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Abstract: Mass timber buildings are gaining momentum, as they are seen as an environ-
mental alternative to conventional concrete and steel structures, and they are also being
used for mid- and high-rise buildings. This study conducted a comparative LCA analysis
of 20- and 40-story building structures made with different combinations of steel and
mass timber. The results show that, even disregarding the environmental benefits of the
sequestered biogenic carbon by using a 0/0 approach, timber-based structures result in a
roughly 25% lower Global Warming Potential (GWP) impact than steel- or hybrid-based
equivalent solutions. The results show that the contribution of steel does not bring any
GWP advantage (an average increase of 20% is reported); however, steel–timber hybrid
structures may still be the only viable solution to attain greater heights. This study also
evidences that materials with lower GWP in their production phase can present a viable
solution even when long transportation is required, highlighting the importance of the
production phase to reach environmental targets.
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1. Introduction
Greenhouse gas emissions are unanimously considered to be the main driver of

climate change [1]. The built environment is responsible for a significant share of manmade
greenhouse gases (GHGs), with reports showing that as much as 40% of energy use and 35%
of GHG emissions are caused by the construction of buildings, their use, and subsequent
demolition [2]. The growth of the world population, longer life expectancy, and increased
global wealth will continuously sustain the demand for new buildings in the future [3]. To
avoid the depletion of green-fields and to limit urban sprawl, mid- and high-rise buildings
are being built more than ever in the past, either with residential, office, or multi-purpose
functions [4].

Studies demonstrate that tall buildings can be seen as “carbon spikes” [5], a modifi-
cation of the term used by Säynäjoki et al. [6], because of their high carbon content and
environmental impacts overall. This is due to the exponential growth of lateral forces
acting on their load-bearing system as the height of a building increases, as described in
the 60s by F. Khan, caused by the premium for height [7]. Also, tall buildings are often
characterized by long structural spans that contribute to their material and carbon intensity.
In fact, previous research [8] shows that the horizontal structures (beams) can represent up
to 70% of the total materials in the above-grade structure of a tall building.

Several studies have quantified the embodied carbon content of tall buildings. A
comprehensive list of the most relevant studies can be found in Helal et al. [9].
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While tall buildings traditionally featured a steel frame consisting of steel profiles
for their vertical (columns), horizontal (beams), and diagonal (braces) structures in the
past, reinforced concrete (RC) is now by far the most dominant material in tall building
construction, despite many examples of steel frames (usually coupled with a concrete core)
or composite structures (concrete-filled steel pipes or concrete-encased steel profiles) still
being built [4].

Low-rise buildings and single-family homes, on the contrary, are seeing the substi-
tution of concrete, bricks, and steel with timber at increasing rates. Timber is used either
in light-weight solutions, with the evolution of balloon-frame construction techniques
especially in North America, or in relatively new mass timber products such as Glue
Laminated Timber (GLT) or Cross Laminated Timber (CLT), especially in Europe. While
steel and concrete production releases large amounts of CO2, timber-based products like
GLT and CLT are notable for their potential for carbon sequestration. Many studies in fact
demonstrate the unique environmental features of timber products and, consequently, of
timber buildings, thanks to the ability of timber (and other vegetal fibers) to absorb carbon
during plant growth and to store it in the product made from it, until its final emission in
the atmosphere at the end of the product’s life [10]. Commonly known as “biogenic car-
bon” [11], this refers to the mechanism whereby trees absorb and retain atmospheric CO2,
converting it into carbon stored in wood fibers. This long-term carbon storage contributes
to a reduced overall greenhouse gas impact when compared to materials that do not offer
similar sequestration benefits [12].

From the life cycle assessment perspective, the biogenic carbon content of timber
products becomes relevant at two stages: during the production phases (A1–A3) of timber
components, when carbon is “extracted” from the atmosphere, and during the end-of-life
stages (C1–C4), when the wood fibers are burnt (or decay in landfills), releasing CO2

back into the atmosphere. The component can also be reused or recycled, but these
alternatives still represent, according to EN 15804 [13], a quantity of carbon dioxide leaving
the system boundaries of the LCA. Thanks to this property, timber is now celebrated as a
sustainable material, and buildings made from timber are promoted as the most sustainable
alternative to conventional buildings [3]. It is important to note that, when examining
the Environmental Product Declarations (EPDs) of timber products, the most common
end-of-life scenario anticipated is incineration, either with or without energy recovery.
Reuse and recycling of mass timber products are rarely practiced due to various factors,
including a lack of clear responsibility, insufficient recycling infrastructure, and a lack of
market demand for claimed structural elements (except for antique beams or columns).

According to research practices, two strategies can be adopted to take into account
biogenic carbon in a building LCA. The −1/+1 approach considers the storage of the
biogenic carbon, usually showing a negative value for the A phase of the product’s LCA,
with the sequestered carbon being released back into the atmosphere during the C phase.
On the contrary, the 0/0 approach omits the sequestered carbon content in both phases,
which is thus excluded by any calculation when conducting an LCA. Even if credits for
the biogenic carbon stored by timber are not used when a 0/0 approach [14] is used in
the analysis, timber production still results in lower carbon emissions because it does
not involve the same level of fossil fuel combustion as other materials. A more complete
analysis of this option is discussed in a later section of this paper. The carbon footprint of the
timber needed for buildings, in fact, is considerably smaller due to simpler processing and
lower energy needs [15], while concrete and steel require a greater amount of energy and
resources [16]. Many LCAs have been conducted in the past to demonstrate the beneficial
effects of mass timber buildings [17–19].
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The tall building industry is not exempt from the de-carbonization efforts asked of the
building sector at large, and from here recent interest has been paid to the integration of
mass timber products in mid- and high-rise buildings [20]. Several examples have been
completed recently, both in Europe—such as the Mjostarnaet tower in Norway and the
Sara Kulturhus in Sweden—and in North America, where the Ascent tower in Milwaukee
was built, currently holding the title of the tallest mass timber building in the world. These
buildings use either CLT, GLT, or a combination of both as a partial substitute of steel and
concrete to create the varying parts of the bearing structure of high-rise buildings. This
rising trend is driven by environmental considerations, which regard timber as a superior
material compared to structural steel or RC [21]. The assessment of these buildings from an
environmental perspective has been the focus of some comparative LCA studies [19,22–25],
conducted to demonstrate the beneficial effects of mass timber products to reduce the
carbon content of low- and mid-rise buildings built with some timber components. The
studies considered differ from each other regarding the building chosen as the case study,
but all are comparable in terms of low-to-medium height and for having considered the use
of mass timber as a structural material as a variable. Notably, Chen et al. [19] compared the
mass timber alternative to a reinforced concrete 8-story residential building built in China.
Chen et al. [22] and Liang et al. [24] analyzed the same building constructed in Portland,
OR, USA, which is 12 stories tall and serves mixed office–residential purposes; however,
they used two different LCA assessment software tools. Meanwhile, Eslami et al. [23] used
two single-family 2-story houses built in Luxembourg—one using reinforced concrete and
the other featuring mass timber as the structural element—as case studies. This study is
interesting because it used the same assessment methodology as this current study, starting
from 2D drawings and obtaining the bill of quantities through BIM software. The work of
Rinne et al. [25] was analyzed because it assessed all-timber and all-concrete alternatives
for a 5-story hybrid timber–concrete building constructed in Helsinki.

