for these prototypical models was carried out. The study reveals that the optimal
values for the northward, westward, and southward window-to-wall ratios are 0.10, 0.11,
and 0.12, respectively, for the no-sunspace model. Conversely, for the sunspace model,
the optimal values are 0.13, 0.13, and 0.43 for the northward, westward, and southward
window-to-wall ratios, respectively. Furthermore, the study concludes that irrespective of
the presence of a sunspace, the optimal window construction for the prototypical model of
rural residences is “6 mm low-transmittance Low-E glass + 12 mm air + 6 mm transparent
glass”. In a systematic and critical review of various exterior retrofitting systems aimed
at energy conservation and efficiency in cold climatic conditions, Mirzabeigi et al. [60]
identified that material selection, design integration, and the consideration of real-world
performance factors (such as complex geometries) are crucial data requirements for in-
formed decision-making regarding the effectiveness of implementing opaque envelope
retrofitting strategies.
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4.3.3. PCMs

A study was undertaken to introduce a novel approach for enhancing energy efficiency
in buildings located within various climatic regions of China, by designing an adaptive
building envelope that embraces dynamic response to the fluctuating climatic conditions.
The study concludes that increasing the thickness of a PCM layer yields beneficial ef-
fects solely in severe cold and hot climate zones, enhancing the overall performance of
the buildings in these regions [68]. Current research on incorporating PCM into carbon-
negative wall assemblies made advances to enhance the performance of wall systems
using hempcrete and implementing temperature control tactics while also considering
the hysteresis phenomenon of PCMs. Four distinct hempcrete wall configurations and
hempcrete–PCM (HPCM) composite designs were simulated and compared to evaluate
their performance under varied control strategies aimed at mitigating energy demand
while optimizing the phase-change transition of the microencapsulated PCM. The findings
indicate that the hempcrete–PCM (HPCM) wall configurations surpassed the performance
of the hempcrete wall assemblies by achieving energy savings during heating (approxi-
mately 3–7%) and cooling (about 7.8–20.7%). Additionally, HPCM walls exhibited higher
wall surface temperatures on the coldest days and lower temperatures on the warmest
days, maintaining a more consistent range compared to hempcrete assemblies, thereby
enhancing thermal comfort. However, the results also show that the optimal performance
of thermal energy storage materials necessitates temperature controls that facilitate their
charge and discharge [67].

4.4. Advancements in Building Envelope Design for Cold Climates

This section discusses several advanced technologies in building envelopes. Figure 6
presents the organizational structure of the reviewed topics by section.
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4.4.1. BIPV

The integration of photovoltaic (PV) technology into a building, known as BIPV,
involves replacing traditional building envelope components such as windows, roofs,
and walls with PV systems, thereby offsetting building construction costs. These BIPV
envelopes also generate power and provide protection for the building’s interior against
harsh external environmental conditions [71–73]. The degree of opacity in BIPV envelopes
is a critical factor to consider. This characteristic not only facilitates the generation of
renewable energy but also plays a vital role in regulating the building’s overall energy
consumption. By allowing natural light to penetrate, BIPV envelopes contribute to a
suitable indoor environment, thereby reducing the need for artificial lighting and managing
thermal gains and losses, which in turn can lower heating and cooling demands [74].
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Effectiveness of BIPV

Several authors have studied the effectiveness of the use of BIPV in buildings located
in cold climates, including [75–83].

Skandalos et al. [77] introduced an innovative BIPV climatic design framework for
the first time, aimed at optimizing PV building positioning and adaptation to local climate
conditions to minimize energy expenditure and resource use. The study finds that in Zone
1 locations, characterized by higher latitudes and cold climates, integrating PV systems
on vertical surfaces is advantageous. This is because vertical surfaces receive compara-
ble irradiation to tilted roof integrations during the cold season when energy demand is
high. In this zone, solar irradiation levels are at the threshold typically considered for
the economic profitability of PV panel integration. In a separate investigation conducted
by Gholami and Røstvik [76], the research examined the impact of climate conditions on
solar radiation components affecting building envelopes and BIPV materials across various
climatic zones in the northern hemisphere. The findings indicate that across all climates
examined, the average incident radiation on entire building skins slightly exceeded that
on their east or west orientations, irrespective of the orientations of the building facades.
Additionally, the study revealed that certain BIPV technologies, such as Dye-Sensitized
Solar Cells (DSCs) and Organic Solar Cells (OSCs), are notably more influenced by climate
conditions, compared to others such as crystalline silicon (c-Si), mono-crystalline silicon
(mc-Si), and copper indium gallium selenide (CIGS). Furthermore, DSCs and OSCs are
recommended for regions with cloudy climates due to their stable performance under such
conditions. Additionally, Skandalos and Karamanis [75] conducted a study examining the
energy performance of four BIPV systems that regulate solar radiation through windows,
and their implications for the built environment across three different climatic zones. The
results indicate that BIPV systems offer significant passive energy advantages, making them
important in the shift towards zero energy buildings. Moreover, simulations of both conven-
tional and innovative PV curtain-wall systems across diverse climate conditions highlight
the critical influence of climate on BIPV system performance concerning energy efficiency
and comfort enhancements in non-residential structures. Zhang and Lu [83] conducted a
comprehensive assessment of the overall energy performance of photovoltaic-insulated
glass units (PV-IGUs) featuring various PV glazing transmittances and rear glasses, compar-
ing them with conventional insulated glass units (IGUs) across five distinct climate zones
in China. The findings indicate that PV-IGUs achieve energy savings across all studied
cities. Particularly in cold-climate areas such as Harbin, PV-IGUs with higher transmittance
and rear low-emissivity (low-e) glass demonstrate lower net source-energy consumption
compared to those with lower transmittance and rear clear glass configurations.

Ma et al. [78] explored the potential of passive and active solar design strategies to en-
hance the energy efficiency of northern Canadian housing. The study revealed that optimal
passive solar design can decrease heating energy demand by 42% in Yellowknife, with an
additional cost of 8%, and by 27% in Kuujjuaq without incurring extra costs. Moreover, it
was determined that further investigation was needed to optimize the utilization of ther-
mal energy recovered from building-integrated photovoltaic/thermal (BIPV/T) systems
in northern Canadian housing to maximize the utilization of available solar energy. In
a study performed by Shirinbakhsh and Harvey [79], the feasibility of integrating solar
energy into high-rise commercial buildings in Toronto, Canada was assessed by measuring
its effectiveness in reducing external energy demands and operational greenhouse gas
emissions. The results indicated that harnessing solar energy had the potential to fulfill
11–25% of the total energy demand for high-rise commercial buildings and thereby de-
crease emissions by 4–38%. Converting solar energy into heat, whether through thermal
or thermal/photovoltaic collectors, proves more effective in reducing both the building’s
reliance on the energy grid and its operational emissions. Thermal technologies exhibit
superior solar energy coverage owing to their higher efficiency compared to photovoltaic
panels. This is supported by Javadijam et al. [80] in their comparative analysis of BIPV and
BIPV/T systems. This study, focusing on energy, economic, exergy, and environmental (4E)
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aspects, was aimed at achieving full supply of thermal and electrical demand for a building
located in Tabriz, Iran. According to the study, in cold weather conditions, the BIPVT
system demonstrated a 7.2% increase in generated power compared to the BIPV system
and met 52% of the building’s heating requirements. Additionally, it enhanced energy
efficiency by an average of 1.7% and contributed to a reduction of ca. 35 tons of carbon
dioxide emissions. A combination of BIPV/T and unglazed transpired collector (UTC)
systems for building facades in Montreal, Canada was studied by Athienitis et al. [81]. The
study concluded that integrating unglazed transpired collectors with attached photovoltaic
panels on building facades was promising for applications requiring significant winter ven-
tilation air heating. A combination of BIPV/T systems and unglazed transpired collectors
can effectively generate useful heat while simultaneously producing electricity from the
same surface area. Additionally, A TRNSYS model was developed by Kamel and Fung [82]
to integrate a photovoltaic/thermal collector (PV/T) on a roof, coupled with an Air Source
Heat Pump (ASHP) in an Archetype Sustainable House (ASH) located in Vaughan, Ontario,
Canada. The TRNSYS model, as developed, was used to simulate and predict the seasonal
performance of the heat pump. The results indicated that annual greenhouse gas (GHG)
emissions from electricity consumption by the Air Source Heat Pump (ASHP) were reduced
by 225 kg CO2 with the inclusion of the PV/T system. Additionally, the study found an
annual savings of USD 500 in electrical costs and a GHG emission credit of 1734.7 kg CO2
from renewable electricity generation.

