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Abstract: The need to design buildings in compliance with the Paris Agreement goal requirements
is urgent, and architects and engineers need to consider energy use and operational and embodied
carbon requirements in doing so. Building envelopes will be an important element in the next
generation of high-performance buildings and there have been significant advancements in recent
years to develop building envelopes that help mitigate the building carbon emissions through energy-
conserving low-embodied carbon or carbon-sequestering solutions. The key objective of this article
is to present an overview of the state-of-the-art in the field of energy-efficient low-carbon buildings
with a focus on envelope systems. This article provides a survey of the literature on energy use
and carbon emissions of the United States building stock, presents recent advancements in energy-
conserving building envelopes, and highlights reuse-reduce-sequester strategies that mitigate the
embodied carbon of buildings. As materials are critical in reducing the energy consumption and
carbon emissions of buildings, this paper also presents developments on diverse materials and
building envelope solutions that have been effective in creating high-performance buildings, from
insulation materials to phase-change materials and aerogels. Finally, the characteristics of a selected
number of progressive net-zero-energy guidelines such as Passive House Institute (PHI) standards,
Passive House Institute US (Phius) standards, the PowerHouse standard, and the BENG standard
are discussed. The findings of this work highlight the increased focus on the design, construction,
and engineering strategies that aim to mitigate the carbon emissions of buildings based on a holistic
whole-life carbon mitigation approach.

Keywords: building envelope; embodied carbon; energy-efficient buildings; building energy
modeling tools

1. Introduction

Characterized by extreme weather events and rising global temperature, climate
change is one of the pressing challenges of the 21st century. Controlling global warming
to below 1.5 °C has therefore become a critical goal for the global community and is
emphasized in the Paris Agreement to address climate change. This goal is only achievable
through “immediate and deep emissions reduction across all sectors”, according to the
Intergovernmental Panel on Climate Change [1].

The building sector serves as a significant contributor to carbon emissions and climate
change through both operational and embodied energy usage and associated emissions.
Operational energy encompasses the day-to-day functions of buildings, such as heating and
cooling, while embodied energy pertains to the energy consumed during the construction,
maintenance, and demolition phases. In this review paper, we review the pivotal role of
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building envelopes in reducing energy consumption and carbon emissions and improving
buildings’ energy efficiency and sufficiency, focusing on innovative engineering solutions
aimed at enhancing energy efficiency and sustainability.

Building envelopes play a crucial role in regulating the transfer of heat, air, and
moisture between the interior and exterior environments of structures. The effective design
and implementation of building envelope technologies offer immense potential for reducing
energy consumption and mitigating carbon emissions throughout a building’s life cycle.
From passive strategies like improved insulation to active measures such as incorporating
renewable energy generation systems, a diverse range of engineering solutions exist to
enhance the performance of building envelopes. Through an exploration of these innovative
technologies, this paper aims to provide insights into how advancements in engineering
can drive sustainable practices within the construction industry.

To achieve these objectives, this review paper adopts a comprehensive methodology
that involves synthesizing the existing literature on building envelope solutions aimed at
reducing energy consumption and embodied carbon emissions. A straightforward search
strategy for review papers is adopted, and the relevant literature on building envelope solu-
tions aimed at reducing energy consumption and embodied carbon emissions is identified
and collected. Studies focusing on the performance of building envelope solutions across
various regions and climate zones, as well as research on novel materials and emerging
energy conservation measures (ECMs) in building envelopes are specifically targeted.

For the selection criteria, studies were selected based on their alignment with the topics
building envelope solutions, energy efficiency, and embodied carbon reduction. Factors
such as climate considerations, cost implications, energy and carbon savings, durability,
and constructability of building envelope solutions were considered. The inclusion criteria
encompassed research utilizing experimental approaches, physics-based modeling tools,
customized methodologies, and data-driven techniques. For data extraction, information
regarding the performance of building envelope solutions in terms of energy efficiency and
carbon reduction was extracted from selected studies.

The following sections review the envelope-based energy retrofit approaches, use of
integrated energy generation systems for energy sufficiency, embodied carbon in build-
ings, tools for energy and carbon performance of buildings, and net-zero-energy design
standards, and this paper is wrapped up by the conclusions.

2. The Current State of Operational and Embodied Energy Use of the United States
Building Stock

The global and national economies channel energy into the building sector for two
distinct purposes that form the two key sources of building carbon emissions: the operation
of buildings (e.g., heating and cooling) and their construction and maintenance over the
full life cycle (Figure 1). Referred to as operational and embodied energy or carbon, these
two aspects of building energy use and carbon emissions are interrelated and require
aligned mitigation. Meanwhile, building envelopes are critical in controlling the flow of
mass and energy from and into buildings, while significantly affecting building energy use
and operational and embodied carbon emissions. There have been notable advancements
over the past decade in the development of building envelope technologies for energy
conservation and carbon avoidance as well as corresponding modeling and simulation
tools to assess the energy and environmental performance of building envelopes.

It is helpful to first review some of the data on energy use and carbon emissions of
buildings. From 100,410 trillion BTUs of total energy consumed in 2022 in the United
States, the commercial and residential sectors accounted for 39% [2], using renewable
and non-renewable energy (including the energy loss in the electrical system) for their
operation. Space heating (42%), water heating (18%), air conditioning (9%), and lighting
(3%) consume 72% of the site energy in the residential sector [3], while the energy use in the
commercial sector is primarily caused by space heating (32%), ventilation (11%), lighting
(10%), and cooling (9%) [4]. Data show that the operational energy-related carbon emissions
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of buildings (i.e., operational carbon) were responsible for 30% of greenhouse gas emissions
in the United States in 2021 [5]. While data, figures, and estimates on the operational energy
use of the U.S. building stock are detailed and comprehensive, the embodied energy data
are often limited to figures that represent certain construction materials. However, the
building sector causes significant amounts of material and energy use and associated carbon
emissions. Gursel et al. [6] estimate the carbon emissions associated with the manufacturing
of concrete, steel, and wood to represent 2.1% of U.S. emissions. On a global scale, the
manufacturing of construction materials is estimated to cause 11% of global emissions [5].
The United Nations Environment Program also reports that the proportion of global energy
and process emissions attributable to buildings in the year 2021 was about 37%, comprising
17% residential (direct and indirect), 11% non-residential (direct and indirect), and 9%
building construction industry (including 6% for concrete, aluminum, and steel and 3% for
brick and glass) (Figure 2) [7].
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Figure 1. The life cycle of construction and its carbon footprint.
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Figure 2. Share of buildings in global energy and process emissions in 2021.