The GWP reference values derived from these analyses are shown in Table 1. The
studies described above are based on the analysis of individual whole low- and mid-rise
buildings used as case studies to inform the LCAs presented. In addition, all of them com-
pared the concrete alternative to the mass timber one. Such case-study-based approaches
hinder the possibility of comparing the various results among them and comparing them
with other LCAs on more conventional tall building constructive solutions, such as those
that consider steel as the structural material.

Table 1. GWP values for low- and mid-rise buildings, as found in the literature.

Reference Building Frame A1–A3 A1–C4
(B Excl.) Notes

Chen et al., 2022 [19] Timber 191.73 / kg CO2 e/sqm
Chen et al., 2022 [19] Reinforced concrete 252.57 / kg CO2 e/sqm

Chen et al., 2020 [22] Timber 1320 1710 t CO2 e
Chen et al., 2020 [22] Reinforced concrete 1840 2150 t CO2 e

Eslami et al., 2024 [23] Timber / 83 kg CO2 e/sqm
Eslami et al., 2024 [23] Reinforced concrete / 147 kg CO2 e/sqm

Liang et al., 2021 [24] Timber 177 203 kg CO2 e/sqm

Rinne et al., 2022 [25] Timber 293 379.7 t CO2 e
Rinne et al., 2022 [25] Hybrid concrete–timber 404 488 t CO2 e
Rinne et al., 2022 [25] Reinforced concrete 410 490 t CO2 e

This study aims to conduct a systematic analysis of different types of steel-timber
hybrid structural solutions, offering a wide range of alternatives in terms of type
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and extension of mass-timber use in substitution of conventional steel-based construc-
tion, filling a significant gap in the knowledge of the environmental implications of
high-rise buildings.

1.1. The Use of Mass Timber in Tall Buildings

Sustainability, though, is not the only reason for the increased adoption of mass timber
in tall building construction. Other incentives are the high level of prefabrication that this
technology offers, the relative simplicity of managing construction sites, and, ultimately,
a faster construction sequence [26,27]. Steel, although having a more resource-intensive
production stage, shares many of these benefits, such as high prefabrication potential
and quicker assembly times. However, concrete, while commonly used in tall building
construction, generally lacks the same level of prefabrication efficiency, leading to more
complex and time-consuming processes on-site.

From a mechanical point of view, mass timber products (such as GLT and CLT) have a
compression resistance capacity comparable and even superior to unreinforced concrete
and a weight-to-strength ratio lower than steel in compression and comparable to steel in
tension [21]. However, because mass timber is lightweight and flexible compared to other
conventional structural materials used in buildings, it is widely recognized that timber, on
its own, does not fully meet the height and floor count demands of sustainable, densely
populated urban environments. To achieve higher heights, timber needs to be combined
with steel or RC in tall buildings. This necessity has driven the development of steel–timber
hybrid structures, which offer a balanced solution for such challenges and maintain the
ease and benefits of pre-fabricated building solutions offered by mass timber.

1.2. Structure of This Paper

This paper is organized into two main sections, in addition to the current introduction,
which describes the research conducted in current design trends for buildings, explaining
the interest of the tall building industry in the adoption of mass timber products, notably
CLT and GLT. The first section presents the methodology adopted to conduct the research,
explains the role of an external panel of structural engineers formed to advise the research
team, presents the processes adopted to mimic a professional project, and presents the
tools used. It is divided into four subsections, covering the scenario design process with
LCA inventory analysis, the quantification of non-structural components, the methodology
and implementation of the impact assessment phase, and additional methodological con-
siderations. The second section presents the LCA results for each scenario, emphasizing
both the total and phase-specific impacts across the life cycle to facilitate the assessment
of the impact of each design decision. Additionally, this section includes a discussion and
interpretation of the results to offer further insights into the study’s findings.

2. Methodology
To conduct this study, the LCA methodology (EN 15978 [28]) was applied to different

structural frames involving both steel and timber elements, aiming to understand the
impacts of choosing one structural solution over another. This research also considers
buildings assumed to be built in two different locations: Europe, representing the region
where mass timber buildings were largely first popularized thanks to the solid development
of the technology [29], and North America, where several advancements have been made
to support pilot tall building projects [30].

This research focuses on evaluating the use of timber in conjunction with steel for
constructing mid- and high-rise buildings, aiming to assess the carbon balance of different
mixes of steel and timber in the creation of the load-bearing structure. All scenarios feature
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an RC core that is responsible for carrying the lateral loads (wind, seismic forces) acting on
the tower, as common practice suggests. Acknowledging the growing interest in sustainable
and innovative construction methods, this study investigates whether combining these
materials offers environmental advantages. This research thus presents the systematic
analysis of eight building scenarios, four with a height of 40 stories and four with a height
of 20 stories, each designed with distinct structural frameworks. The 40-story scenario
offers an all-steel (with a concrete core) example as a benchmark to evaluate the impact
of structural variations containing mass timber elements. The 20-story scenarios present
both all-steel and all-timber benchmarks (both with an RC core), as both technologies
are suitable for buildings of this size, as well as hybrid models that combine steel and
timber elements. These building alternatives are evaluated using a whole-building life
cycle assessment (WBLCA) tool, with a reference service life of 50 years. The assessment
follows a comprehensive “cradle to grave” methodology, in accordance with the guidelines
outlined by the ISO 14044 standard [31]. This approach encompasses the entire life cycle of
the building materials, from their extraction and production to their use, maintenance, and
eventual disposal or recycling. This current study specifically focuses on evaluating the
environmental impacts associated with the production phase (A1–A3), the construction
process (A4–A5), and the end-of-life stage (C) of the building’s life cycle. Importantly, the
B phase, which pertains to the use and operation of the building, is not included in the
assessment. Over the building’s 50-year lifespan, no significant maintenance is anticipated
for the structural materials, meaning that the structural components are expected to remain
intact without requiring repairs or replacements. However, one potential consideration is
the need to periodically verify the cohesion of the fireproofing layer on the steel profiles and
to check for the absence of water-related problems (water run-off, leakages, condensation)
on the timber elements. Even though such inspections may be necessary to ensure fire
safety and structural integrity, their environmental impact is expected to be minimal and
will not substantially affect the overall results of the assessment.

