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Abstract

The construction industry is a significant contributor to global carbon emissions, with
embodied carbon accounting for a growing proportion of building life-cycle emissions.
Comparative analyses that assess various structural systems within a single, controlled
building design remain limited, despite increasing interest in building information
modelling- life cycle assessment (BIM-LCA) integration. This study addresses this gap by
providing a BIM-based assessment framework that quantifies and compares the embodied
carbon of three structural systems (steel, reinforced concrete, and timber) applied to an
identical conceptual two-storey residential structure in the UK. Material quantities were
extracted from a parametric Revit model and integrated with emission factors within a
cradle-to-gate (A1-A3) system boundary. The results indicate that total embodied carbon
amounts to 104,165.16 kgCO,eq for a traditional steel house, 84,640.06 kgCO,eq for a
traditional reinforced concrete house, and 51,255.87 kgCO.,eq for a traditional timber
house. By employing low-carbon material alternatives, embodied carbon is reduced by
40.4% in the steel house, 32.2% in the concrete house, and 19.7% in the timber house,
respectively. Thus, encouraging early-stage sustainable design decisions can make a
substantial contribution to the decarbonisation of the built environment.
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INTRODUCTION

Buildings are responsible for one-sixth of the world’s freshwater withdrawals, one-fourth of the timber
harvested™” and two-fifths of its materials, according to statistics and earlier research, highlighting their
significant resource consumption”~. The sector also generates vast quantities of waste that contaminate land
and water, significantly contributing to greenhouse gas emissions and air pollution, and progressively driving
ecological degradation. One of the most significant risks associated with buildings is the generation of
emissions that threaten both human well-being and natural ecosystems. These emissions are primarily
caused by the manufacturing and processing of building materials and by the energy required for building
operations'®. Buildings are also currently responsible for 39% of global energy-related carbon emissions: 28%
from operational emissions (from the energy used for heating and electricity) and the remaining 11% from
the manufacture of products and building materials including glass, steel, and cement!”’. These carbon
emissions (representing approximately 11% of global emissions) are released before a building or
infrastructure asset enters service and are commonly referred to as upfront carbon. They are projected to
account for half of the total carbon footprint of new construction between now and 2050, threatening to
consume a significant share of the remaining global carbon budget'”.

Building emissions, which arise from both embodied carbon in construction materials and the carbon
produced during building operations, represent a significant global environmental threat. To address the
operational carbon emissions from buildings, strategies and policies including net-zero targets and green
building standards have been proposed, which means that the quantity of renewable energy generated
on-site equals the building’s annual energy consumption'™. However, these strategies may not fully address
the embodied carbon and total carbon footprint associated with buildings. In addition, operational carbon
emissions may be further reduced by emerging technologies and energy efficient design techniques,
including the integration of renewable energy sources, thereby reducing these emissions further”. Therefore,
emissions associated with construction materials are expected to constitute the largest portion of a building’s
lifetime carbon footprint in the coming years. The carbon footprint, commonly expressed as carbon dioxide
equivalents (CO,eq), represents the total amount of greenhouse gases (GHGs), primarily carbon dioxide
(CO,), released directly or indirectly by human activity””. Embodied carbon refers to the greenhouse gas
emissions associated with building materials across their life cycle, including manufacturing, transportation
to site, installation, maintenance, refurbishment, and end-of-life demolition"". The Inventory of Carbon and
Energy (ICE) is an open-access, cradle-to-gate database specifically designed for calculating the embodied
carbon associated with various construction materials, and was developed by the University of Bath!"".