Integration of BIPV with DSFs

DSFs have been demonstrated as an effective solution in cold climates. For instance, a
novel approach utilizing a neural network-aided thermal model to enhance the assessment
of DSFs in Winnipeg, Canada was introduced by Araji et al. [84]. The study revealed the
effectiveness of DSFs in reducing heat loss in cold climates. The heat transfer model was
useful in demonstrating the notable accuracy obtained from the results, achieving minimal
average errors of 0.20% in winter and 0.32% in summer. During winter, closed DSFs showed
a substantial reduction in heat loss, achieving up to 24.7% compared to single-skin façades.
In summer, mechanically ventilated DSFs reduced heat gain by up to 33.7% with a cavity
airflow of 1.6 m/s. Another study was used to assess the potential application of DSFs
in the harsh cold region cities of Northwest China (Kashgar, Urumqi, Altay, and Turpan)
and to investigate their role in enhancing energy efficiency in large public buildings [85].
The results indicate that the average Energy Use Intensity (EUI) energy-saving rates in
Kashgar, Urumqi, Altay, and Turpan are 64.8%, 63.2%, 56.7%, and 49.4%, respectively. A
south-facing orientation is considered optimal for DSFs in cities located in Xinjiang region,
achieving the highest energy-saving rate of 15.2%. In Kashgar, the energy-saving benefits
of west-facing DSFs surpass those of north-facing DSFs. Conversely, the optimal order of
orientation benefits attained for other cities (Urumqi, Altay, and Turpan) is south, north,
west, and east. An analysis of heating, cooling, and lighting energy consumption reveals
that box windows exhibit superior heating energy efficiency, whereas corridors are more
effective for cooling. Multistorey DSF systems are suitable for east-facing buildings in
cities located in the Xinjiang region. It was concluded that choosing appropriate DSF
schemes based on specific conditions and requirements can significantly reduce building
energy consumption.

The integration of BIPV systems with DSF in cold climates is an emerging solution
that has been the subject of research by numerous authors [69,86–88]. Additionally, the
incorporation of PCM within DSFs has been investigated in cold-climate zones [89,90].

Hachem and Elsayed [86] conducted a study on the impact of geometric design of
equatorial-facing DSFs on the energy performance of multi-story office buildings in Calgary,
Canada. The results indicate that while deviations from the basic flat façade generally led
to an increase in heating load, this was counterbalanced by a reduction in cooling load and
a considerable increase in energy generation potential for façade-integrated photovoltaic
systems. Moreover, the position of the fold and the depth of the cavity significantly affect
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the thermal load and energy generation potential. A study conducted in Harbin, China,
focuses on the operational performance of photovoltaic DSFs during winter, aiming to
provide an experimental framework for their efficient operation. The experimental results
conclusively demonstrated that the internal circulation mode can outperform the thermal
buffer mode by 10.9% on a cold, sunny day. Additionally, the total energy-saving potential
can be further increased by 12.6% with the activation of fans to enhance cavity airflow [91].
A co-model integrating MATLAB, R2022a and ANSYS Fluent, 2022 R1 was developed
to investigate the performance of a new DSF typology with a renewable energy source
in cold climates [87]. The system incorporated photovoltaics and microalgae modules,
which were brought into contact with the occupied space to counteract heat loss to the
cold ambient environment. The results demonstrated that DSFs were more energy-efficient
than insulated double-glazed assemblies, irrespective of the cavity ventilation scheme.
Microalgae photobioreactors were found to have a higher heating potential, generating
8.1% more heat compared to photovoltaic systems. Furthermore, the study recommended
the use of adjustable external air vents that can be regulated based on ambient temperature
and occupancy levels within the cavity, whenever feasible. A study conducted by Yadav
and Hachem-Vermette [88] in Montreal, Canada proposed a mathematical model to assess
the electrical and thermal performance of a novel DSF system and its influence on indoor
environmental conditions. The DSF system consisted of opaque photovoltaic (PV) and
transparent glass panels integrated as an exterior skin. Additionally, the cavity between the
DSF’s exterior and interior skins facilitated airflow, enhancing PV efficiency and delivering
preheated air into the room for space conditioning. The study found that increasing the KL
ratio (proportion of PV façade height to total façade height) decreased room temperature
and increased electrical output. Moreover, a 20% increase in the transmissivity of the
interior façade resulted in a 2.3 ◦C rise on a winter design day and a 2.6 ◦C rise on a
summer design day.

A study performed by Elarga et al. [89] investigated the performance of a system
integrating a photovoltaic (PV) layer and a PCM layer within a DSF across various cities in
different climatic zones. It was found that the monthly cooling load was always reduced,
regardless of the climate, in the range from 20% to 30%. The study also highlighted that the
selection of the PCM transition temperature, along with an appropriate ventilation strategy,
were crucial factors in ensuring the effectiveness of this integrated solution. Another
study focused on assessing the potential and suitability of a ventilated double-skin façade
incorporating PCM for cooling purposes, across various global weather conditions. The
study concluded that the ventilated double-skin façade (VDSF) offered three potential
benefits: free cooling, cold storage, and mitigation of incidence solar radiation. The “warm
temperate” and “snow” main climate areas were identified as having a high potential to
provide free cooling using the VDSF system [90].

4.4.2. Advanced Glazing and Shading

Windows represent the least energy-efficient elements within the thermal envelope,
making their thermo-optical properties crucial in influencing building energy loads. In
addition to experiencing significant conductive, convective, and radiative heat losses, win-
dows also transmit short-wave solar radiation through the glazing, resulting in substantial
heat gains within a building. Although in colder climates, Low-E coated double-glazed
systems are the current industry standard, their energy-saving potential—achieved by
enhancing solar and long-wave reflectance—is constrained by their intrinsic static thermo-
optical properties [92]. Due to the higher latitude positions, locations with cold climates
typically receive reduced solar radiation during the winter months [93], meaning that that
the potential for passive solar heating during this period is minimal or nonexistent. Conse-
quently, the feasibility of utilizing solar radiation as a passive heating strategy in buildings
must be rigorously validated through calculations, as excessive thermal losses through
transparent components of the building envelope can be significantly high. Therefore,
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windows should primarily be utilized for daylighting purposes rather than for solar energy
harvesting [94].