The functional unit defined for this study is solely the structural frame, which includes
only the structural columns, beams, floor slabs, and the lateral resisting RC core. Founda-
tions are excluded from this study’s scope. Although they typically have a critical impact
on the overall structural, environmental, and cost performance [32], their influence can vary
significantly depending on factors such as soil quality, seismic regulations, and specific site
stresses [33].

2.1. Scenario Design Process and Inventory Analysis

The goal of this research is to provide information on the environmental impacts, using
Global Warming Potential (GWP) as a key indicator, associated with different types of steel–
timber hybrid solutions for mid- and high-rise buildings. For this purpose, the scenarios
adopted have to be as close as possible to real-world examples while keeping, at the same
time, a sufficient level of abstraction to allow for comparison and provide informative
results. An overview of the state of the art of steel–timber hybrid buildings was carried
out in the first place by looking at several built references that have been analyzed as case
studies; the considered examples cover contemporary buildings, all of which have been
erected in recent years, intended to be used as a basis from which to extrapolate average
structure, layout configurations, and spans for each architectural typology considered.
All of the buildings considered have a primary structure composed of steel and timber,
with variances in the proportion and the prevalence of one or another of these materials.
The buildings were subsequently cataloged in relation to a series of parameters such as
height, structural span, number of floors and floor-to-floor height, core dimensions, and
typology of the vertical and horizontal framing structure. A panel of prominent structural
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engineering firms was created to assist with the research, to comment on the case studies
selected, and to provide a precise structural design of the resulting scenarios. All the
experts of this panel contributed pro bono to the research. Their affiliated companies are
mentioned in the Acknowledgments section.

Based on this criterion, three different building typologies emerged from the analysis
of the case studies (all steel, hybrid steel–timber, all timber), and these results were conse-
quently extrapolated into the shaping of a series of generic hypothetical modeled scenarios,
developed in collaboration with the panel of engineering firms. On this basis, the following
aspects have been summed up and analyzed individually for each scenario:

• Vertical and horizontal structures: Both the vertical and horizontal structures have
been simplified into a framing structure, omitting any tension rods, load-bearing
walls, bracings, finishings, roofing, and any other particularity present in the analyzed
case studies. For the purposes of this study, only structural columns and beams will
be considered for the design and calculations of the framing structure, while the
lateral force system is represented by a reinforced concrete core that is equal for all the
variations within each category.

• Floor slab. The floor slab is rendered in two different construction types based
on the typization of the identified technologies, either a conventional composite
metal deck with concrete topping or a timber floor system with concrete topping for
acoustic reasons.

• Floor plan dimensions and configuration: A simple rectangular shape was used for all
scenarios with the width-to-depth ratio inspired by the analysis of
real-world examples.

• Structural spans representing office and residential typical values were used. Further-
more, size, close columns, and deep window-to-core distance were used to verify the
influence of long spans in hybrid solutions.

The following phase of the process involved the design of each of the proposed
structural combinations, developed in conjunction with the structural engineering firms
engaged in support of the researchers.

All of the eight resulting scenarios have a floor-to-floor height of 4 m and feature
a lateral resisting core made of reinforced concrete (RC) with dimensions of 13.33 by
36 m. The core’s thickness decreases every 10 stories, from 0.6 m to 0.3 m for the 40-story
scenarios and from 0.3 m to 0.25 m for the 20-story scenarios. The all-timber alternative
was considered only for the 20-story category, as a 40-story scenario entirely made of mass
timber was deemed unrealistic. The floor area of each scenario was calculated using the
IPMS 4.2 standard [34]. This refers to what some specialists call “carpet area”, which is the
floor area available after all structural elements, finishes, etc., have been subtracted by the
IPMS 1 (gross floor area). By using this precise measurement, this study ensures consistency
and accuracy in comparing impact values across the different assessed scenarios.

Table 2 reports a brief description of the different scenarios’ main characteristics. They
are further described in more detail in the next paragraphs. The floor areas are slightly
different, even within the same height categories, due to the varying sizes of the columns
across the scenarios.

All steel, long spans: The first scenario (named AS20L: all steel, 20 stories, long spans)
is represented by a 20-story building with spans of 12 m × 13.33 m and a floor area of
38,373 sqm (Figure 1a). The construction is entirely made of steel; the columns and beams
are made with hot-rolled profiles of the W series. The flooring system is created with an
8.3 cm lightweight concrete slab with welded wire mesh as a reinforcement on a 7.6 cm
metal deck (Figure 2a). The second scenario (named AS40L: all steel, 40 stories, long spans)
is a 40-story version of the first scenario, totaling 76,628 sqm (Figure 1a).
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Table 2. Description of scenarios’ features.

Scenario Structural Frame Stories Span
Dimensions (m)

Carpet Area
(sqm)

AS20L Steel columns, beams and floor deck 20 12 × 13.33 38,373
AS40L Steel columns, beams and floor deck 40 12 × 13.33 76,628

SCB-TD20 Steel columns and beams, timber deck 20 12 × 13.33 38,373
SCB-TD40 Steel columns and beams, timber deck 40 12 × 13.33 76,628

AT20 Timber columns, beams and floor deck 20 6 × 6.66 38,189
SC-TBD40 Steel columns, timber beams and floor deck 40 6 × 6.66 76,675

AS20S Steel columns, beams and floor deck 20 12 × 6.66 38,382
AS40S Steel columns, beams and floor deck 40 12 × 6.66 76,687
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Composite, long spans: The third scenario (named SCB-TD20: steel columns
and beams, timber decks, 20 stories) entails a 20-story building featuring spans of
12 m × 13.33 m, totaling 38,373 sqm of the carpet area (Figure 1b). The construction uti-
lizes a combination of steel and timber structural elements; the columns and beams are
constructed using hot-rolled profiles from the W series, while the flooring system consists
of a 7-layer CLT deck with a 6.3 cm concrete topping reinforced with welded wire mesh
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(Figure 2b). The fourth scenario (named SCB-TD40: steel columns and beams, timber decks,
40 stories) is represented by the 40-story version of the third scenario, featuring a carpet
area of 76,628 sqm (Figure 1b).

All timber, short spans: The fifth scenario (named AT20: all timber, 20 stories) features
a design of a 20-story building with spans of 6 m × 6.66 m and a carpet area amounting to
38,189 sqm (Figure 3a). The construction is made with all-timber structural elements; the
columns and beams are crafted in GLT, while the flooring system comprises a 7-layer CLT
deck with a 6.3 cm concrete topping reinforced by welded wire mesh (Figure 2c).
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Composite, short spans: The sixth scenario (named SC-TBD40: steel columns, tim-
ber beams and decks, 40 stories) is represented by a 40-story building with spans of
6 m × 6.66 m, with a 76,738 sqm carpet area (Figure 3a). The construction involves a combi-
nation of steel and timber structural elements; steel profiles (W series) are used for crafting
columns, GLT is employed for beams, and the flooring system consists of a 7-layer CLT
deck topped with 6.3 cm concrete, reinforced by welded wire mesh (Figure 2d).