3. Review Methodology

A straightforward search strategy for review papers was adopted, and the relevant
literature on building envelope solutions aimed at reducing energy consumption and
embodied carbon emissions was identified and collected. Studies focusing on the perfor-
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mance of building envelope solutions across various regions and climate zones, as well
as research on novel materials and emerging energy conservation measures (ECMs) in
building envelopes were specifically targeted.

For the selection criteria, studies were selected based on their alignment with the
topics of building envelope solutions, energy efficiency, and embodied carbon reduction.
Factors such as climate considerations, cost implications, energy and carbon savings,
durability, and constructability of building envelope solutions are considered in the study.
The inclusion criteria encompassed research utilizing experimental approaches, physics-
based modeling tools, customized methodologies, and data-driven techniques. For data
extraction, information regarding the performance of building envelope solutions in terms
of energy efficiency and carbon reduction was extracted from the selected studies.

4. Envelope-Based Approaches to Mitigate Operational Energy Use and
Carbon Emissions

The key objective of this article is to present an overview of the state-of-the-art in the
field of energy-efficient low-carbon buildings, with a focus on enclosure systems rather
than heating, cooling, energy management control systems, or electrical systems. There
are a wide range of building envelope-based energy conservation measures (ECMs) that
enhance building energy efficiency, from radiative sky cooling to innovative solutions such
as phase-change materials (PCMs), vacuum-insulated panels (VIPs), and aerogels. This
paper discusses a selection of these solutions, summarized in Table 1 and schematically
shown and summarized in Figure 3. These upgrades demonstrate how existing buildings
can be modernized to improve energy performance and reduce environmental impact
without necessitating complete reconstruction. The illustration emphasizes the feasibility
and effectiveness of applying these technologies to retrofit older buildings for sustainability.

Passive: Insulation:
Radiative Sky — g Ny CFI, Mineral wool, EPS, XPS,
Cooling (RSC) | 3 S Polyiso, VIP, Advanced
. 1 TR Thermal Plasters, PCM, Textile B
capillary-tube panels, and
Silica-aerogels-based

L Glazing:
|| Thermochromic systems, =
electrochromic windows o i e [ . Integrated:
- . @ Trombe walls with
® PV panels, Building-
integrated wind
turbine (BIWT)

Facade:
Double-skin and
responsive fagades
(BIPV)

Figure 3. A schematic overview of the reviewed building envelope energy conservation measures.

Radiative sky cooling (RSC) is an emerging ECM in which cooling naturally occurs,
allowing objects to release heat into the cooler air by leveraging temperature differences
between the surface and the atmosphere. While RSC is not a passive envelope-based
ECM in a strict sense, it can be bundled with them to enhance the performance of the
building skins. In a discussion of RSC systems for building energy saving and cooling,
Wu et al. [8] present a review of previous experimental and simulation-based studies
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on RSC, highlight its potential for effective energy conservation, and discuss some of
the optimization techniques to improve its performance. The authors also point out the
challenges associated with implementing RSC, such as the need for sizable radiative
cooling panels and the impact of weather conditions on its effectiveness, and conclude
that addressing these challenges needs more research [8]. The RSC studies reviewed by
Wau et al. [8] are primarily experimental, showing the knowledge gap in simulation-based
studies that document the performance of this ECM. This requires new software tools to be
developed or the existing software packages to incorporate new features to help simulate
the RSC performance.

The energy efficiency achieved with RSC varies by location and season (i.e., climate
zone). For example, in Albuquerque, summer savings range from 12% to 21%, and in
winter, from 21% to 44%. Similarly, in Atlanta, summer savings are 8% to 17%, while
in winter, they are 11% to 25%. Cool roofs’ effectiveness depends on building volume
and surface area. They save about 4.1-10.2 kWh/m? annually or approximately 9% daily.
However, RSC’s benefits in summer may be offset in winter due to heat loss. Thus, selecting
suitable roofs to reduce winter heat loss is crucial. Saving energy relies on location, season,
and building type [8].

Chen et al. [9] assessed the thermal efficiency of passive envelope systems integrat-
ing thermally insulated glazing materials and radiative sky cooling for cooling purposes.
EnergyPlus, a widely utilized whole-building energy simulation tool, was employed to dy-
namically address mass and energy balances within building spaces, considering variable
internal loads and external conditions. The study focused on eight representative cities
across diverse ASHRAE climate zones to evaluate the potential benefits of the proposed
passive envelope systems, accounting for regional climatic variations and building char-
acteristics. The results showcased climate-dependent performance patterns in response
to different passive envelope technologies. A comprehensive analysis of the simulation
outcomes identified optimal envelope designs tailored to each climate region, followed
by evaluations of economic and environmental performance. The research shows the
promising potential of passive envelope strategies in advancing sustainable low-energy
building designs [9].

Another emerging ECS approach is building envelope energy retrofit by taking ad-
vantage of the thermal properties (e.g., conductivity and specific heat) of certain materials
in thin layers of plasters and coatings. Fantucci et al. [10] discussed the rising demand for
highly energy-efficient buildings and extensive energy retrofitting of existing structures,
aiming to meet the Paris Agreement’s 40% emission reduction target by 2030. Various
advanced building envelope materials were reviewed, including low-emittance materials,
advanced thermal plasters, super insulating materials, phase-change materials, and highly
reflective coatings. These materials offer exceptional thermal performance, even in thin
layers, making them suitable for scenarios where traditional insulation methods are im-
practical. However, despite their potential, their adoption remains limited due to high costs
and a lack of knowledge and data regarding their thermal properties [10].