Materials specification and design optimisation are important strategies for decreasing the embodied carbon
of building materials"”. By incorporating early-stage life cycle assessment (LCA) or whole-building LCA into
the conceptual and schematic design stages, designers can identify high carbon points and reduce material
quantities or reconsider structural systems!”. Prefabrication and modular construction can help to reduce
the embodied carbon of buildings. There are several advantages to using prefabrication in building
construction, such as increased process efficiency, reduced material waste, and a lower environmental impact
over the building life cycle, all of which contribute to an overall reduction in carbon emissions"*. Another
common method for reducing a building’s embodied carbon is material substitution, which involves
replacing traditional materials with low-carbon or carbon-storing alternatives"*. Adopting recycled, reused,
and upcycled materials is an additional strategy to reduce emission levels and demand for raw materials"*.
Furthermore, energy-efficient manufacturing techniques in production facilities can significantly lower the
carbon footprint associated with material production"”. Finally, there is growing interest in new concepts
such as carbon-storing building materials, which are designed to sequester CO, during or after
manufacturing"®. In the construction industry, building information modelling (BIM) is a broad field of
projects that integrates relevant regulations, procedures, and technologies to manage key building design and
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project data in digital format over the course of the building’s life cycle"”. BIM provides a comprehensive
platform for planning, analysis, and visualisation, which is beneficial for low-embodied-carbon design and
construction. This detailed digital rendering enables architects and engineers to simulate the building’s
carbon performance at the early design stage.

Environmental hotspots can be identified and mitigated during the design stage through the integration of
LCA with BIM, an established approach for quantifying environmental impacts in buildings™. Although the
scope of research on embodied carbon assessment in buildings is growing, many available studies focus on
minimising embodied carbon within a single structural system through the optimisation of material
decisions. Few studies clearly compare the embodied carbon performance of alternative structural systems
within an identical building specification using a standardised BIM-based quantity take-off methodology.
Furthermore, few studies integrate BIM-based quantity take-off with ICE emission factors within a
transparent, step-by-step workflow that practitioners can readily reproduce. This study addresses these gaps
by contrasting the embodied carbon performance of three different structural systems (steel, reinforced
concrete, and timber) applied to the same residential building design. The research enables a direct
assessment of the outcomes of structural system decisions on the total embodied carbon footprint by
maintaining consistent building geometry, functional requirements, and design scale. The study applies
established BIM-based quantity take-off techniques in combination with ICE emission factors to provide a
transparent assessment workflow rather than proposing a new BIM-LCA methodology. The research also
investigates how the selection of lower-carbon material alternatives within each structural system can
contribute to embodied carbon reduction. This allows for a direct comparison of baseline embodied carbon
values and the reduction achievable by material substitution.

The research aims to inform early-stage design decisions by illustrating the carbon implications of different
structural system options in a consistent and reliable manner, using the assessment of a real-world residential
case study. By applying this approach to a conceptual housing project in the UK, the study demonstrates how
digital tools can transform traditional decision-making, enabling informed choices about materials,
structures, and systems that significantly reduce carbon emissions. Lowering the carbon footprint of
buildings offers profound benefits for both humanity and the natural environment. The adoption of
low-carbon materials not only minimises greenhouse gas emissions but also advances circular economy
practices by encouraging recycling and reuse, thereby mitigating waste generation and the depletion of finite
natural resources.

THEORY AND METHODOLOGY

The embodied carbon of three structural systems (steel, reinforced concrete, and timber) applied to an
identical residential building design is assessed and compared in this study using a BIM-based quantitative
assessment framework, and the carbon reduction potential of low-carbon material substitution within each
system is quantified. This study focuses on emissions from life cycle stages A1-A3, representing a
cradle-to-gate system boundary, including raw material extraction and processing (A1), transportation to the
manufacturing site (A2), and manufacturing and production processes (A3)"', to emphasise the importance
of early-stage design in reducing the carbon footprints of buildings.

The functional unit is selected to be a conceptual two-storey detached residential building with a total floor
area of 180 m® and a construction area of 270 m* in the UK. Autodesk Revit 2024 was employed to model
each of the three structural variations separately, and the integrated Material Take-off Schedule was used to
extract material quantities. To quantify the achieved decrease, low-carbon material substitutes were
subsequently added to each model, and embodied carbon was recalculated. To ensure comparability between
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scenarios, assessment results are normalised per total construction area (kgCO,eq/m?). As is standard in
residential LCA studies, a reference service life of 50 years was adopted. All three scenarios have identical
architectural design, spatial arrangement, building envelope specification, and functional performance
criteria in order to ensure that observed differences in embodied carbon are solely due to structural system
and material selection. All scenarios maintained the same foundation systems, window and door
specifications, roof construction, and building services in accordance with applicable UK building
regulations.