Numerous investigations have explored advanced glazing and shading techniques in
cold climates [95–100].

Pourghorban and Asoodeh [95] investigated the physical and thermal properties of
advanced glazing units and innovative configurations, with a focus on preserving the
highly passive functionality of the Trombe wall in Tabriz, Iran. The performance of these
configurations in cold climates was examined over the course of a year, with a detailed
focus on thermal requirements during different periods. Various novel Trombe walls with
different window-to-wall ratios were evaluated, and the effects of diverse structural and
spectral specifications were analyzed. The study found that implementing Trombe walls
with advanced glazing units resulted in a 48.8% reduction in the heating period and a
23.9% improvement in comfort conditions. However, it also led to an average increase of
22.7% in cooling periods and 2.2% in overheating periods. The physical properties, such as
reducing window-to-wall ratios, were most effective in enhancing comfort conditions (32%)
and reducing cooling periods (35%). Conversely, the structural properties of the glazing
units were most influential in decreasing overheating periods by up to 12.2%. A previously
developed 1-D transient heat transfer model was used to assess the annual heating and
cooling energy efficiency of two thermochromic glazing systems, namely commercial
Ligand-Exchange (LET) and industrial Vanadium Dioxide (VO2) thermochromic coatings.
Their performance was compared against a reference low-E coated glazing [98]. Conducted
in Toronto, Canada, this study demonstrates that VO2 thermochromic glazing exhibits
superior energy efficiency due to its low solar transmittance and enhanced near-infrared
reflectance at elevated coating temperatures. Moreover, the study finds that adjustments
in switching time and hysteresis width have relatively minor impacts on the performance
of VO2 glazing. A study in Quebec City, Quebec, Canada by Corriveau-Peev et al. [99]
compared the heat transfer characteristics of three curtain walls equipped with varying
numbers of panes. The study showed that under cold weather, curtain and spandrel
walls with a greater number of glass panes exhibit reduced heat loss. Additionally, the
absorption of solar radiation by the frame and spandrel sections significantly influences
the heat flux values. A study by Sadooghi and Kherani [96] simulates the performance
of window systems that incorporate partitioning radiant shades, positioned between the
conventional glass panes of an insulated glazing unit. The partitioning shades consist of
spectrally selective metallo-dielectric coatings that control optical transmittance across the
visible, infrared, and mid-infrared spectral regions. The study reveals that in cold climates,
suitable coatings are applied to the interior glazing or glass pane and to the partitioning
shades located near the interior glass pane. It was found that increasing the thickness of
window panes notably decreases the solar heat gain coefficient (SHGC) in cold climates.
Additionally, in cold climates, a two-pane configuration with metallo-dielectric coatings
exhibits lower heat loss compared to three-pane window configurations without such
coatings. Furthermore, a three-pane window configuration with metallo-dielectric coatings
outperforms a four-pane window configuration under similar conditions.

A study conducted in several cold cities, including Vancouver, Edmonton, Toronto,
Quebec, Canada, and Fairbanks, Alaska, explores the implementation of automated shading
systems for cold-climate zones. The research also helped in developing an innovative
sensor-less control strategy optimized for interior roller shades in cold climates [97]. The
research revealed that automated shading systems represent a viable green retrofit strategy
for buildings in cold-climate zones. The technology demonstrated payback periods ranging
from approximately 5 to 15 years, influenced by variables such as glazing characteristics,
orientation, solar exposure, and local climatic conditions. Both simulation results and
findings from the prototype field study support the use of automated shading systems
optimized for cold climates to enhance overall building energy performance, effectively
reducing energy consumption associated with both heating and cooling. In addition to that,
a commercial building was analyzed using the DesignBuilder, V7 software to assess its
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solar performance. This investigation allowed for comparisons among horizontal louvres,
overhangs, and vertical shading configurations across diverse climatic conditions [100].
The comparative analysis revealed that the horizontal louvre configuration, specifically
utilizing five louvres with a spacing of 400 mm between adjacent louvres, exhibited the
most effective performance in reducing annual energy consumption in all climates.

4.4.3. Building Integrated Vegetative Systems

A “vegetative system” is a technological system onto which vegetation is intentionally
grown. This system comprises multiple layers, including vegetation, growing media, and
water (either from irrigation or stormwater), which constitute the “living component” of
the technology. This component exhibits a dynamic and adaptable behavior in response
to climate, microclimate, solar exposure, shading, and other environmental conditions.
Vegetative systems for roofs and façades are referred to by various terms, which often may
be considered as synonymous: green roofs/walls, roofs gardens, living roofs/walls, among
others [101]. The advantages of green roofs and walls are well-documented in the literature
and include thermal, hydrological, acoustic, air quality and biodiversity benefits. These sys-
tems can enhance thermal comfort and reduce energy consumption in buildings [102,103].
The plant canopy on a green roof effectively manages solar radiation during summer and
retains heat during winter [102]. A green roof effectively delays peak water runoff by
storing precipitation in its lower layers and returning water to the atmosphere through
evapotranspiration [104]. However, in cold climates, specific challenges arise, such as
temperatures fluctuating greatly over short periods, widely varying precipitation levels,
and daily freeze–thaw cycles [105].

The performance of green roofs in cold climates has been studied by several re-
searchers [106–111]. However, a scoping study by Andenæs et al. [112] that was intended
to gain an overview of green-roof research and the available scientific literature reviewed
retrieved one hundred articles of particular interest to Nordic climates and their findings
were summarized. It was found that the majority of green roof research has been con-
ducted on a theoretical basis, or through practical measurements on green-roof test beds or
isolated components. There is a scarcity of literature on the operation of full-scale, building-
implemented green roofs, and no articles were found on the technical performance of aged
green roofs. Additionally, limited research exists on vertical greening in cold climates.

A study by Tang and Qu [106] examined the energy performance of green roofs in
the cold climate of West Lafayette, Indiana, through both experiments and modeling. The
simulation results indicated that green roofs significantly mitigate temperature fluctuations
in the roof structure. Additionally, green roofs reduced heat loss from the inner roof
surface by 17.9% throughout the winter season, compared to traditional roofing systems.
If frequent phase changes occur, green roofs can reduce heat loss in traditional roofs by
approximately 19%. Even in the absence of a phase change in the soil during warm and
cold periods, heat loss can still be reduced by around 15–17%. A similar study conducted
in multiple cities, including Moscow, Russia, focused on green roofs with little emphasis
on roof structures and their impact on optimizing energy efficiency. A one-story residential
building was simulated in both non-insulated and insulated states across three different
climatic zones [107]. The study revealed that the green roof consistently proved to be
effective in reducing overall energy consumption compared to a conventional roof across
all three case studies and various climatic conditions. However, in the climate of Moscow,
the performance of the green roof was considerably less effective compared to other climatic
locations studied.