Another novel material is aerogel, which has been studied as a potential ECM in
buildings since its introduction into the construction industry. Zhong et al. [11] conducted
a study on developing a hierarchical cellulose aerogel reinforced with in situ assembled
cellulose nanofibers for building cooling. Regarding the tools and techniques related to
building envelope retrofit, they used EnergyPlus to simulate the cooling energy saving
potential of applying aerogel in building envelopes and also involved theoretical models,
Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) analysis, and
mechanical testing to characterize aerogel properties. The results showed that the aerogel
exhibited excellent mechanical properties, could achieve significant cooling power during
the day, and could achieve a theoretical maximum sub-ambient temperature of 12.0 °C and
a cooling power of 58.6 W-m~2 during the day [11].

The transparency of aerogel has also made it a suitable ECM in transparent building
envelope components such as glazing systems. Abraham et al. [12] discuss the development
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of a highly transparent aerogel made of silanized cellulose fibers that can be used to improve
the energy efficiency of glazing in buildings. The authors used thermal conductivity
measurements and numerical energy assessments to evaluate the performance of an aerogel
glazing unit. They also used ISO 9050:2003 [13] to determine solar direct transmittance, light
transmittance, total solar energy transmittance, ultraviolet transmittance, and other glazing
factors. A small Hot-Box apparatus was applied to measure the thermal conductivity of
different materials, while a numerical energy assessment was employed to evaluate the
energy performance of the aerogel glazing unit, and ISO 9050:2003 was considered to
determine the optical properties of the aerogel glazing unit [12].

Ibrahim et al. [14] presented a numerical and experimental investigation into the
hygrothermal performance of innovative super-insulating systems that are based on silica
aerogels. Environmental inputs and experimental data were collected using sensors, heat
flux meters, and a weather station. Numerical models were created using WUFI® Pro 5.3
software, incorporating coupled heat and moisture transfer according to standard EN 15026.
Spatial discretization employed the finite volume technique, while the fully implicit scheme
handled temporal discretization. The solver iteratively computed temperature and relative
humidity profiles until convergence. The results indicated close agreement between the
simulated and measured temperature fields, with captured daily dynamics. Statistical
parameters, including PRMSE, RMSE, and average absolute difference, were used to assess
the simulation-measurement agreement. Overall, the study concluded that these novel
super-insulating systems significantly reduced heat flux compared to uninsulated walls,
showcasing their potential for efficient thermal insulation [14].

Another category of building envelope ECMs is the integrated systems designed based
on the benefits of both passive and active systems, such as Trombe walls and photovoltaic
(PV) panels. Duan et al. [15] proposed an innovative Trombe wall system integrating PV
panels and aluminum panels layered with photocatalyst and thermal materials to enhance
energy harvesting efficiency. This system harnesses solar energy and catalytic oxidation
to heat and purify chamber air, thereby enhancing indoor air quality. The results indicate
the system’s capability to generate heat, ranging from 6.25 kJ/mol to 17.74 k] /mol, and
electricity, from 0.075 kWh to 0.372 kWh, daily from 9:00 to 16:00. Moreover, the system
demonstrates a one-way sterilization efficiency against bacterial aerosols from 0.204 to
0.347. Optimal system performance was observed with a spacing of 25 cm. Experimental
tools included a hot-wire anemometer, thermocouple, data acquisition instrument, propor-
tional integration differentiation controller, environmental chamber, electric heater, aerosol
generator, ultrasonic humidifier, I-V curve tester, and pyranometer [15]. Such systems are
typically modeled and simulated using customized tools, and there is potential for existing
BEM tools to incorporate more direct simulation options for similar integrated systems for
more accurate energy-saving and generation calculations.

Ascione et al. [16] conducted a review of recent research on energy retrofit through
double-skin and responsive facades. The study focused on building skins as the primary
means of heat gain and loss between indoors and outdoors. The authors reviewed vari-
ous technologies, including building-integrated photovoltaic (BIPV) systems, double-skin
fagades (DSFs), and responsive building components. The reviewed studies employed vari-
ous computer tools, techniques, and software for energy modeling and energy simulation,
such as EnergyPlus, TRNSYS®, DesignBuilder®, GenOpt, and MATLAB®. These tools were
used to analyze the performance of different fagade systems and their impact on energy
consumption, thermal comfort, and overall building performance. The review found that
the implementation of DSF and responsive fagades can lead to significant energy savings.
For example, a simple DSF could lead to up to 90 percent reduction in heating loads and
30 percent reduction in cooling loads. However, the authors also identified the obstacles
and critical factors, such as lower efficiency of transparent PV compared with traditional
PV, the risk of overheating, and greater cost of responsive components [16].

Si et al. [17] introduced an innovative building envelope design featuring variable
thermal properties for passive heating systems. Their study aimed to balance solar heat
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gain and thermal insulation, addressing a common challenge in traditional passive solar se-
tups. Field measurements were undertaken to validate the effectiveness of this transparent
building envelope, particularly in cold plateau regions, under a step control operation strat-
egy. Using DesignBuilder software, the researchers conducted numerical simulations to
assess the efficiency of the proposed envelope in increasing indoor temperatures. The simu-
lation outcomes mirrored field measurements, confirming that implementing the operation
strategy—opening indoor windows at 10:00 a.m. and closing them at 5:00 p.m.—could
maximize solar gain and substantially elevate indoor temperatures. The results indicated
that rooms utilizing the proposed envelope design exhibited average temperature increases
of 2.0 °C (on sunny days) and 1.5 °C (on cloudy days) compared to those employing three
other passive solar envelope operation modes. Overall, the building envelope with variable
thermal performance holds significant promise for enhancing indoor thermal comfort in
cold plateau regions at a minimal expense [17].