All steel, mid spans: Scenario number 7 (named AS20L: all steel, 20 stories, long
spans) is an all-steel 20-story building with spans of 12 m × 6.66 m and totaling 38,382 sqm
(Figure 3b). The columns and beams are made with hot-rolled profiles of the W series. The
flooring system consists of a metal deck (7.6 cm) with a lightweight concrete slab on top
(8.3 cm), reinforced with welded wire mesh (Figure 2a). Scenario number 8 (named AS40L:
all steel, 40 stories, long spans) is the 40-story version of number 7, with a total carpet area
of 76,744 sqm (Figure 3b).

2.2. Quantification Method of Non-Structural Components

Fire is a much-discussed topic when it comes to steel and, even more, mass timber
buildings [35]. The panel of engineers consulted for this research indicated a 2 h fire
rating for these structures, in accordance with the provisions of the International Building
Code [36] and EN 1991 [37]. To achieve this level of fire protection, various strategies are
employed depending on the type of material used in construction. For steel structural
members, a common approach involves applying a 5 cm thick layer of sprayed-on plaster
finish, which serves as a protective barrier against high temperatures and slows down
the rate at which steel heats up during a fire. For timber members, the fire resistance
requirements are met by oversized elements, which are designed with additional thickness
or larger cross-sectional dimensions to account for potential charring during a fire, ensuring
that the core of the wood remains structurally sound for the two-hour period. As for the
slabs, which consist of either a CLT deck with a concrete topping (for acoustic reasons)
or a composite metal deck; they are engineered with sufficient thickness to inherently
meet fire resistance requirements. In these cases, the structural and thermal properties of
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the materials, in combination with the overall thickness, provide adequate fire protection,
eliminating the need for the application of additional sprayed-on fireproofing materials.
This design approach ensures compliance with fire safety standards while optimizing the
use of materials and construction methods.

This analysis also includes consideration of the steel connectors used in the installation
of timber elements, which may be a significant factor in evaluating the overall material
requirements and environmental impact of the construction process. The number of
steel connectors required is based on recommendations from structural engineers, who
determine the necessary quantity to meet safety and performance standards for the specific
timber elements used. These recommendations take into account factors such as load
distribution, joint strength, and structural stability. Analysis has shown that, on average,
10 kg of steel connectors are needed per cubic meter of CLT elements, and 20 kg are needed
per cubic meter of GLT elements.

2.3. Impact Assessment Methodology

Once the inventory analysis has been completed, the next stage is the impact assess-
ment phase. This critical step evaluates the environmental loads of the material inputs
used throughout the construction process by examining the resources consumed for their
production, as well as the resulting emissions generated over the entire life cycle of these
materials. The goal is to understand how the resources used and emissions produced
contribute to various environmental concerns [31]. Human activities in construction and
material production can lead to significant degradation of the environment, and impact
categories help identify which environmental systems are being threatened [38]. In or-
der to quantify and assess these impacts, a variety of indicators, referred to as impact
categories, are employed. These categories encompass a wide range of concerns, such as
water usage, energy consumption, land use, resource depletion, and emissions of harmful
substances like ozone-depleting gases and air pollutants [39]. Each impact category is
designed to represent a specific type of environmental stress or risk that human activities
may impose on the natural environment. The use of these impact categories facilitates a
more comprehensive evaluation of the sustainability of construction practices, ensuring
that both resource efficiency and environmental preservation are taken into account [40].
Producers, designers, consumers, and decision makers can better understand the potential
environmental risks associated with the materials and processes involved, enabling them
to make more informed choices aimed at reducing ecological harm.

Among the various impact categories, when it comes to LCA conducted for buildings,
GWP often emerges as the most significant one, especially when against the Paris Agree-
ment targets. GWP measures the impact of greenhouse gas emissions on the atmosphere in
kilograms of CO2 equivalents (kg CO2 eq), quantifying how much heat these gases trap
over a specific time frame, typically 100 years. This is particularly relevant in the context of
building construction and operation, where energy use and material production can result
in substantial emissions of carbon dioxide (CO2), methane (CH4), and other GHGs. These
emissions are primarily responsible for climate change due to their ability to enhance the
greenhouse effect, leading to global temperature increases, shifts in weather patterns, and
other related environmental impacts generally labeled as climate change. By centering the
analysis on GWP, this study aims to highlight the role that buildings play in global warming
and identify opportunities to mitigate their contribution to climate change through more
sustainable design and construction practices.
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Step-by-Step Methodology

(1) The scenario designs, provided by engineers and including all-steel, all-timber, and
composite alternatives, have been subsequently modeled using Building Information
Modeling (BIM) software, specifically Autodesk Revit v. 2022. This process aimed to
accurately estimate material quantities by considering connections and overlapping
layers, such as those between beams and columns or between columns and slabs, for
which the software is particularly effective.

(2) The bill of quantities thus obtained was used for LCA calculation, associating each
material with its GWP impact in order to assess the total number of impacts. This
analysis was performed using a WBLCA tool, namely One Click LCA v. 0.35, which
has been identified as an established tool for LCA analysis among practitioners in the
building industry.

(3) This online tool draws information for the inventory analysis straight from BIM,
and it thus represents a very intuitive and dynamic tool. Material quantities are
then automatically used to calculate the environmental impacts by sourcing data
from an internal database built on EPD values or datasets frequently updated by
the software company. The great value of this solution lies in the possibility offered
to designers to frequently check the impacts of the design solutions being adopted
by running an LCA, thus allowing for effective comparisons between alternative
solutions. Unfortunately, this is not a “live” system that constantly feeds the user with
information while the design is being generated in the BIM environment, as it still
needs to pause the design phase and export the data to the LCA tool. Still, the Revit
plugin solution offered by One Click LCA is very effective for the constant monitoring
of environmental performance while the design itself is being created.

For the purposes of this research, the various building scenarios detailed in the inven-
tory analysis section are regarded as alternative options developed in response to a specific
design brief, within each the height category. Each scenario reflects a distinct approach
or strategy considered by the design team when formulating the structural solution for a
particular building project. The analysis conducted on each scenario thus simulates the
process that would typically occur in a design office, where different structural solutions
are assessed to determine the most effective and efficient option.