Collins et al. [108] measured the thermal conductivity of individual layers of experi-
mental green roofs and determined the overall thermal resistance of the complete green
roof system under winter conditions in southern Finland. An analysis of layers at varying
intensities of frost penetration revealed a decrease in thermal conductivity for each layer
when penetrated by frost. This phenomenon is attributed to a reduction in bridge–water
connectivity during freezing and a volumetric water content below the critical threshold
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value. Overall, a frost depth extending through the entire green roof resulted in the highest
equivalent thermal resistance. These findings offer valuable insights for designing the
substrate and vegetation layers of green roofs to achieve optimal insulation. A physical
model of the energy balance of a vegetated rooftop was completed by Sailor [110] and
integrated into the EnergyPlus, V3 building energy simulation program. This green-roof
module enables energy modelers to investigate various design options, including the ther-
mal properties and depth of the growing media, as well as vegetation characteristics such
as plant type, height, and leaf area index. Simulations were conducted for the following
two locations: Chicago, IL, and Houston, TX, USA. The results from the Chicago simula-
tions indicated greater sensitivity to green-roof design variations during the winter season.
Within the ranges explored, soil thickness had the largest impact on energy use. Increasing
the soil thickness from 0.2 to 0.3 m enhanced the insulation, which led to a reduction in
natural gas consumption during the wintertime and also decreased summertime electricity
consumption. Furthermore, increasing vegetation density resulted in reduced summer
electricity usage but increased winter heating energy consumption. This effect is due to
the shading provided by denser vegetation, which is beneficial in summer but detrimental
in winter. Finally, increasing summer irrigation produced the anticipated results, proving
more beneficial in the less humid climate of the two locations studied. A study by Yang
et al. [109] presented the results of both experimental and numerical analyses of a large
extensive green roof installed on the Onondaga County Convention Center in Syracuse, NY,
under summer and winter conditions. The study demonstrates that, during late fall without
snow cover, the temperatures of the growth medium and roof membrane exhibit a diurnal
pattern similar to that of the ambient air temperatures, but with smaller amplitude. In
extremely cold winter conditions with snow covering the roof, the snow layer functions as
an insulator, and heat flux is primarily governed by the temperature gradient between the
interior space and the snow layer. During the summer months, the green roof substantially
lowers the daily peak temperature of the roofing membrane. Additionally, it mitigates
heat transfer through the roofing system and reduces the demand for air conditioning. In
a separate study by Lundholm et al. [111] in Halifax, Nova Scotia, Canada, an extensive
green-roof system was examined to quantify heat flux and its relationship with solar ra-
diation, substrate temperature, and snow depth. The study was intended to determine
the correlations between vegetation type, snow accumulation, and substrate temperature.
The study found that during the building’s heating season, green roofs exhibited lower net
heat loss compared to conventional roofs. Increasing the depth of the green-roof substrate
beyond its initial depth did not further reduce net heat loss. Additionally, variations in roof
microclimates—such as sheltered, exposed, or over unheated buildings—led to differing
levels of snow accumulation. Greater snow depth was associated with reduced variability
in heat flux. As indicated by previous research, the advantages of green roofs compared
to conventional roofs diminished under extreme winter conditions, particularly when the
substrate was frozen or covered with snow. Different plant species influenced the variably
in depth and duration of roof snow coverage. Additionally, substrate temperatures varied
based on the types of plant growth, both under snow cover and in bare conditions. The
net thermal benefits of green roofs in winter will depend on climate, plant choice, roof
construction, and location.

4.4.4. Sustainable Building Materials: CLT

Timber has been extensively used in the building industry for many centuries due
to its high strength, light weight, cost effectiveness, and renewable nature [113]. In the
timber industry, CLT has emerged as a highly significant building material, widely used
in Europe since the early 1990s. CLT is a wall system composed of solid timber panels.
These panels are versatile and can be designed for constructing walls, roofs, and floor
slabs [114]. Although CLT was initially used as a building material in Germany, Austria, and
Switzerland, it has become a product of considerable interest in Canada, the United States,
Japan, China, and New Zealand. These countries are now actively engaged in the research,
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development, production, utilization, and standardization of this innovative engineered
wood [115]. Existing studies of CLT in cold climates encompass a range of topics, including
its energy and thermal performance [116–119]. Additionally, the hygrothermal performance
of CLT in such climates has been a focal point of research interest [117,120–122].

Energy Performance of CLT

The findings from an investigation into the energy sustainability of CLT and straw res-
idential buildings in the cold and severe-cold regions of China indicate that both CLT and
straw buildings demonstrate greater efficiency compared to reinforced concrete structures,
particularly in terms of reduced energy consumption during the operational phase [116].
The results also reveal that orienting the main building facade towards the south results in
approximately 5% to 7% energy reduction compared to east or west orientations. Addition-
ally, as the building height increases, energy consumption decreases gradually [116].

In the construction of single-family homes, annual energy cost savings were evident
across all climates examined, with more substantial savings observed in cold climates
compared to hot climates. In a related study, the energy consumption and carbon emis-
sions associated with the heating and cooling of CLT buildings during their operational
phase were analyzed across 31 major cities situated in various climate zones throughout
China [119]. The estimated energy consumption and carbon emissions for CLT build-
ings were notably lower than those for reinforced concrete (RC) buildings across all cities
studied. This indicates that CLT systems offer substantial potential for reducing carbon
emissions and conserving energy compared to RC structures. The operational heating and
cooling energy consumption of CLT office buildings in cold-climate cities in China was
assessed by Guo et al. [118]. The evaluations involve comparing the energy consumption
of a reference reinforced concrete (RC) structure with that of CLT office buildings. The
estimated heating energy savings of CLT buildings, compared to the reference structure,
were, respectively, 12% in Harbin, 22% in Beijing, 31% in Shanghai, and 23% in Kunming.
However, CLT buildings exhibit higher energy consumption for cooling during the summer
months. This is supported by another study in which the potential for overheating in
residential buildings was investigated and for which the rationale for the existing thermal
designs, as adopted in cold and severely cold regions of China, was utilized [118]. This
study evaluated the use of the two most commonly used building materials, i.e., reinforced
concrete (RC) and CLT, in the design of an 18-story residential building envelope across six
cities situated in cold and severely cold regions. The results indicate that both RC and CLT
buildings experience varying levels of overheating across different climate subregions. The
CLT buildings exhibit extended periods of overheating compared to RC buildings, particu-
larly in colder regions. Additionally, the findings reveal that for higher-story apartments,
there is a gradual increase in both cooling energy consumption and indoor temperature.
The research findings indicate that local energy efficiency design standards should be
revised to incorporate thermal design strategies for summer, aiming to mitigate periods
of overheating.