Carbon footprint for building materials
This research incorporates life-cycle modules A1-A3, utilising emission factors derived from the ICE
Database (Version 4.1, 2025). Embodied carbon was calculated using the following equation®:

CFrora = ), (Qi X EF}) (1)
i=1

Where CF, ,, is the total carbon footprint of the building (kg CO,eq), Q, is the quantity of material i (kg), EF,
is the emission factor of material i (kgCO,eq/kg), and # is the total number of materials. Building carbon
footprint calculations are crucial for encouraging the construction of low-carbon structures, which emit

substantially less CO, than traditional structures®”).

Case study

For this research, a two-storey detached house in the UK was designed as a case study. The total floor area is
180 m’ and the total construction area of the house is 270 m?, including 98 m* on the ground floor, 82 m* on
the first floor, and 90 m* in the roof. It features four bedrooms, three bathrooms, a kitchen, a living room, a
winter garden, a storage area, and a roof space. Detached and semi-detached houses continue to constitute a
substantial proportion of the UK housing stock. According to the most recent English Housing Survey
(EHS), owner-occupied dwellings in 2024 were most commonly semi-detached (30%) or detached houses
(26%)"*. Historical EHS data further indicate that detached dwellings have consistently exhibited larger
average floor areas than other dwelling types. Between 1945 and 2002, the average floor area of newly built
detached houses ranged from approximately 131 m? to 149 m***. More recent survey data report an average
floor area of approximately 152 m* for detached homes, confirming their position as the largest dwelling
typology within the English housing stock®!. Although the average detached dwelling in England remains
smaller than the 180 m*> model adopted in this study, the selected floor area reflects the upward trend in
detached family home sizes observed in recent years. The choice of this scale therefore allows the study to
capture current design trends in larger detached dwellings while maintaining relevance to typical UK
residential construction practice.

The study applies the flowchart in Figure 1, which illustrates a BIM-based process for selecting and
evaluating the optimal low-carbon building design among alternative structural systems. Beginning with the
design phase, an architectural project is developed in accordance with demands and requirements of the
client, considering professional expertise, architectural knowledge, and relevant building regulations.

The building systems’ structural and architectural visualisations are shown in Figure 2, which additionally
demonstrates how low-carbon materials were incorporated into the design. The following low-carbon
modifications were implemented for each scenario: the low-carbon steel scenario includes recycled-content
structural steel, recycled aluminium, low-carbon concrete mix, and polyisocyanurate (PIR) insulation; the
low-carbon reinforced concrete scenario includes low-carbon concrete mix with supplementary cementitious
materials (SCMs) partial cement replacement, recycled steel rebar, sandstone brick cladding, low-carbon
mortar, and PIR insulation; and the low-carbon timber scenario incorporates laminated veneer lumber
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Figure 1. Flowchart of the study’s methodology.

(LVL) structural members, recycled steel rebar, low-carbon mortar, and PIR insulation. For each of the three
structural systems, full building drawings and application projects were generated in Autodesk Revit 2024,
ensuring that the embodied carbon calculations are based on geometrically accurate, regulation-compliant

building models rather than approximations or schematic representations.
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Figure 2. Schematic and artistic visualisation of the six building scenarios examined in this study: traditional and low-carbon variants of the
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Non-structural elements were modelled consistently across all three scenarios with identical material
properties. Material quantities were extracted directly from the Revit 2024 model using the built-in Material
Take-off Schedule functionality, which automatically aggregates the volume and mass of each assigned
material across all model elements. Volumes reported by Revit were converted to masses using
material-specific density values consistent with those adopted in the ICE database, ensuring dimensional
compatibility between the quantity take-off output and the emission factor inputs. All quantities are reported
in kilograms to enable direct application of mass-based ICE emission factors in accordance with Equation 1.
The ICE database was selected as the emission factor source for four reasons: first, it is the most widely used
open-access embodied carbon database in UK construction research and practice!""; second, its emission
factors are consistently reported on a cradle-to-gate basis, which corresponds directly with the system
boundary of this study™; third, its application enables direct comparability with a significant body of
published UK embodied carbon assessments; and fourth, it is the most recent version of the database, having
been updated in 2025 to reflect current standard carbon emission values as well as advances in low-carbon
manufacturing processes and material production technologies"””. Emissions related to the building process
stage (A4-As5), the usage stage (B1-B7), and the end-of-life stage (C1-C4)"" are not included in the system
boundary of this study.