2.4. Considered Aspects
2.4.1. Biogenic Carbon Content of Mass Timber Products

Due to the current lack of uniformity in how biogenic carbon content in timber ele-
ments is assessed across EPDs and available databases [41,42], a simplified approach was
adopted for this assessment. This approach, commonly referred to as the “0/0” approach,
aligns with the methodology outlined in the EN 15804 standard [13], which governs the en-
vironmental performance of construction products. For instance, while timber has a natural
carbon sequestration capacity, its overall life cycle emissions can vary widely depending
on factors such as forest management practices, transportation, and the way timber is pro-
cessed, used, and disposed of [43]. Additionally, the treatment of biogenic carbon is still a
matter of debate in LCA research, as highlighted by studies like Levasseur et al. [44], which
emphasize that the timing of carbon release and its potential reabsorption by subsequent
plant growth complicate the accuracy of these measurements. By using the “0/0” approach,
the assessment avoids the complexities of attributing uncertain carbon benefits to timber
materials [14], thereby simplifying calculations while still complying with established
standards. However, it also means that the potential long-term benefits of timber’s carbon
sequestration capacity during its growth phase are not reflected in the assessment. In some
cases, this can lead to an underestimation of the environmental advantages that timber
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products may offer, especially when compared to non-renewable materials such as steel
or concrete, which do not have the same carbon-capturing properties [45]. However, the
“0/0” approach remains a practical solution for maintaining consistency and comparability
across various life cycle assessments.

A technical service life of 50 years, equivalent to the building’s life, was set for all
the materials. If properly designed and constructed, and without the repairs needed after
major circumstances such as earthquakes or fires, both steel and timber structures can enjoy
a much longer useful life, during which no maintenance, repair, and substitution is needed.

2.4.2. Further Variations in the Considered Scenarios and Transportation Impacts

Three different variations were modeled for each scenario.

(1) A pair of average impact results, defined as “baseline scenarios”, were calculated for
the eight scenarios. For each scenario, a set of two results supposed the same building
to be built both in Paris for the European variation and in New York for the North
American one. The WBLCA tool allows users to choose among different impact data,
either from specific EPDs or from embedded average datasets, intended to be used
when no specific data for the building location are available. For each construction
material referenced by the BoQ, wherever possible, the software-calculated average
was used. Thus, for ready-mix concrete, steel, rebars, GLT and CLT element average
values were adopted to form the baseline scenario. Given the lack of average data, for
steel decks, steel studs, and sprayed-on plaster, specific EPDs were selected instead,
equal for all the building scenarios.

(2) For each location (Paris and New York), a “best case” alternative was also assessed for
each scenario; the lowest value available was selected for each of the materials used,
except for steel decks, steel studs, and sprayed-on plaster, for which the same specific
EPDs of baseline cases were used. This alternative represents the solution with the
lowest environmental impact, achieved through a meticulous—though potentially
unrealistic—selection of material suppliers. By choosing suppliers whose manufactur-
ing processes exhibit the most favorable sustainability metrics, this alternative aims to
minimize the overall ecological footprint of the construction project. However, it is
important to note that this approach might not reflect practical constraints and real-
world challenges faced in procurement and supply chain management, where factors
such as availability, cost, and logistical considerations can influence material selec-
tion. Thus, while this alternative provides an idealized benchmark for environmental
performance, its feasibility in practical application may be limited.

(3) If significant deviations were observed between the total environmental impacts for
the two locations, an additional alternative was assessed—the “best with imported
materials” scenario. This alternative involved a sensitivity analysis where structural
materials—steel and timber—intended to be used in one location were assessed
using the environmental performance data from the other location, incorporating the
impacts of transportation. It was based on the condition that the EPD of a product
available in one market showed a GWP at least 10% lower than its equivalent in
the other. The analysis explored the potential benefits of sourcing materials with
superior environmental performance, balancing these against the environmental costs
of transportation. This included evaluating whether importing materials, despite
associated trade-offs, might yield a more favorable environmental outcome than
relying exclusively on local production, considering specific impact profiles and
logistical factors.

The default mean values suggested by the WBLCA software (One Click LCA v. 0.35)
used were adopted for several parameters, including the transportation distance (as detailed
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in Table 3) for the various materials, their means of transport, and their payload and
fuel efficiency.

Table 3. Mean transportation distances (km) for each material and location, as provided by the
software One Click LCA.

Material Europe North America

Steel profiles, rebars, and decks 370 380
Timber 220 370

Ready-mix concrete 60 130
Plaster 110 130

Among the available options for the end of life, the most common scenarios were
selected for each material, based on industry best practices: recycling with downcycling for
concrete, full recycling for steel, and incineration with heat recovery for wood. As plaster
is considered an inert material, it is more likely to be landfilled.

The diversity introduced by the various scenarios allows for a range of comparative
analyses. By examining different scenarios, it becomes possible to identify and understand
potential discrepancies in the environmental impacts of various construction options.
Specifically, the comparison focuses on two locations, three distinct building frame types,
two height alternatives, and three span dimensions for a total of 32 results. This approach
allows for a more nuanced understanding of how different design choices can influence the
sustainability of a construction project.

2.4.3. Discussion on the Comparability of the Various Results

The comparison of the results is grounded in a hypothetical comparability between
the EPDs produced in the two locations, where two alternative impact assessment meth-
ods are used: the TRACI (Tool for the Reduction and Assessment of Chemical and other
environmental Impacts) and the CML (Centre of Environmental Science at Leiden Uni-
versity) impact calculation methodologies, on which ISO 21930 [46] and EN 15804 [13]
are respectively based [47,48]. The validity of this assumption is supported by the obser-
vation that these methods, while showing differences in evaluating various parameters,
exhibit minimal discrepancies in the assessment of GWP values, as documented in recent
studies [49,50]. Both TRACI and CML employ a global base for the characterization of
GWP factors, ensuring that their assessments are comparable. As detailed by Santero and
Hendry [51], this global approach allows for a standardized evaluation of GWP across dif-
ferent regions and methodologies. Consequently, the assumption of comparability between
EPDs from the two locations holds, provided that the impact assessment methods used are
aligned, thus enabling a meaningful comparison of environmental impacts based on the
GWP values derived from these methodologies.

An additional layer of analysis was incorporated to ensure the homogeneity of the
results, focusing on the comparability of the various materials available in the two ge-
ographic regions, and of the information included in their EPDs. This is, for instance,
the case with steel products. Unlike European EPDs, which follow scheme A1 for raw
material extraction, scheme A2 for transportation to the production site, and scheme A3 for
profile production (as dictated by the EN 15804 standard), the EPDs of North American
steel products typically aggregate the extraction of raw materials and production stages in
the A1 module, while A2 represents transportation to a workshop, and A3 encompasses
only the final fabrication step for the steel profiles to be directly installed in buildings
(e.g., cutting, punching, drilling, bending, welding). To enhance comparability between
structural steel products of the two reference markets, a “fabrication factor” was added to
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the European ones in calculations. Based on the EPDs for structural steel collected from
the North American market, this factor was determined as the straight average of the A3
modules reported in those EPDs. The resulting factor amounted to 81.22 kg CO2 eq per ton
of structural steel profiles.