Hygrothermal Performance of CLT

In a separate study by Ye et al. [122], the thermal performance of CLT walls was tested
through experimental, theoretical, and simulation methods; it was found that the presence
of a double-layer or hollow structure had minimal impact on the heat transfer coefficient
of the CLT wall. The addition of internal or external thermal insulation materials resulted
in a substantial reduction in the heat transfer coefficient of CLT walls by 37% to 50%. The
lowest heat transfer coefficient observed for CLT walls in this study was 0.278 W/(m2·K).
The study also identified that thermal bridge structures within buildings, such as corners
and partitions, lead to an increase in the heat transfer coefficient by approximately 35%
to 38%. These findings offer a scientific foundation for the application of CLT in various
cold-climate regions [106]. Critical threshold values for the design of CLT external walls,
in terms of their initial moisture content (built-in moisture) and dry-out capacity (vapor
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resistance of wall layers), were established using a stochastic methodology [120]. The
findings confirmed that a high initial moisture content in CLT significantly increases
the risk of mold growth, particularly when the CLT is covered with vapor-tight layers.
Another study found that incorporating a CLT layer combined with wood-based insulation
on the exterior significantly enhances thermal and acoustic performance. However, in
cold climates with high indoor humidity, there is a risk of interstitial condensation [121].
However, research conducted in various climatic zones in the USA, including Boston and
Minneapolis, demonstrates that the thermal variations within wall assemblies highlight
the improved sensible heat storage and insulation performance of CLT. Furthermore, these
studies confirm that CLT assemblies are physically practical, with no significant moisture
accumulation that could lead to wood rot or mold growth [117].

4.5. Similar Reviews

While numerous reviews exist on advancements in building envelope technology,
there is a notable lack of studies specifically addressing the unique challenges and require-
ments of cold climates. This gap is significant, as cold climates present distinct issues
related to thermal performance, moisture management, and durability that can differ
markedly from those in temperate or warm environments. Additionally, many existing
studies tend to focus primarily on energy performance metrics, such as energy efficiency
and consumption, often overlooking the critical role of hygrothermal performance. Hy-
grothermal analysis is essential for understanding how building materials interact with
moisture, temperature, and humidity, which are particularly important in cold climates
where condensation, frost, and moisture accumulation can lead to severe structural and
indoor air quality issues. A study by Narbutus and Vanaga [24] provides a comprehensive
review of innovative building envelope technologies aimed at enhancing energy efficiency
and reducing greenhouse gas emissions, including PCM, aerogel insulation, and active
and adaptive systems that play crucial roles. However, this review presents only broad
performance metrics. Another comprehensive technical review of building envelope com-
ponents and their energy efficiency improvements is performed by Sadineni et al. [22]. It
discusses various energy-efficient wall types, including Trombe, ventilated, and glazed
walls, and presents performance insights on fenestration technologies such as aerogel,
vacuum glazing, and frames. Advances in energy-efficient roofs, including green roofs,
photovoltaic roofs, and evaporative cooling systems, are also examined. The article outlines
different thermal insulation materials and their selection criteria, as well as the impact of
thermal mass and PCM on building heating and cooling loads. In another review that aims
to comprehensively analyze recent passive energy retrofit solutions, focusing primarily
on recent studies, it evaluates energy savings in both residential and tertiary buildings
while considering specific investment costs. The review concludes in a detailed discussion
that highlights the comparative advantages and disadvantages of the examined passive
envelope technologies, providing a multi-dimensional comparison [21]. A review on recent
advancements in individual and combined BIPV/T systems, emphasizing various numeri-
cal and experimental investigations of different wall- and roof-mounted configurations,
including air-cooled and water-cooled systems, concentrator systems, and PCM-based
systems. It analyzes the impact of various parameters on building performance, energy
efficiency, and energy savings, discussing system designs, benefits, drawbacks, perfor-
mance indicators, and limitations [23]. This study provides an in-depth examination of
a particular technology, yet, like the previous studies, it does not offer specific details on
climatic performance. The utilization of PCMs in energy-efficient roofs, walls, and ceilings
is thoroughly analyzed in another comprehensive review. The research emphasizes the in-
novative potential of PCMs to improve cooling efficiency, particularly in high-temperature
settings. Furthermore, it introduces various quantification techniques that pave the way
for future advancements in the practical and technical application of PCMs in building
materials. This comprehensive analysis contributes to a deeper understanding of how PCM
integration can enhance energy performance in buildings [25].
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5. Conclusions and Future Directions

Regarding hygrothermal performance in cold climates, buildings should prioritize the
use of high-vapor-permeability membranes, particularly in regions prone to rain penetra-
tion, and carefully consider membrane durability and insulation ratios to ensure optimal
moisture management in wall assemblies. It is crucial that the vapor diffusion resistance
of the internal surface of the building envelope surpasses that of the external surface.
Controlling wind-driven rain is an effective strategy to improve insulation performance in
cold climates.

Techniques to enhance drying during the initial months post construction should be
prioritized and further investigated, including the selection of moisture-resistant insula-
tion materials, pre-drying insulation before installation, and regularly monitoring and
maintaining moisture levels and thermal performance, particularly in the first year. These
measures will help mitigate the impact of high initial moisture levels and freezing on
thermal resistance.

Instead of solely using interior insulation, a balanced approach with both interior and
exterior insulation is recommended to prevent moisture accumulation and temperature
drops within the bricks. Builders should ensure meticulous construction practices to avoid
defects that compromise the hygrothermal performance and airtightness of lightweight
wooden envelope systems. It is essential to prevent structural separations and avoid
penetrating the vapor barrier with staples, as these defects significantly increase heat loss,
interstitial condensation, and air infiltration.

Incorporating high-thermal-resistance wall assemblies can significantly reduce energy
consumption and environmental impact, making them reliable options for sustainable
construction practices in cold-climate regions. Additionally, adaptive building envelope
designs that respond dynamically to changing climatic conditions can provide substantial
benefits. Specifically, increasing the thickness of the PCM layer can have positive effects in
severe cold-climate zones.

Carefully optimizing window-to-wall ratios and using high-performance glazing, such
as “6 mm low-transmittance Low-E glass + 12 mm air + 6 mm transparent glass”, ensures
good thermal performance and energy savings. Material selection, design integration,
and the consideration of real-world performance factors, such as complex geometries, are
crucial for informed decision-making regarding the effectiveness of implementing opaque
envelope retrofitting strategies.

Moreover, in light of the disparities uncovered in energy requirements for building en-
velopes in cold-climate regions, decision makers should consider harmonizing regulations
across similar climate zones to ensure consistent energy performance standards.

Integrating PV systems on vertical surfaces in Zone 1 locations, characterized by
higher latitudes and cold climates, can optimize energy expenditure and enhance the
economic profitability of PV panel integration. This approach leverages the comparable
irradiation received by vertical surfaces and tilted roofs during the cold season when energy
demand is high. The type of BIPV system plays a vital role in ensuring optimal solar energy
yield. For instance, Dye-Sensitized Solar Cells (DSCs) and Organic Solar Cells (OSCs)
perform well in cloudy climates due to their stable performance under such conditions,
whereas technologies like crystalline silicon (c-Si), mono-crystalline silicon (mc-Si), and
copper indium gallium selenide (CIGS) are more sensitive to climate variations. Further
investigation in this area is required.

It is recommended to implement PV-Insulated Glazing Units (PV-IGUs) with higher
transmittance and rear low-emissivity (low-e) glass in cold-climate areas to maximize
energy savings and reduce net source energy consumption. Prioritize the use of thermal
or thermal/photovoltaic collectors, as they are more effective in decreasing the building’s
reliance on the energy grid and operational emissions. Thermal technologies should
be favored for their superior solar energy coverage and higher efficiency compared to
photovoltaic panels. Additionally, deviations from basic flat-façade designs should be
considered to optimize energy performance. While these deviations may increase heating
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load, they can effectively reduce cooling requirements and enhance energy generation
potential from integrated photovoltaic systems. Careful adjustments to the position of
folds and the depth of cavities are essential to maximize thermal efficiency and energy
generation capabilities.