Baek et al. [18] investigated an experimental retrofitting approach for seismic and
energy improvements in reinforced concrete (RC) and unreinforced masonry (URM) struc-
tures. Their retrofit system integrates prefabricated textile capillary-tube panels with
existing building envelopes, affixed using mortar or adhesives. Seismic performance
was evaluated on scaled masonry-infilled RC frames and URM walls. Thermal efficiency
was gauged via in situ experimentation, showing significant effectiveness. The results
indicated enhanced seismic performance, delaying masonry infill cracking and diffuse
damage. Retrofitted specimens exhibited improved energy dissipation compared to un-
treated frames, with the TCP-retrofitted wall showcasing notably higher stiffness, load
resistance, and displacement capacity. Additionally, the addition of a C-TRM jacket further
bolstered stiffness and lateral resistance. This research underscores the practical viability of
TCP retrofitting as a cost-efficient solution for integrated seismic and energy retrofitting of
existing structures [18].

Cellulose fiber insulation (CFI) consists of paper stocks blended with chemicals to
enhance fire and corrosion resistance, among other properties. Typically, its thermal resis-
tance (R-values or RSI) falls within 0.62-0.69 m*K/W per 25.4 mm (3.5-3.9 ft2-°F-h/BTU
per inch) [19]. Mineral wool, on the other hand, is crafted from molten raw materials like
stone and slag, turned into fibers, then bonded, and compacted to form insulation batts.
It has high fire resistance, high thermal resistance, and low-embodied carbon, making it
an attractive insulation choice. Mineral wool’s R-value range is generally close to that of
cellulose fiber insulation [20].

Apart from loose insulation materials, various types of rigid board insulation are
available, including expanded polystyrene (EPS), extruded polystyrene (XPS), and polyiso-
cyanurate (polyiso), each with differing levels of embodied carbon. EPS, commonly used
in walls, roofs, and floors, typically offers an R-value ranging from 0.63 to 0.70 m*K/W
per 25.4 mm (3.6-4.0 ft2-°F-h/BTU per inch). XPS, stronger and denser than EPS, finds
application in walls and below-grade slabs, with a semipermeable nature and an R-value
of approximately 0.79 to 0.88 m*K/W per 25.4 mm (4.5-5.0 ft?-°F-h/BTU per inch). Polyiso,
the priciest among these options, has the highest thermal resistance, typically ranging from
1.23 to 1.41 m?K/W per 25.4 mm (7.0-8.0 ft>-°F-h/BTU per inch), often featuring reflec-
tive foil facing on both sides to enhance resistance to radiant heat transfer. Additionally,
advanced systems like vacuum-insulated panels (VIPs) offer highly efficient insulation
within minimal thickness, typically with thermal conductivity ranging from 0.004 W /(mK)
to 0.008 W/(mK) [21]. Phase-change materials (PCMs) also have immense potential for
building envelope applications as they can absorb external heat in the form of latent heat
through a phase transition, for example from solid to liquid [22], and release it with a delay
to warm up the building.

While insulation materials are key to preventing heat loss from opaque envelop
components, glazing systems are the weakest of the building envelope components when
it comes to thermal resistance. Because glazing is a major component in the assessment
of heating and cooling loads, thermal comfort, and energy demand of a building ([23,24]),
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proper specification of glazing systems can reduce summer heat gain and winter heat
loss [25]. Accordingly, various glazing technologies have been developed and are being
introduced to increase such thermal resistance. Of course, because glazing needs to also
provide natural lighting and visual transmissibility, such systems are in general evaluated
based on the following three main performance attributes: the thermal U-factor, the Solar
Heat Gain Coefficient (SHGC), and the Visual Transmittance (Tvis).

U-factor reflects the rate of heat flow (in Btu/(hr * ft> * °F)) through conduction,
convection, and radiation (NFRC 2005). SHGC quantifies the solar heat transmitted through
a material /system, ranging from 0 (no transmission) to 1 (full transmission). Tvis indicates
the percentage of visible light passing through glazing, with 1 representing full transmission
and 0 indicating no transmission. The selection criteria for glazing systems encompass
energy efficiency, sustainability, maintenance, durability, noise control, fire resistance, visual
aesthetics, and structural resilience in natural disasters [26,27].

Building envelopes are responsible for approximately 36% of total building energy
usage, primarily attributed to heat gain and loss [28]. Accordingly, replacing inefficient
single-glazed window units with their newer, more energy-efficient counterparts offers
the first step in this direction, which is consistent with the goal of the U.S Department of
Energy (DOE) Building Technologies Program (BT) to develop market-viable zero energy
buildings (ZEBs) by 2025.

As new emerging areas, dynamic and adaptive curtain wall systems [29] are among the
leading technologies, which can be adaptable and adjustable to environmental fluctuations.
Adaptive envelopes provide advancements in performance regarding building energy
efficiency and economics, through real-time behavior and configuration adjustments [30].
Adaptability is often achieved through a combination of mechanical, electrical, and chemical
approaches [29]. These adaptive fagades consist of multifunctional highly adaptive systems
that can be at material-, component-, and/or system-level implementations [31].

Various technologies employ coatings to decrease glazing emittance, while some in-
corporate “honeycomb” fill layers for enhanced thermal insulation. Additionally, products
utilize polycarbonate or similar materials to boost performance. Thermochromic glazing is
recognized as a smart, energy-saving window technology [32]. Advanced window systems
such as switchable electrochromic or gas chromic windows are other opportunities to
reduce the overall energy loads of buildings [33,34].

5. Use of Locally Renewable Energy Sources for Building Operations to Balance
Energy Consumption

With the current trends toward electrification and the desire for greater energy self-
sufficiency, there is a growing interest in the adoption of photovoltaic (PV) systems for local
energy generation [35]. These systems have the potential to generate a significant portion,
if not all, of a household’s daily electrical energy demand, either from rooftop installations
or as integrated components of the building structure itself [36]. Today, there are a variety
of products that differ in configuration and efficiency, but the most common PV systems
for houses are roof-mounted PV arrays, generally made up of crystalline silicon cells that
are normally installed on special frames attached to roofs.