Reduction of embodied carbon in building materials

Reducing the embodied carbon of building materials is critical to promoting a transition to a low-carbon
built environment”, and various strategies have been explored to achieve this goal. The emission factors
implemented in this study are derived from life-cycle assessment findings provided in previous research and
represent information achievable under current market conditions through commonly applied practices
including the selection of regionally appropriate materials, the use of recycled content, improved production
technologies, and more efficient transportation.

Concrete is currently the most widely consumed material after water. Concrete is used in construction at
approximately twice the volume of all other building materials combined™. It is possible to significantly
reduce the amount of carbon dioxide generated by replacing traditional clinkers with alternative ones®>*",
because this process is a major contributor to carbon emissions*>**!. Fly ash, slag, clay, and other alternative
waste products with high calcium oxide content can serve as substitutes for traditional clinker®**”. In
addition, as a sustainable solution to the problems of natural resource depletion and the disposal of
construction and demolition (C&D) waste, recycled coarse aggregates (RCA) have gained growing
acceptance. Concrete emissions can be reduced by using RCA recovered from both stationary and mobile
plants in place of natural aggregates"”®. Steel is the second most widely used building material after concrete
and is a significant contributor to carbon emissions". Steel sector decarbonisation necessitates a transition
from coal-based metallurgy to one based on hydrogen and electricity*. Electric melting furnaces and direct
reduction facilities provide a pathway for reducing greenhouse gas emissions*. Recycling of scrap steel
greatly reduces the embodied carbon of steel. Currently, secondary metallurgy utilising scrap can only supply
one-third of the world’s steel demand. However, by 2050, scrap availability will approach two-thirds of
overall demand, resulting in significant growth in this sector during the coming decades'*.

A wide range of products use aluminium because of its excellent formability, high corrosion resistance, and
high strength-to-weight ratio'*?. Because of these beneficial characteristics, aluminium alloys have been used
in increasing quantities in the building industry over the past several decades!”’’. The energy used in the
manufacture of recycled aluminium, including transportation, pre-treating, and remelting of scrap, is less
than 5% of that of primary aluminium, and its environmental impact is lower than that of primary
aluminium!*. The potential of timber structures and engineered wood products (EWPs) to reduce
greenhouse gas emissions by storing biogenic carbon and substituting carbon-intensive materials is
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becoming more widely recognised'””!. A mitigation matrix identified a range of reduction potentials: 20%
through transportation optimisation, 24%-28% through the use of low-density timber, 76% from renewable
energy adoption, 11% through sawmill efficiency improvements, 75% through air drying, and up to 92%
through the use of recovered timber!*!. The low-carbon structural timber in this research is LVL. The UK has
experienced an increase in the use of timber in construction. The Forestry Commission reports that
approximately half of the wood-based panels and one-third of the sawn timber consumed in the UK in 2015
originated from UK forests, highlighting the regional value of timber as a material choice for lowering
embodied carbon in UK construction**".

Brick is one of the earliest known man-made materials; however, the sustained demand for this durable,
tactile, and attractive product remains highly energy-intensive and contributes to the release of hazardous
pollutants, including greenhouse gases, into the atmosphere*. The building’s total embodied carbon could
be substantially reduced through the use of sandstone brick, which has an embodied carbon factor of
0.13 kgCO,eq/kg™. Mineral wool was used in this study to insulate the traditional building envelope, while
PIR insulation was used in low-carbon scenarios. Mineral wool has lower embodied carbon than PIR on a
per-kilogram basis, but this does not account for the mass of insulation material required to achieve a
particular R-value, which is important for insulation materials because significant greenhouse gas emissions
can be minimised during operation™.. The use of PIR insulation can significantly lower the material’s overall
carbon footprint when the R-value is taken into account because less material is required overall.