For BIPV in DSFs, it is recommended to prioritize the internal circulation mode over
the thermal buffer mode for enhanced energy savings on cold, sunny days. Activating
fans to improve cavity airflow can further optimize energy efficiency in building systems.
Integrating photovoltaic (PV) layers and PCM within DSF effectively reduces cooling
loads across diverse climatic conditions. The careful consideration of PCM transition
temperatures and ventilation strategies is crucial to maximize the performance and benefits
of this integrated approach. Further investigation in this area is needed. While BIPV has
been widely explored in temperate climates, research on its performance in cold climates
remains limited, especially in large-scale applications. The primary challenges in cold
climates include reduced solar irradiance during winter, snow accumulation on panels,
and the effects of extreme temperature fluctuations on system efficiency and durability.
Additionally, integrating BIPV into large-scale buildings in these regions poses unique
challenges in terms of optimizing energy yield, ensuring long-term reliability, and balancing
energy efficiency with building envelope thermal performance.

For buildings aiming to optimize thermal performance, it is recommended to integrate
Trombe walls with advanced glazing units be used to significantly reduce heating periods
and enhance indoor comfort. To mitigate the increased cooling and overheating periods, it
is crucial to optimize physical properties, such as reducing window-to-wall ratios, thereby
improving comfort and minimizing cooling demands. Additionally, selecting glazing
units with effective structural properties can help reduce overheating issues. Further
investigation in this area is needed. Incorporating curtain and spandrel walls with multiple
glass panes can minimize heat loss, whereas optimizing the absorption of solar radiation
by the frame and spandrel sections can further enhance thermal performance and improve
overall energy efficiency of the glazing unit.

A green roof or facade is less effective in cold climates compared to warmer regions.
For buildings utilizing green roofs in cold climates, it is recommended to design green-roof
systems to accommodate frost penetration and snow cover. Ensuring that the green-roof
layers maintain high thermal resistance, even when frost penetrates, can enhance overall
insulation. Additionally, since snow cover may diminish the energy-saving benefits of green
roofs, it is essential to incorporate strategies to mitigate its impact on insulation performance.
There is a notable lack of research on building-integrated vegetative systems in cold climates.
More research is needed to address issues such as optimal soil thickness, irrigation practices,
hygrothermal performance, seasonal sensitivity, and snow accumulation.

CLT buildings have demonstrated significantly lower energy consumption and carbon
emissions during their operational phase compared to reinforced concrete (RC) buildings.
This suggests that adopting CLT construction can play a crucial role in reducing carbon
footprints and conserving energy, contributing to more sustainable and environmentally
friendly building practices. However, in cold climates, CLT buildings exhibit higher energy
consumption for cooling during the summer months and might experience overheating.
Therefore, more research is needed to mitigate overheating in CLT buildings. Additionally,
a high initial moisture content in CLT significantly increases the risk of mold growth,
particularly when the CLT is covered with vapor-tight layers. Further investigation is
required to address this issue and ensure the long-term durability and healthiness of CLT
buildings in cold climates.

Figure 7 presents prospective research directions for various building envelope tech-
nologies in cold climates.
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Appendix A

Table A1. Chronological list of reviewed studies.

No. Year Location Main Findings Reference

1 2005 Finland

Field measurements and simulations indicate that for a
vapor-permeable envelope, the internal surface should have
3 to 5 times more diffusion resistance than the external surface, and
the vapor retarder can have lower resistance than polyethylene while
still being effective, even in cold climates.

[48]

2 2008 Chicago IL and
Houston TX, USA

The simulations performed for Chicago indicate an increased
sensitivity to variations in green roof design during the winter season.
Among the parameters examined, soil thickness emerges as the most
influential factor affecting energy consumption.

[110]

3 2011 Harbin, China

In Harbin, China, newly built envelopes have high moisture and
freezing ice content in the first year, leading to reduced insulation
performance and a 7% higher heat transfer coefficient in the first
winter compared to the tenth year.

[50]
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Table A1. Cont.

No. Year Location Main Findings Reference

4 2011 Montreal, Canada

The paper explores a prototype façade-integrated system combining
BIPV/T with an Unglazed Transpired Collector (UTC). This
combination is promising for buildings requiring substantial winter
ventilation air heating, as it produces useful heat and electricity from
the same surface.

[81]

5 2014 Vaughan, Ontario,
Canada.

The TRNSYS model integrating a photovoltaic/thermal collector
(PV/T) with an Air Source Heat Pump (ASHP) in an Archetype
Sustainable House (ASH) showed that the ASHP + PV/T system
reduced annual GHG emissions by 225 kg CO2, saved $500 in
electricity bills, and generated a GHG emission credit of 1734.7 kg
CO2 from renewable electricity.

[82]

6 2014 Halifax, Nova Scotia,
Canada

The advantages of green roofs compared to conventional roofs were
diminished under extreme winter conditions, particularly when the
substrate was frozen or covered in snow, as well as during periods of
high solar exposure. The overall thermal benefits of green roofs in
winter are dependent on factors such as climate, plant selection, roof
construction, and geographic location.

[111]

7 2015 Different cities in all
climatic zones

A ventilated double-skin façade with PCM offers three key benefits:
free cooling, cold storage, and solar radiation prevention. It is
particularly effective in “warm temperate” and “snow” climates for
providing free cooling.

[90]

8 2016 Finland Analysis of 76 buildings reveals that most moisture and mold damage
is detected using surface moisture indicators. [46]

9 2016 Different cities in
different climatic zones

Integrating a PV layer and PCM layer in a DSF consistently reduces
monthly cooling loads by 20% to 30%, regardless of climate. Effective
performance relies on selecting the right PCM transition temperature
and an appropriate ventilation strategy.

[89]

10 2016 Calgary, Canada

The study on equatorial-facing DSFs for multi-story office buildings
shows that deviations from a flat façade generally increase heating
loads but reduce cooling loads and enhance energy generation from
integrated photovoltaic systems. The position of folds and cavity
depth significantly impact thermal load and energy
generation potential.

[86]

11 2016 West Lafayette,
Indiana, USA

The study evaluates green roofs’ energy performance in cold climates
through experiments and modeling. Simulations show that green
roofs significantly reduce temperature fluctuations and cut heat loss
from the inside roof surface by 17.9% during winter compared to
traditional roofs. Frequent phase changes can improve heat loss
reduction to about 19%.

[106]

12 2017 Canada

Improving the building envelope and daylighting design of a
controlled indoor agricultural center reduced combined heating and
cooling loads by 65% and lighting load by 10% compared to the
base case.

[123]

13 2017 Southern Finland

The study measured thermal conductivity and equivalent thermal
resistance of green roofs in southern Finland during winter. It found
that thermal conductivity of substrate and vegetation layers decreased
from 0.41 W/mK to 0.10 W/mK due to frost penetration, as frost
reduced water connectivity. A full frost depth provided the highest
thermal resistance, while snow cover reduced the insulation benefits
of green roofs. These findings help in designing green-roof substrates
and vegetation for optimal insulation.

[108]
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Table A1. Cont.

No. Year Location Main Findings Reference

14 2017
China’s 31 key cities
located in different

climate zones.