PV arrays can be categorized into three main types based on the arrangement and
assemblies of the silicon cells [35]. The first one is mono-crystalline, which is the most
efficient and expensive type of PV cell, with an average efficiency between 18 and 20% [37].
Poly-crystalline panels are less efficient (14-17%) compared to mono-crystalline cells. Then,
there are thin films (amorphous), which is a thin layer of silicon deposited on a base
material such as metal or glass to create a solar panel. These amorphous solar panels are
less efficient (9-10%) than mono- or poly-crystalline panels. However, the advantage of
thin-film cells is that they can be applied to different (including curved) surfaces [37].

As a more recent technology, building-integrated photovoltaics (BIPVs) are becoming
more popular as they integrate PV arrays with building fabrics [38,39]. When compared to
roof-mounted systems, BIPV systems have the added benefit of increasing the potential
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for renewable energy while also saving money and time during installation by replacing
traditional building components. Examples of BIPV systems include shingles, tiles, and
glazing [40]. As one example of BIPV application to glazing, photovoltaic (PV) cells are
securely laminated between two designated glazing panes, completely integrating PV
technology with glass. Its adaptability makes it suitable for many uses where conventional
glass would be used, such as facades, skylights, curtain walls, and windows.

The integration of wind turbines with building facades and envelopes represents a
creative approach towards sustainable energy generation within urban environments and is
predicted by researched to potentially become an integral part of future buildings [41]. Park
et al. [42] introduced a novel building-integrated wind turbine (BIWT) setup that leverages
the building facade, a traditionally overlooked space in conventional BIWT systems. The
setup incorporates a guide vane to capture and amplify wind velocity, complemented by
a custom rotor design. Positioned as a potential eco-friendly energy solution for urban
settings, the system’s projected power generation capacity was assessed in relation to a
residential building’s energy demands. The analysis suggests that the proposed system
could potentially fulfill approximately 6.3% of the building’s electricity requirements [42].

Table 1. Summary of reviewed building envelope energy conservation measures and their energy

saving potential.

Lo Energy
ECM Category Description Examples Study Savings/Generation
Varies by
Radiative Skv Coolin Natural cooling region/season; e.g.,
y 8 leveraging temperature - Wu et al. [8] 12-21% in summer and
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21-44% in winter in
Albuquerque

Passive Envelope
Systems

Includes insulated
glazing and radiative

Chen et al. [9]

Dependent on climate
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sky cooling characteristics
Use of high thermal
Energy Retrofit property materials in Advanced thermal Fantucci et al. [10] Not specified
) plasters, PCM
thin layers
The theoretical
Highly insulating . . maximum sub-ambient
Aerogel material suitable for aHelre;aghlcal cellulose Zhong et al. [11] temperature of 12.0 °C
glazing systems & and cooling power of
58.6 W-m 2
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Super-Insulating
Systems

Based on silica aerogels

Silica-aerogel-based
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Ibrahim et al. [14]

reduced heat flux
compared to
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Integrated Systems
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Duan et al. [15]

Heat:

6.25-17.74 k] /mol;
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0.075-0.372 kWh/day

Integrating wind
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building
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Building-integrated
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Park et al. [42]

Potentially fulfills
about 6.3% of the
building’s electricity
requirements
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L Energy
ECM Category Description Examples Study Savings/Generation
o . Up to 90% heating load
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. seismic and energy Baek et al. [18] specific savings not
Retrofit panels e
performance quantified
Prevents heat loss from . Cellulose Insulation Varies by material; e.g.,
. . CFI, mineral wool, EPS, 2
Insulation Materials opaque envelope . Manufacturers CFI: 4.1-10.2 kWh/m:
XPS, Polyiso, VIP, PCM .
components Association [19] annually
Thermochromic
Glazing Systems Inc.r cases thermal‘ systems, electrochromic ~ Warwick et al. [32] Depend on U factor,
resistance of glazing windows SHGC, and Tvis values

6. Embodied Carbon—The Reuse-Reduce-Sequester Approach

As modern buildings now consume less operational energy, thanks to insulation
materials and high-performance window systems used in their building skins, the focus
pivots toward embodied energy and carbon as the next decarbonization step. Embodied
energy is defined as the amount of energy (in the form of fossil fuel and electricity) required
to produce the unit weight of a usable material, including the transportation involved [43].
Embodied carbon is the equivalent carbon dioxide of the greenhouse gas emissions released
in the partial life cycle (cradle-to-gate) or full life cycle (cradle-to-grave) of a building.

Embodied carbon mitigation is a three-fold strategy involving reuse, reduction, and
sequester [44]. The reuse of existing buildings, or parts of them such as substructures and
superstructures, can significantly reduce the demand for new materials and, hence, save
the embodied carbon. The manufacturing of materials such as concrete releases significant
GHG emissions, which is 11% in the case of concrete [44], and the reuse of existing structures
can play an important role in reducing the demand for these materials. It is equally vital to
reduce embodied carbon by developing low-embodied carbon alternatives to high-impact
materials such as concrete. Alternative cementitious materials such as fly ash and slag
cement in concrete, calcined clay as binder, and bio-based aggregates are some of the
practices used in the industry to reduce the carbon footprint of concrete. Sequestering is
another strategy that involves taking advantage of the carbon dioxide stored in the mass
of materials such as wood during photosynthesis. Due to their carbon neutral and carbon
negative attributes, bio-composite materials are gaining traction in the construction sector.
Hemp stands out as a notable material choice, finding application in lumber production [45]
and as a key component in hempcrete, a bio-aggregate concrete. Hempcrete consists of
hemp hurds, the inner core of the hemp plant, combined with a lime-based binder. This
lightweight concrete, composed mainly of lime and hemp shives (fibrous waste), offers a
sustainable building solution [46]. Hempcrete (as cast in place or as blocks) is currently
mainly used to make walls, although floor slabs, ceiling, and roof insulation can be made
as well.