3. Results of the LCA and Discussion
The results of the total impacts for the baseline scenarios designed to be built in Europe

and North America are shown in Table 4. It is interesting to note that the production
phase (A1–A3) accounts for, on average, nearly 77% of the total impacts for the European
alternatives and nearly 73% for the North American ones. This is explained by the different
relevance of the transportation phase (A4), which is consistently less impactful for the
European scenarios, whereas the North American transportation phases are between 2.6
and 3.6 times higher. The largest discrepancies are found in scenarios where timber is
featured; CLT and GLT structural elements, in fact, even if lighter, require a larger volume
to achieve the same strength grade as their steel counterparts, leading to a need for more
transportation activities for the timber. Europe typically shows shorter traveling distances,
both for materials and end-of-life demolition debris. Additionally, European trucks are
generally smaller and more fuel-efficient compared to those commonly used in North
America. This difference in vehicle characteristics is due in part to varying regulations,
road infrastructure, and operational practices across regions [52,53].

Table 4. Summary of GWP impacts for the baseline case scenarios for both locations (kg CO2 eq. per
square meters of carpet area).

Scenario

European Baseline North American Baseline

A1–A3
Impacts

A1–C4
Impacts

A1–A3
Impacts

A1–C4
Impacts

20 stories

AS20L 149 191 150 198
SCB-TD20 134 183 147 209

AT20 100 145 110 167
AS20S 144 180 143 191

40 stories

AS40L 174 213 175 228
SCB-TD40 157 202 171 238
SC-TBD40 140 190 153 216

AS40S 168 209 171 224

By contrast, the other phases of the LCA—such as construction, operation, and end of
life—show largely similar environmental impacts between the two locations. These phases
generally involve comparable processes and technologies, leading to similar environmental
outcomes regardless of regional differences in transportation practices.

As shown by Figure 4a, for both locations, the all-timber scenario (scenario AT20)
reports a lower total impact compared to the other 20-story scenarios (scenarios AS20L, SCB-
TD20, and AS20S), each of which includes at least one steel structural element. Similarly,
scenario SC-TBD40 has the lowest impact among the 40-story scenarios, as it incorporates a
greater proportion of timber elements than the others (Figure 4b). These results confirm
that timber alternatives have a significantly lower impact during the production stage, due
to the reduced emissions associated with timber-based products, even without accounting
for the environmental benefit of carbon sequestration during tree growth.
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Comparing the two scenarios featuring 20 stories and all-steel structural elements,
scenario SCB-TD20, with a shorter span (12 m × 6.66 m), reports a lower impact than
scenario AS20L, which features a larger span (12 m × 13.33 m). The same result is reported
for the corresponding 40-story scenarios (AS40L and AS40S). The key factor contributing
to the lower impact in scenario SCB-TD20 is the use of smaller steel profiles for both
columns and beams, which are required for shorter spans as the structural demands
are reduced. Even though this means having a larger number of elements, the smaller
size of each profile results in less material and energy to produce, leading to reduced
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emissions and resource consumption, compared to the larger profiles used in scenario
AS20L. Additionally, smaller profiles are easier to transport, further reducing transportation-
related impacts [54]. This pattern of reduced impact with shorter spans and smaller profiles
is consistent across the two locations. The findings highlight the importance of span
dimensions and material choices in reducing environmental impacts. Smaller spans and
the efficient use of materials can lead to significant reductions in the production and
transportation impacts of steel structures.

Among the 40-story scenarios, scenario SC-TBD40, featuring steel columns and timber
beams and floor decks, consistently reports the lowest total environmental impact across
both locations. This outcome is primarily due to the unique choice of construction materials
used in this scenario (timber beams and decks).

The results for the best-case scenarios (those where materials are selected based on the
smaller GWP indicator reported in their EPDs) for both European and North American cases
are shown in Table 5. Looking at the total impacts, the reductions from the baseline cases
are, on average, 25.7% for Europe and 16.3% for North America, as shown in Figure 5a,b.
These figures indicate that products with lower environmental impacts are more readily
available in the European market compared to North America. This disparity could be
attributed to varying regulations, market demands, and the availability of sustainable
materials in the respective regions. Among all scenarios, the all-timber scenario (AT20)
demonstrates the most substantial reductions in environmental impacts. For Europe, this
scenario achieves a notable reduction of 48.7%, while in North America, the reduction is
28.7%. The higher-impact reductions in the former could be due to the more advanced or
widespread use of sustainable timber products and practices.

The all-steel scenarios (AS20L, AS20S, AS40L, and AS40S) exhibit smaller variations in
environmental impact reductions. For Europe, these reductions range from 16.3% to 35.1%,
while for North America they range from 11.3% to 25%.

Table 5. Summary of GWP impacts for the best-case scenarios for both locations (kg CO2 eq. per
square meters of carpet area).

Scenario
European Best North American Best

A1–A3
Impacts

A1–C4
Impacts

A1–A3
Impacts

A1–C4
Impacts

20 stories

AS20L 123 164 130 177
SCB-TD20 84 127 110 168

AT20 58 97 76 129
AS20S 98 133 123 171

40 stories

AS40L 137 175 129 183
SCB-TD40 101 141 133 196
SC-TBD40 89 134 112 173

AS40S 118 156 147 200
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The relatively small differences observed can be attributed to the fact that the baseline
cases are based on steel products that already have relatively low impacts compared to
other building products. This contrasts sharply with the timber elements, which exhibit
more pronounced differences in environmental impact due to varying material properties
and processing methods. The steel products used in the baseline cases are made from a
significant proportion of recycled material. Specifically, the steel used for structural profiles
contains 90% scrap metal, while the chosen rebars are made from 97% scrap metal. The high
percentage of recycled content in these steel products reduces their overall environmental
impact, as recycling steel requires less energy and generates fewer emissions compared to
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producing new steel from raw materials [55]. Consequently, the difference between these
baseline products and the lowest-impact steel profiles and rebars—used in the best case,
both of which use 100% scrap metal—is minimal. Given that the baseline products are
already optimized for low environmental impact, the benefits of further reducing impacts
are less pronounced.

When comparing the environmental impacts of building scenarios between Europe
and North America, it is evident that European scenarios generally exhibit lower environ-
mental impacts compared to their North American counterparts, both for baseline and
best-case scenarios. The EPDs available in Europe typically report lower GWP impacts
compared to those available in North America. This discrepancy can be attributed to differ-
ences in manufacturing practices, energy sources, and environmental standards between
the two regions. European EPDs often benefit from more rigorous sustainability practices
and higher proportions of recycled materials, which contribute to their lower reported
impacts [55].

Sensitivity Analysis

The initial condition for the “best with imported materials” alternative was met for
both structural steel and timber, with European products demonstrating a more than 10%
lower environmental impact compared to their North American equivalents. This alter-
native thus assumes the use of the most efficient European products in a North American
building project (Figure 6).
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20-story scenarios.