The estimated energy consumption and carbon emissions in CLT
buildings are significantly lower than those in RC buildings across all
the cities analyzed. This suggests that CLT systems hold substantial
potential for reducing carbon emissions and conserving energy
compared to RC systems.

[119]

15 2018 Nordic climate

The scoping study reviewed green-roof research and literature
relevant to Nordic climates, summarizing 100 key articles. It revealed
that most research is theoretical or based on test beds and isolated
components. There is a lack of literature on full-scale,
building-implemented green roofs and no studies on the technical
performance of aged green roofs.

[112]

16 2019
Seattle, USA.

Vancouver, Toronto and
Edmonton, Canada

Methodology for evaluating wall assemblies’ hygrothermal
performance in heating-dominated climates, emphasizing design
limits and 2D simulations.

[47]

17 2019 Typical cold climate,
country not specified

A statistical analysis of a snow melting-and-freezing model identifies
key parameters, such as snow thickness, indoor and outdoor
temperatures, and roof thermal resistance, as most important through
sensitivity analysis.

[124]

18 2019 Southern Ontario

A stochastic modeling approach shows that rainwater on a
water-resistive barrier poses no moisture damage risk, but direct rain
deposition on exterior or interior wood sheathing surfaces, especially
the interior, significantly increases the risk. The study evaluates
various highly insulated wood-framed walls, including I-joist deep
cavity, exterior insulated, and conventional 2 × 6 stud walls.

[53]

19 2019 Sweden

Cost-optimal building envelope measures, including insulation for
attics, ground floors, and exterior walls, as well as efficient windows
and doors, require significantly thicker insulation than the minimum
energy requirements of the current Swedish building code.

[63]

20 2019

Beijing
Heilongjiang

Nanjing
Guangzhou

Kunming, China

The study proposes a new approach to enhance building energy
efficiency by designing adaptive envelopes that respond dynamically
to changing climatic conditions. Increasing the thickness of PCM
layers improves building performance in both severe cold and
hot climates.

[68]

21 2019 Yukon, Canada
Glass-fiber-core VIPs demonstrated promising and satisfactory
thermal performance from 2011 to 2018 in extreme cold climates, with
aging occurring at a very slow rate.

[64]

22 2019
Different cities in

different climatic zones
in China.

PV-integrated glazing units (PV-IGUs) achieve energy savings across
all climates in China. In cold regions like Harbin, PV-IGUs with higher
transmittance and rear low-e glass consume less net source energy
compared to those with lower transmittance and rear clear glass.

[83]

23 2019 Boston
Minneapolis, USA

The thermal changes throughout the wall assemblies indicate the
enhanced sensible storage capabilities, the insulation performance of
CLT, as well as ensuring that the CLT assembly is physically practical,
with no significant moisture accumulation that can lead to rot or mold.

[117]

24 2019 Typical cold climate,
country not specified

The results of our stochastic analysis confirmed that a high initial
moisture content in CLT causes a high mold-growth risk when CLT is
covered with vapor tight layers.

[120]

25 2020 Canada

A method for characterizing air leakage locations using infrared
thermography includes both qualitative and quantitative components.
A qualitative analysis reveals that air leakage areas are more apparent
with higher pressure differences. A temperature index prioritizes
these areas for retrofitting, and a thermal image subtraction method
identifies crack characteristics based on thermal patterns.

[59]
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Table A1. Cont.

No. Year Location Main Findings Reference

26 2020
Hailar, Harbin,

Urumchi, Lanzhou,
and Beijing, China

The results show that both CLT and straw buildings are more efficient
than reinforced concrete with a reduction in energy consumption
during the operational phase.

[116]

27 2020 Northeast China

Both RC and CLT buildings are subject to varying degrees of
overheating across different climate subregions. Notably, CLT
buildings experience longer durations of overheating compared to RC
buildings, particularly in colder regions.

[118]

28 2020
Harbin, Beijing,
Shanghai, and

Kunming, China

The estimated heating energy savings for CLT buildings in Harbin,
Beijing, Shanghai, and Kunming, compared to the reference structure,
are 11.97%, 22.11%, 30.94%, and 23.30%, respectively. However, it is
important to note that CLT buildings tend to consume more energy
for cooling during the summer months.

[118]

29 2021 Ottawa, Canada

In Ottawa’s cold climate, limiting wind-driven rain is more effective
than improving cladding ventilation for reducing mold-growth risk in
brick veneer-clad wood-frame walls with drainage cavities.
Enhancing water tightness of the exterior façade is less effective than
controlling wind-driven rain and improving ventilation, though
reducing rainwater penetration can still mitigate mold risk to
varying extents.

[49]

30 2021

Canada, Finland,
Iceland, Norway,
Sweden, China,

and Russia

Energy performance regulations for new residential buildings in cold
climates vary significantly; for example, Sweden requires nearly twice
the thermal resistance for above-grade exterior walls compared to
similar climate zones in Canada.

[61]

31 2021 Canonsburg, PA, USA

The study compares four wall designs using hempcrete and
hempcrete–PCM (HPCM) under different temperature control
strategies. HPCM walls achieved 3–7% energy savings in heating and
7.8–20.7% in cooling compared to hempcrete walls. They also
maintained more stable surface temperatures and improved thermal
comfort. Optimal performance requires effective temperature controls
for PCM charge and discharge.

[67]

32 2021 Different climatic zones

Building-integrated photovoltaics (BIPVs) significantly aid in
transitioning to zero-energy buildings through their passive energy
benefits. Simulations of various BIPV curtain-wall systems across
different climates emphasize that climate plays a crucial role in
optimizing energy and comfort benefits in non-residential buildings.

[75]

33 2021 North Canada

Optimal passive solar design can cut heating energy demand by 42%
with an 8% cost increase in Yellowknife and by 27% without
additional cost in Kuujjuaq. Further investigation is needed to
maximize solar energy use and thermal energy recovery from BIPV/T
systems in northern housing.

[78]

34 2021 Different climate zones

The study examines how climate affects solar radiation components
on building skins and BIPV materials in the northern hemisphere. It
found that average incident radiation is generally higher on entire
building skins compared to east or west facades, regardless of facade
orientation. The climate impacts BIPV technologies differently, with
DSCs and OSCs performing more stably in cloudy climates compared
to c-Si, mc-Si, and CIGS cells.

[76]

35 2021 Different climate zones
The findings clearly show that BIPVs could substantially contribute to
the transition to zero energy buildings due to their passive
energy benefits.

[75]

36 2021 Syracuse, NY, USA
In late fall without snow, the temperatures of the growth medium and
roof membrane follow the diurnal cycle of ambient air temperatures
but with smaller amplitude.

[109]
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37 2021 Typical cold climate,
country not specified

Incorporating a CLT layer, along with wood-based insulation on the
exterior, significantly enhances thermal and acoustic performance.
However, in cold climates, the potential for interstitial condensation
increases under conditions of high indoor humidity.

[121]

38 2022 China
The multi-objective optimization of the transparent building envelope
can greatly enhance daylighting, energy efficiency, and thermal
comfort in rural residences.

[66]

39 2022 Calgary, Canada
High-thermal-performance building envelopes (HTPBEs) in cold
climates, such as R-50 designs, balance CO2 emissions with energy
savings, making them reliable compared to conventional stud walls.