Engineered wood products such as cross-laminated timber (CLT), glue-laminated
timber (GLT), and dowel-laminated timber (DLT) have also gained popularity in the
construction industry because of their carbon sequestration capabilities and their suitability
for diverse residential, educational, commercial, and light industrial applications in the
building structures and envelopes. While the predominant use of these products is currently
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in the construction of mid- to high-rise timber buildings, there is a gradual emergence of
examples showing their applications in low-rise single-family houses [47].

7. Tools for Energy Performance Assessment of Building Envelopes

Our review of the building-envelope-based ECM literature demonstrates the applica-
tion of both the existing energy simulation tools that remain effective and the innovative
modeling techniques developed to address the evolving requirements. This work also
shows that some ECMs have been studied only experimentally, showing a potential for
future numerical or simulation-based studies. The findings are reported below and listed
in Table 2 and visualized in Figure 4 based on their use frequency.

Researchers have made strides in developing novel computer tools to enhance the
accuracy of analyzing emerging energy conservation measures (ECMs). Yan et al. [45]
discussed the complexities and challenges encountered in Building Energy Modeling
Programs (BEMPs) while introducing DeST 3.0, a next-generation BEMP. The authors
categorized BEMPs into three distinct types: software grounded in a simulation kernel,
standalone modules integrated with other software for specific functions, and software
utilizing comprehensive room/zone and simplified system models. That paper elaborated
on the challenges encountered in building energy-consumption simulations, including
capability, calculability, and compatibility issues. DeST 3.0 tackles these challenges by
developing advanced simulation modules for building envelopes, occupant behavior, and
energy systems used by more than ten national/regional energy-saving standards. They
concluded by discussing DeST 3.0’s applications in analyzing building energy conservation
across extensive projects covering over 200 million m?, such as Beijing Capital Airport
Terminal 3, the National Grand Theater, Beijing Olympic Main Stadium, Beijing Daxing
International Airport, and Beijing Winter Olympic Main Stadium [48].

Combining physics-based and data-driven approaches is becoming increasingly com-
mon in building energy modeling and simulation, especially in studying the energy savings
for various ECMs. Thrampoulidis et al. [49] proposed a machine learning-based surrogate
model to yield optimal solutions for building retrofit. The model is designed to reduce the
computational cost of retrofit simulations while maintaining accuracy. The authors used
DesignBuilder software to simulate the energy performance of a building before and after
retrofitting. They then used a machine learning algorithm to train a surrogate model that
approximates the energy performance of the retrofitted building. The model was validated
using a case study of a Swiss residential building. The results show that the surrogate model
can accurately predict the energy performance of the retrofitted building while reducing
the computational cost of the simulation. The article highlights the importance of computer
modeling and simulation techniques in optimizing building retrofit solutions [49].

Milosevic et al. [50] undertook a study on sustainable retrofit approaches for the
“Djuro Djakovic” residential complex in Sarajevo, Bosnia, and Herzegovina. Their main
aim was to assess the performance of specific modules within this complex. The research
methodologies involved archival and empirical data analysis alongside computational
modeling and simulations using BIM software. A comprehensive 3D BIM model of typical
residential modules was created based on original drawings and current photographs.
The analysis included scrutiny of formal and spatial characteristics, and environmental
response assessments were conducted using Revit and Insight 360 simulations. Despite
suboptimal environmental adaptation in hillside buildings, the implemented building
envelope systems were found to be remarkably advanced for their era [50].

Botticelli et al. [51] conducted a study to investigate how innovative fenestration
systems can reduce cooling energy usage in buildings by harnessing passive technologies
and understanding the dynamics of building envelopes. The windows in their study
featured integrated shading systems and motorized sashes for opening, controllable using
a smart building management system. Preliminary findings from the field monitoring
and numerical analyses were presented. Field observations revealed that combining
solar protection and night ventilation lowered indoor temperatures by 1.4 and 2.2 °C in
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rooms equipped with new triple and double-glazed units, respectively, compared to older
windows. A calibrated numerical model, using monitored data, demonstrated that solar
protection and nighttime cooling could achieve up to 76% energy savings. TRNSYS 17,
capable of simulating building thermal responses in transient regimes, was utilized for
implementing and calibrating the numerical model [51].

Table 2. Summary of computer tools and techniques in the studies on innovative building enve-

lope ECMs.
Study Main Focus Tools/Software Used
[8] Radiative sky cooling for energy conservation Review of studies, experiments, and simulations
[9] Passive envelope systems and radiative sky cooling EnergyPlus for simulations, theoretical models
[10] Advanced thermal plasters, phase-change materials, Focus on materials; no specific software/tools
low-emittance materials, and high reflective coatings are mentioned
[11] Cellulose aerogels for building cooling EnergyPlgs, t.heoretlcal models, and various
characterization tools
[12] Transparent acrogel glazing Small Hot-Box apparatus and numerical
energy assessment
[14] Hygro.therma'l performance of silica-aerogel-based WUFI® Pro 5.3 software for numerical modeling
super-insulating systems
[15] Trombe wall system with PV panels Various equipment for experiments and measurements.
L . EnergyPlus, TRNSYS®, DesignBuilder®,
[16] Double-skin and responsive facades GenOpt, MATL AR®
[17] Building envelope with variable thermal performance DesignBuilder for numerical simulation
[18] Seismic and energy retrofit for RC and URM structures Experimental tests and in situ experimentation
[48] DeST 3.0 for building energy modeling DeST 3.0 software
[49] Machine learning-based surrogate model for building DesignBuilder for energy simulations and machine
retrofit solutions learning-based surrogate model
[50] Sustamgble retrofit strategies for brutalist-style Revit, Insight 360 simulations
residential complex
Impact of innovative fenestration systems on cooling
[51] energy consumption using shading systems integrated TRNSYS 17 for numerical modeling and simulation

into the glazing unit and a motorized sash

s EnergyPlus

2 DeST

5 Hot-Bo

Desig

TRNSY Skevit

Ins1ght360

nBullder

ExperimentalWU FI MATLAB

Figure 4. A visual representation of software and tools frequency in energy modeling research for

building envelope energy conservation measures.
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8. Tools for Embodied Carbon Performance Assessment of Building Skins