This alternative also takes into account the environmental impact of transporting these
European materials from their production sites in Europe to the North American construc-
tion site. Although using European EPDs could theoretically reduce the environmental
impacts due to their lower GWP values, the transportation of materials across the Atlantic
and for the mainland legs of the journey (port handling operations are excluded) introduces
additional impacts. The primary objective is to compare the environmental impacts of using
high-efficiency, low-impact materials from overseas against locally produced materials
within North America. The results of this exploration are combined with the results of the
total impacts of all the scenarios and alternatives in Table 6, which reports GWP values
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expressed in kg CO2 eq normalized by square meters of carpet area. The analysis confirms
that even when accounting for the significant environmental impact of transporting steel
and timber elements over nearly 6000 km of ocean, the “best with imported materials”
alternatives still result in a lower overall environmental impact compared to the best North
American case (Figure 6). Specifically, these imported alternatives exhibit an average reduc-
tion in environmental impact of approximately 7.7%. The use of this alternative reveals
varying degrees of environmental impact reductions across different scenarios, with the
most substantial decreases observed in scenarios incorporating timber elements (from 9%
to 11%), while scenarios featuring only steel elements show smaller reductions (from 4% to
6%). Additionally, all “best with imported materials” alternatives exhibit higher impacts
compared to the European best cases (15% on average), primarily due to the environmental
burden of transportation and the contribution of North American-produced materials.

Table 6. Summary of A1–C4 impacts for different scenarios and alternatives (kg CO2 eq. per square
meters of carpet area).

Scenario
North

American
Baseline

North
American

Best

North American Best
W/Imported Materials

European
Best

European
Baseline

20 stories

AS20L 198 177 167 164 191
SCB-TD20 209 168 150 127 183

AT20 167 129 118 97 145
AS20S 191 171 164 133 180

40 stories

AS40L 228 183 176 175 213
SCB-TD40 238 196 175 141 202
SC-TBD40 216 173 157 134 190

AS40S 224 200 190 156 209

In Table 7, a comprehensive breakdown of the environmental impacts associated with
each phase of the LCA for scenario AT20 is presented. This scenario, which reported
the lowest GWP impact among the various 20-story scenarios, serves as a benchmark for
evaluating and comparing the relative impacts of different construction alternatives. When
examining the total environmental impacts, a notable disparity is observed between the
North American and European baseline cases. The North American baseline scenario
demonstrates a 15% higher environmental impact compared to its European counterpart.
This difference reflects variations in material production processes, environmental reg-
ulations, and overall sustainability practices between the two regions. When the least
impactful materials are applied, the European best-case scenario achieves a total reduction
of 33% in environmental impact compared to its baseline case. By contrast, the North
American best-case scenario shows a reduction of 23% from its baseline case. Although
this is a notable improvement, it is less significant than the reduction achieved in the
European best case, and it reflects the relative limitations in available low-impact materials
and practices in North America, as well as potentially less efficient production processes
compared to Europe. The North American alternative scenario that incorporates materials
imported from Europe results in a 9% reduction from the North American best case.
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Table 7. GWP impacts of each LCA phase for all alternatives and for both locations, scenario AT20
(kg CO2 eq.). Legend: A1–A3, production stage; A4, transportation module; A5, construction module;
C1–C4, end-of-life stage; D, loads and benefits beyond the system boundary.

LCA Phase

Europe North America

Baseline Best Baseline Best Best W/Imported
Materials

A1–A3 3.82 × 106 2.22 × 106 4.20 × 106 2.91 × 106 2.40 × 106

A4 1.44 × 105 1.42 × 105 5.14 × 105 5.30 × 105 7.09 × 105

A5 1.20 × 106 1.00 × 106 1.29 × 106 1.19 × 106 1.04 × 106

C1–C4 3.61 × 105 3.57 × 105 3.61 × 105 3.60 × 105 3.47 × 105

D −3.13 × 106 −2.96 × 106 −1.15 × 107 −1.20 × 107 −1.11 × 107

TOT 5.53 × 106 3.72 × 106 6.36 × 106 4.94 × 106 4.50 × 106

In the detailed examination of LCA phases, significant variations are observed be-
tween European and North American scenarios. For the production stage (A1–A3), the
European best case shows a notable 42% reduction in environmental impact compared to
the baseline. By contrast, the North American best case achieves a 31% reduction, reflecting
improvements in material efficiency and production practices, although not as pronounced
as in Europe. When North American scenarios incorporate European materials, the reduc-
tion is 18% compared to the North American best case. However, this benefit is somewhat
diminished by the impacts of transportation. The transportation phase (A4) reveals the
most significant difference, with the North American baseline having environmental im-
pacts nearly 3.6 times higher than those of the European baseline. This disparity arises
from longer transport distances and less efficient logistics in North America.

• The “best with imported materials” scenario reveals a 34% higher environmental im-
pact in the transportation phase (A4) compared to the North American best case. This
increase is primarily due to the transoceanic transportation required to bring European
materials to North America, which adds significant environmental burdens. While the
proportions of impacts related to site operations and waste handling remain consistent
between the two locations, the construction phase (A5) in the North American baseline
exhibits a 7.5% higher impact relative to the European baseline.

• The “best cases” for both European and North American scenarios demonstrate a sub-
stantial reduction in environmental impacts related to construction waste. Specifically,
the European best case shows a 17% decrease, while the North American best case
shows a 13% reduction. This significant reduction underscores the fact that using less
impactful materials leads to lower environmental impacts associated with construction
waste. In terms of the end-of-life phase, the variations among different alternatives are
minimal. Notably, the best cases exhibit improvements in the waste transport (C2) and
waste processing (C3) phases. For both Europe and North America, these phases are
less impactful compared to the baseline scenarios. This reduction is attributed to the
use of more efficient materials, which simplifies and streamlines waste management
processes, resulting in lower overall environmental impacts.

4. Conclusions
This study aimed to evaluate whether combining steel and timber as structural materi-

als for tall buildings offers environmental advantages while also examining how differences
between the European and North American markets influence these outcomes. By sys-
tematically analyzing eight building scenarios, this research sought to provide valuable
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insights into leveraging the synergy between steel and timber in high-rise construction to
achieve sustainability goals and engineering efficiency.

The main findings of this study, which aim to offer valuable insights for optimizing
material choices in future high-rise construction projects, are as follows:

• Timber-based scenario alternatives have significantly lower production-stage impacts
due to reduced emissions associated with timber-based products, even without con-
sidering the carbon sequestration benefits of tree growth, adopting a conservative
0/0 approach (as discussed in Section 2.4) to account for biogenic carbon. If a 1/1
approach is used instead, the timber-based scenarios present a negative GWP impact
until the building reaches its end of life.

• Span dimensions and material efficiency play a crucial role in reducing the en-
vironmental impacts of steel structures; smaller spans and efficient material use,
such as optimizing the design to minimize waste and selecting high-strength ma-
terials to reduce the quantity needed, can significantly lower production and
transportation impacts.

• Low-GWP products are more readily available in Europe compared to North Amer-
ica, likely due to differences in regulations, market demand, and the availability of
sustainable materials.