[19]

40 2022
Harbin, Beijing,
Shanghai and

Guangzhou, China

In China, passive houses show varying energy savings potential
across different climatic zones. A sensitivity analysis indicates that
reduced exterior wall insulation significantly increases energy
consumption, especially in severe cold zones.

[65]

41 2022 4 climatic zones,
128 countries

The study introduces a novel BIPV climatic design framework for
optimizing PV building integration based on local climate. In higher
latitude, cold-climate zones (zone 1), vertical surfaces are effective for
PV integration, offering comparable irradiation to tilted roofs during
high energy demand periods. This zone’s solar irradiation is often at
the threshold for economic profitability of PV panels.

[77]

42 2022 Toronto, Canada

A co-model combining Matlab and Ansys Fluent assessed a new
façade typology using steady-state energy balance equations and
non-isothermal turbulent flow. The model, validated with a 1.9 ◦C
average temperature deviation, tested various ventilation schemes
and cavity widths. The results showed that DSFs were more
energy-efficient than insulated double-glazed assemblies. Microalgae
photobioreactors generated 8.1% more heat than photovoltaics.
Introducing ventilation improved photovoltaic efficiency by 7.5% and
lowered cavity temperatures from 16.3 ◦C to −6.8 ◦C. Enhancing
microalgae function with a water flow of 0.26 kg/s was also effective.
Adjustable external air vents were recommended for
optimal performance.

[87]

43 2022 Tabriz, Iran

The study investigates the physical and thermal properties of
advanced glazing units in Trombe walls, focusing on cold climates.
Advanced Trombe walls reduce the heating period by 48.8% and
improve comfort conditions by 23.9%, but increase cooling and
overheating periods by 22.7% and 2.2%, respectively. Reducing
window-to-wall ratios significantly improves comfort and reduces
cooling periods, while a glazing unit structure most effectively
reduces overheating.

[95]

44 2022 Typical cold climate,
country not specified

The study simulates window systems with partitioning radiant
shades featuring metallo-dielectric coatings that modulate optical
transmittance. In cold climates, applying the coating to the inner glass
pane and partitioning shades reduces solar heat gain coefficient
(SHGC) and heat loss. A two-pane window with metallo-dielectric
coatings outperforms a three-pane window without coatings, while a
three-pane window with coatings performs better than a
four-pane window.

[96]

45 2023 Quebec, Canada

Construction defects in a wooden envelope system significantly
reduce hygrothermal performance and airtightness, with structural
separation and staples over the vapor barrier causing the most severe
issues, such as increased heat loss and condensation risk.

[52]
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46 2023 Alaska, USA

The adaptable house wall (AHW) panel, featuring composite and
vacuum-insulated panels, shows moderate mold risk in the inner
plywood layer but zero risk in the outer layer, indicating acceptable
performance in harsh cold conditions.

[16]

47 2023 Montreal, Canada

Adding thermal insulation can increase frost damage risk by lowering
brick temperature and significantly raising moisture content in the
interior layer, leading to more freeze–thaw cycles. The key factors
influencing this risk include brick properties and moisture
exposure levels.

[51]

48 2023 Typical cold climate,
country not specified

The review highlights that the existing literature on exterior
retrofitting systems for cold climates lacks effective performance
evaluation metrics for comparing technologies. Innovative measures
are needed to assess dynamic behaviors over time, particularly
regarding air leakage effects on heat and moisture performance. The
key data requirements for decision-making include material selection,
design integration, and real performance considerations, such as
complex geometries.

[60]

49 2023 Harbin, China

The study focuses on the performance of photovoltaic DSFs in winter,
finding that the internal circle mode outperforms the thermal buffer
mode by 10.9% on cold, sunny days. Total energy savings can increase
by an additional 12.6% with activated fans to enhance cavity airflow.

[91]

50 2023 Tabriz, Iran

In cold weather, building-integrated photovoltaic/thermal (BIPVT)
systems outperform building-integrated photovoltaic (BIPV) systems
by improving power production by 7.15%, meeting 52.2% of the
building’s heating needs, increasing exergy efficiency by 1.69%, and
saving 34.98 tons of CO2.

[80]

51 2023 Toronto, Canada

Integrating solar energy into high-rise commercial buildings can meet
11–25% of total energy demand and reduce greenhouse gas emissions
by 4–38%. Thermal or thermal/photovoltaic collectors are more
effective than photovoltaic panels in reducing energy dependence and
emissions, due to their higher efficiency.

[79]

52 2023
Vancouver, Edmonton,
Toronto, Quebec, and

Fairbanks, Canada

The paper investigates automated shading systems for cold climates
and introduces a sensorless control strategy for interior roller shades.
The technology is effective as a green retrofit, with a payback period
of 5–15 years, depending on glazing type, orientation, solar exposure,
and local climate. Both simulations and field studies show that these
systems can reduce heating and cooling energy consumption,
improving overall building energy performance.

[97]

53 2023 Toronto, Canada

The study used a 1-D transient heat transfer model to evaluate the
annual heating and cooling performance of thermochromic glazing
systems, including Ligand-Exchange (LET) and Vanadium Dioxide
(VO2) coatings, compared to low-E coated glazing. VO2 glazing
proved to be the most energy-efficient in Toronto due to its low solar
transmittance and high near-infrared reflectance at elevated
temperatures. Increasing switching time and hysteresis width had
less impact on VO2 glazing performance.

[98]

54 2023 Quebec City,
Quebec, Canada

In cold weather, curtain and spandrel walls with more glass panes
exhibit reduced heat loss. The absorption of solar radiation by the
frame and spandrel sections significantly affects heat flux values.

[99]

55 2023 Different climatic zones

The study used DesignBuilder to evaluate solar performance in a
commercial building, comparing horizontal louvre, overhang, and
vertical shading types across various climates. The horizontal louvre
system, with five louvres spaced 400 mm apart, was found to be the
most effective in reducing annual energy usage.

[100]
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56 2023 Moscow, Russia

The study assessed green roofs on a one-story residential building in
both insulated and non-insulated states across three climatic zones:
Medan (hot and humid), Najaf (hot), and Moscow (cold). Green roofs
consistently reduced total energy use compared to standard roofs in
all climates, but their performance was notably lower in Moscow
compared to the other locations.

[107]

57 2023 Typical cold climate,
country not specified

The results indicated that the implementation of a double-layer or
hollow structure had minimal impact on the heat transfer coefficient
of the CLT wall. However, the heat transfer coefficient was
substantially reduced by 37–50% with the addition of internal or
external thermal insulation materials.

[122]

58 2024 Winnipeg, Canada

The neural network-aided thermal model for DSFs demonstrated high
accuracy with minimal errors (0.20% in winter, 0.32% in summer).
Closed DSFs reduced heat loss by up to 24.65% in winter compared to
single-skin façades, and mechanically ventilated DSFs cut heat gain
by up to 33.7% in summer with a cavity airflow of 1.6 m/s.

[84]

59 2024 Montreal, Canada

The study proposes a mathematical model to assess the electrical and
thermal performance of a novel double-skin façade (DSF) system.
Increasing the KL ratio lowers room temperature and boosts electrical
output. A 20% increase in the interior façade’s transmissivity raises
room temperature by 2.3 ◦C in winter and 2.6 ◦C in summer.

[88]
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