To understand and quantify embodied energy and embodied carbon, a life cycle
assessment (LCA) is used which helps assess the diverse life cycle environmental impacts
of a product or a building, including global warming potential, acidification potential,
eutrophication potential, smog formation potential, and other types of impacts. The main
life cycle stages that are considered in the life cycle assessment of buildings are defined in
compliance with ISO 14040 (ISO 2006) [52], ISO 14044 (ISO 2006) [53], and EN 15978 [54]
and include the product stage (A1-A3; including raw material extraction, transportation,
and material manufacturing), construction stage (A4-A5), use stage (B1-B5; involving
use, maintenance, repair, replacement, and refurbishment), end-of-life stage (C1-C4), and
sometimes beyond-life stage (D) [55]. For each stage, the LCA method enables one to
capture the types and quantities of consumed materials, primary energy, and the released
greenhouse gas emissions; assess the environmental impacts; and identify limitations,
opportunities, and aspects to improve upon [56]. A cradle-to-gate LCA concerns the A1-A3
stages of the building life cycle while a cradle-to-grave LCA provides a comprehensive
assessment including all life cycle stages. The product stage (A1-A3) is considered to be the
life stage that causes the highest embodied carbon due to extensive amounts of consumed
energy and emitted carbon involved in the manufacturing of construction materials. The
analysis of the use stage, i.e., the stage in which the building is occupied, often involves
data availability and data quality challenges mainly because the type and frequencies
of the maintenance practices vary significantly from building to building and limited
documentation of such practices exist.

There exist a variety of LCA tools for the assessment of embodied carbon and environ-
mental impacts of building envelope systems. Awareness of the strengths and limitations of
these tools helps with buildings” LCA to generate results with minimum uncertainty. The
state-of-the-art building LCA tools in the market can be classified based on their capability
in comprehensive modeling into whole-building LCA tools and non-whole-building tools.
The whole-building LCA tools are capable of modeling the entire building including struc-
ture, building envelope, and sometimes building systems. Examples of whole-building
LCA tools include OpenLCA [57], Sima Pro [58], Gabi [59], EC3 [60], Tally Plugin [61] to
Revit, OneClick LCA [62], Athena Impact Estimator for Buildings [63], and other similar
tools [64-71], which provide the capability to assess and communicate some or diverse
environmental impacts over the complete life cycle of buildings. The non-whole-building
LCA tools [71-73] can capture certain building components only. For example, the Struc-
tural Carbon Tool [74] is a tool used for the assessment of embodied carbon of structures,
while the Kaleidoscope [72] is a tool used for building envelope embodied carbon mod-
eling. The key limitations of non-whole-building LCA tools are their inability to capture
all building components, their limited coverage of the full building life cycle, and their
limited capturing of non-embodied carbon of environmental impacts. The LCA tools can
also be classified based on their capability to couple with energy simulation software.
While tools such as ECCOlab [67] provide a fully integrated modeling experience that
allows for modeling of both embodied carbon and energy use in one single platform, other
tools such as Tally [61] and One Click LCA [62] are available as plugins to build digital
modeling tools, which when used along with energy simulation plugins could facilitate
both LCA and energy modeling for one digital model. There are also tools such as Athena
Impact Estimator for Buildings which, even though they do not present direct coupling
with energy simulation, allow for manual inputting of energy use data to assess embodied
carbon, operational carbon, and other life cycle environmental impacts. Table 3 provides
a comprehensive list of popular LCA tools used to assess the environmental impacts of
buildings and their characteristics.
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Table 3. The list of popular building LCA tools.
7
Tool Building Building Life Environmental = Geographical Tool Type Y
Components Stages Impacts Scope e
[}
[¢)

General LCA tools: These are comprehensive LCA tools for general construction and non-construction applications. These tools
allow the user to define the system boundary and life cycle stages of interest.

Open LCA Whole building  A-D AH main Global Standalone, free of [57]
impacts charge

Sima Pro Whole building ~ A-D AH main Global Standalone, commercial [58]
impacts

Gabi Whole building  A-D AH mam Global Standalone, commercial [59]
impacts

Construction LCA tools: These are LCA tools tailored for construction industry applications. These tools work with a specific

system boundary and the results for all or part of the building life cycle stages are reported.

EC3 Whole building ~ A1-A3 Embodied Global Standalone, free of [60]
carbon charge
All main Revit plugin, commercial
Tally Whole building ~A-D . North America  with free of charge [61]
impacts . .
educational license
Standalone, Revit plugin,
OneClick LCA ~ Whole building A-D All main Global commercial with free of ;)
impacts charge educational
license
At}}ena Impact Whole building ~ A-D All main North America Standalone, free of [63]
Estimator impacts charge
Beacon Whole building Embodied North America Revit plugin, free of [64]
carbon charge
eToolLCD Whole building ~ A-D Global Standalone, commercial, )
free of charge
All main
Elodie Whole building A-D impacts, except ~ France Standalone, commercial [66]
eutrophication
Embodied Standalone, commercial
ECCOlab Whole building A-D Global with a basic free of [67]
carbon, energy
charge plan
eLCA Whole building  A-D AH mai Germany Standalone, free of [68]
impacts charge
TOTEM Whole building ~ A-D All main Belgium Standalone, free of [69]
impacts charge
LCAbyg Whole building A-D AH matn Denmark Standalone, free of [70]
impacts charge
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Table 3. Cont.
Tool Building Building Life Environmental = Geographical Tool Type Y
Components Stages Impacts Scope e
3
Structural Building Embodied Standalone, free of
Carbon Tool structure A=C carbon UK charge (711
Embodied Embodied Standalone. free of
Carbon Whole building  A1-A3 carbon, water North America ’ [74]
. . charge
Optimizer Tool footprint
Kaleidoscope Envelope A-D AH main North America Standalone, free of [72]
impacts charge
H\B:ERT Assemblies A-C fgﬁg:led Global Revit plugin, commercial [73]

The embodied carbon and environmental impacts of construction materials and build-
ing products are also reported in detail in the Environmental Product Declaration (EPD)
reports. These reports are developed in compliance with EN 15804 + A2 requirements [75]
and verified by third parties that use the LCA technique and data and information provided
by manufacturers as their primary source of data. EPDs often have a cradle-to-gate scope.
EC3 [60] is a searchable tool that compiles with the EPDs of various building products,
which could link to some building LCA tools to help customize their LCA results.