This study’s findings reveal that the total environmental impacts of the North Ameri-
can best-case scenarios range from 129 to 200 kg CO2 equivalent per square meter, measured
using the IPMS 4.2 standard. In comparison, the European best-case scenarios exhibit lower
total impacts, ranging from 97 to 173 kg CO2 equivalent per square meter. These figures
reflect the impact of the above-grade structural systems alone, excluding foundations.
These results are obviously lower when compared to the references used in the literature
review (see Section 1, Introduction), as they were assessed with a different scope—the
entire building. Interestingly, the study conducted by Eslami et al. [23] reported a lower
total for the timber alternative than that reported by this current study; this difference can
be attributed to the fewer number of stories—only two.

When comparing these results with other benchmarks, such as those from similar
studies focusing solely on the structure, both discrepancies and similarities can be found.
Eaton and Amato [56] also conducted a pioneering study on the embodied carbon of various
office buildings, built with different structural materials (steel, composite, reinforced and
precast concrete), with a number of stories comparable to those in the current research
scenarios. The results for the structure alone range from a mean of 200 kg CO2 equivalent
per square meter for the concrete buildings to a mean of 350 kg CO2 equivalent per square
meter for the steel ones, which are significantly higher than those found in this current
research. A recent study by Szalay [57] establishes 3.75 kg CO2 equivalent per square meter
per year as the average GWP reference for the superstructure of multi-family houses. When
this value is extended across the standard reference service life of 50 years, the cumulative
GWP impact reaches 187.5 kg CO2 equivalent per square meter. This result is notably
similar to the findings of this study, suggesting consistent alignment in the environmental
impact assessments of structural systems.

Another crucial finding emerges from the results of the “best with imported material”
analysis, which shows that, despite the environmental costs associated with transportation,
using more sustainable and efficient materials from overseas can result in a net reduction
in overall environmental impact. The results highlight a significant consideration for deci-
sion makers when evaluating material sourcing options. This analysis supports the idea
that adopting best practices and materials from international markets can contribute to
enhanced sustainability in construction, provided that transportation impacts are managed
effectively. Despite the relatively minor impact of transportation on the overall LCA of a
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building, the efficiency of transport logistics plays a role in the environmental footprint of
construction activities. Studies have shown that improvements in fuel efficiency can lead
to notable reductions in greenhouse gas emissions and energy consumption [58]. Thus,
the North American construction industry could benefit from enhancing the fuel efficiency
of its vehicles, aligning with practices seen in Europe, where innovative technologies,
such as Selective Catalytic Reduction (SCR) and Diesel Particulate Filters (DPFs) [59], and
stringent regulations, such as the Euro VI standards [60], have led to notable improve-
ments in reducing the environmental impact of transport logistics. This market comparison
analysis can thus influence strategies for sourcing building materials, potentially encour-
aging the use of more sustainable products from international markets if they offer a net
environmental benefit.

This study does not identify an environmental advantage of the combination of timber
and steel, as mass timber buildings remain less environmentally impactful, at least when
GWP is considered. However, the inclusion of steel is crucial to ensure the necessary
elasticity of mass timber buildings. Apart from this, the emergence of the steel–timber
hybrid model is particularly significant as global urbanization continues, and the need for
sustainable construction solutions becomes increasingly urgent. Such composite structures
may soon provide an optimal balance between structural performance, environmental
responsibility, and architectural innovation, positioning them as a key player in the future
of high-rise building design.

This research focused on LCA applied to 20- and 40-story buildings, which are cur-
rently being considered in the construction sector for hybrid structures. Future studies
could explore smaller buildings, such as 8-story residential buildings, or even structures
like sports centers, warehouses, and data centers, which make up a significant portion of
the current construction landscape.

This study, like most LCA studies conducted for buildings, focused solely on Global
Warming Potential (GWP) among the various environmental impact categories, as GWP
emissions are the leading contributors to climate change and the main focus of current
regulations. While this focus provides valuable insights into the climate-related impacts of
building materials, other important environmental aspects, such as energy consumption,
resource depletion, and ecosystem quality, could also be examined. By considering these
additional parameters, further study could offer a more comprehensive assessment of the
sustainability and long-term environmental consequences of construction practices.

Limitations of This Study

This study is based on an analysis of buildings with two different heights and eight
scenarios in total. Future research should explore buildings with a broader range of story
numbers and consider various combinations of structural elements.

In terms of LCA indicators, this study focused exclusively on the Global Warming Po-
tential (GWP) parameter. A comprehensive LCA should be conducted to include additional
critical factors such as toxicity, resource depletion, and other environmental impacts.

In this study, the fire performance of the structural elements was assessed for each
material individually rather than for the combination of the two. Fire performance can
pose a limitation for hybrid steel–timber structures, as the two materials exhibit distinct
behaviors in the event of a fire. Additionally, the connections between the materials can
be a weak point, further complicating fire safety. Additionally, building codes often have
strict fire resistance requirements for both materials, and hybrid structures must comply
with these standards, which can sometimes be a challenge. However, ongoing research
on connections [61] and advancements in fire-resistant technologies [62] are helping to
overcome these limitations, making hybrid structures more feasible for fire safety.
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List of Abbreviations and Glossary of Terms
BIM = Building Information Modeling. Digital process for creating, managing, and

sharing 3D models of a building or infrastructure project throughout its lifecycle.
CLT = Cross Laminated Timber. An engineered wood product made by gluing layers

of solid-sawn lumber in alternating directions.
EN = European norms. Standards developed by European Standardization Organiza-

tions, such as the CEN (European Committee for Standardization).
EPD = Environmental Product Declaration. A standardized document that provides

transparent and verified information about the environmental impacts of a product through-
out its life cycle.

GLT = Glue Laminated Timber. An engineered wood product made by bonding
multiple layers of solid timber with adhesives.

GHGs = Greenhouse Gases. Gases such as carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O) that trap heat and contribute to global warming and climate change.

GWP = Global Warming Potential. A metric used to compare the impact of different
greenhouse gases on global warming, measured in kilograms of carbon dioxide equivalent
(kg CO2 e).

IPMS = International Property Measurement Standards. Global standards for measur-
ing and reporting the size and area of buildings, developed by the IPMS Coalition to create
consistency and transparency in the real estate industry.

ISO = International standards. These refer to the set of internationally recognized
guidelines and specifications established by the International Organization for Standard-
ization (ISO).

LCA = life cycle assessment. A systematic method for evaluating the environmental
impacts of a product, process, or service throughout its entire life cycle, from raw material
extraction to disposal.

RC = reinforced concrete. A construction material made by combining concrete with
steel reinforcement (rebar) to improve its tensile strength and durability.

WBLCA = whole-building life cycle assessment. A comprehensive assessment that
evaluates the environmental impacts of an entire building over its life cycle.
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