9. Net-Zero-Energy Design Standards

There are multiple standards for the design and construction of low-energy and net-
zero-energy buildings that affect the way building envelopes are designed, specified, and
constructed. This section covers a selected number of such standards for net-zero-energy
buildings used in different countries, including those developed by the Passive House
Institute (PHI) and Passive House Institute US (Phius), Norway’s PowerHouse standard,
and the Dutch BENG standard.

Originating in Germany, with roots in the passive buildings of the 20th century in
North America, the Passive House Institute (PHI) established stringent requirements for
building energy efficiency and thermal comfort by focusing on creating air-tight and
super-insulated envelopes with no thermal bridges and with high-efficiency windows as a
means of minimizing energy consumption, coupled with heat recovery and optimized solar
gain [76]. Buildings with Passive House Certification save more than 75% of the energy
used for space heating and cooling when compared with a typical new construction and up
to 90% compared to a typical existing home [76]. PHI specifies criteria in three categories of
buildings: Passive House, EnerPHit, and PHI Low Energy. The criteria for certified Passive
Houses include thresholds in four areas including heating demand/load, cooling demand,
airtightness, and renewable primary energy (PER). Additionally, PHI offers the EnerPHit
Standard for retrofit projects through which they must meet general airtightness and PER
criteria and also choose to meet the requirements of either a component criteria method or
an energy demand method. The component criteria method involves climatic-class-based
prescriptive requirements for opaque envelope (ground insulation, exterior insulation,
interior insulation, and paint color use (for hot and very hot climates)), windows (U-value,
SHGC), and window solar loads during cooling periods), and ventilation (minimum heat
or ventilation recovery rate) [77]. The PHI Low Energy Building standard involves less
stringent requirements and is suitable for buildings that are not able to satisfy the Passive
House or EnerPHit requirements.

Developed in the United States, Phius is the voluntary standard that uses the same
principles as PHI but involves certification requirements that vary on a climate-specific
basis, as compared with the fixed requirements of PHI standards. The Phius standard
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includes provisions for new buildings (Phius CORE and Phius ZERO) and for retrofit
projects (Phius CORE REVIVE and Phius ZERO REVIVE) based on two prescriptive and
performance certification paths. In the performance path, thresholds have been established
for four criteria, including annual heating demand, annual cooling demand, peak heating
demand, and peak cooling demand that vary based on building-related factors (building
type, envelope area, floor area, occupant density, and unit density) and project location (i.e.,
climate zone) [77]. Prescriptive CORE measures prescribe criteria related to airtightness,
compactness (i.e., building envelope area), solar protection (SHGC, window area, orienta-
tion, and shading), moisture risk limitation, thermal enclosure, mechanical ventilation and
systems, lighting, appliances, water heating, and electric vehicle ready [77].

Another noteworthy standard is Norway’s Powerhouse Paris Proof voluntary stan-
dard, which sets maximum and total CO, emissions based on both embodied and op-
erational carbon and certifies buildings that generate more energy than the energy they
consume over their life cycle for both their operation and construction [78]. This standard
is different from the PHI and Phius standards in that it additionally considers embodied
energy and carbon in its certification by promoting recycling, reuse, and low-embodied
carbon materials.

The BENG standard that defines “nearly energy-neutral building” requirements is the
mandatory building energy code for new residential and non-residential buildings in the
Netherlands. The code defines thresholds for three energy indicators, including maximum
energy demand per unit of floor area per year, maximum primary fossil fuel use per unit of
floor area per year, and minimum share of renewable energy [79]. These requirements vary
based on the building type.

10. Conclusions

This work provides a survey of the literature on building envelope developments as
related to energy use and embodied carbon. The key purpose is to synthesize existing
knowledge and insights on the specific topic of building envelopes, providing readers with
a comprehensive overview of the subject matter. Through this approach, this work aims
to offer valuable insights and perspectives to researchers, practitioners, and enthusiasts
interested in gaining a deeper understanding of building envelope energy retrofit.

This review paper highlights the state-of-the-art and wide range of building enve-
lope solutions that help mitigate energy consumption and embodied carbon emissions of
buildings. It shows that the performance of some of these solutions varies with region
and climate zone, and architects and engineers employing these solutions must choose
them by considering the issues of climate, cost, space requirements, potential energy and
carbon saving, constructability, durability, and other factors. This work also shows that
the novel materials and building envelopes serving as emerging ECMs have been studied
to different extents by experimental approaches, established physics-based approaches
(e.g., EnergyPlus, DesignBuilder, and TRNSYS), established customized approaches (e.g.,
Matlab and GenOpt), numerical or data-driven modeling techniques (e.g., machine learn-
ing), or new modeling and simulation tools. Further research is needed to document the
performance of some of these ECMs such as RSC using simulation-based methods. With
the building energy and embodied carbon regulations becoming more established and
stringent in their requirements, the documentation, simulation, modeling, and testing of
the building envelopes” hygrothermal and carbon performance are more than ever. The
review of the literature also shows the need for future research to develop user-friendly
tools to help layman users understand the tradeoffs between cost, thermal behavior and
energy performance, embodied carbon, and durability of various building envelope ECMs.
Finally, the trend in the field of building construction materials demonstrates the effort to
mitigate the embodied carbon by development of low-embodied carbon materials as well
as bio-renewable materials, which can provide carbon sequestration capability.
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