Selection criteria, substitution ratios, and performance equivalence for low-carbon materials

The following criteria were used to guide the selection of low-carbon material alternatives: (i) functional
equivalence - meaning that substitute materials are specified to fulfil the same structural or thermal
performance function as the traditional material they replace, based on manufacturer data and established
design standards; (ii) current market availability, indicating that all substituted materials represent products
or production pathways commercially available in the UK at the time of this research; (iii) documented
emission factors, such that peer-reviewed LCA values or the ICE database (Version 4.1) are available for all
substitute materials; and (iv) compliance with applicable UK building regulations and structural design
standards. It should be noted that structural and functional equivalency between traditional and low-carbon
materials is assumed based on standard engineering design practice, material specifications, and compliance
with building regulations; independent structural analysis or performance testing is beyond the scope of this
study.

For each material category, functional equivalency and substitution ratios were presented separately. The
low-carbon alternatives for structural steel and steel rebar employ the same section sizes and load-bearing
capacity as the traditional design, with the exception of the manufacturing process, which uses Electric Arc
Furnace (EAF) steelmaking with a high recycled scrap content at a 1:1 substitution ratio by mass. By
replacing portions of the cement in concrete with SCMs, specifically fly ash and Ground Granulated
Blast-Furnace Slag (GGBS), at a 1:1 substitution ratio by mass, the same compressive strength class is
maintained. Recycled aluminium is used as an alternative to aluminium at a mass ratio of 1:1. Ata 1:1 mass
substitution ratio, based on standard engineering practice and material specifications, it is assumed that LVL
provides comparable load-bearing capacity and structural member sizing to traditional timber. Sandstone
brick is specified to the same dimensions and coursing pattern as traditional clay brick for brick cladding,
ensuring identical wall thickness and structural adequacy at a 1:1 substitution ratio by mass. The mass
substitution ratio between mineral wool and PIR insulation is approximately 4.6:1 in favour of PIR.
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RESULTS AND DISCUSSION

The results of the research provide a comparison of the embodied carbon associated with three structural
systems (steel, reinforced concrete, and timber) applied to the UK conceptual housing project. For each
building scenario, embodied carbon data were calculated based on material quantities using the proposed
BIM-integrated framework. Significant differences in the structural systems’ carbon performance were
identified by the analysis. These results demonstrate the utility of the BIM-based assessment approach for
measuring and evaluating environmental impacts during the preliminary design stage and highlight the
significant impact of material selection on a building’s total embodied carbon. The complete material
schedules, material quantities and emission factor inputs for all six scenarios (three conventional and three
low-carbon) are provided in the Supplementary Materials [Supplementary Tables 1-6].

Comparison of embodied carbon of traditional houses’ materials

The embodied carbon emissions (kgCO,eq) of the materials in three traditional housing structures (steel,
reinforced concrete, and timber) are compared in Figure 3. There are significant differences in structural
materials between the systems: the traditional steel house uses structural steel and accounts for
51,600.56 kgCO,eq, which is not listed for the traditional reinforced concrete house because the structural

function is fulfilled by the combined concrete and steel rebar system.
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Figure 3. Comparison of total embodied carbon of materials in traditional houses.

The traditional timber house employs timber and records 4,560.09 kgCO,eq. The steel rebar is
3,923.75 kgCO,eq in the steel house, 12,555.22 kgCO,eq in the reinforced concrete house, and
3,923.75 kgCO,eq in the timber house. The shared materials are in equal quantities (kg) across all three house
types. The embodied carbon (ceramic, laminate, synthetic rubber, timber door, double-glazed glass, bitumen
membrane, and tile) is 6,595.64 kgCO,eq. Major components include concrete and associated cementitious

materials, which can vary by structural system: 12,349.44 kgCO eq for the steel house, 22,582.75 kgCO,eq for
the reinforced concrete house, and 12,349.44 kgCO,eq for timber house.

Cladding materials differ across the three systems: the steel house uses fibre board, glass fibre plasterboard,
and plasterboard (4,861.97 kgCO,eq); the reinforced concrete house uses brick (20,701.63 kgCO,eq); and the
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timber house uses hardboard, wood-plastic board and Medium-Density Fibreboard (MDF)
(12,508.33 kgCO,eq). For the steel house, the flooring material is steel sheet, contributing 4,164.45 kgCO,eq;
the timber house records 3,050.88 kgCO,eq for plywood flooring. Insulation contributes 4,429.69 kgCO ,eq
for steel, 2,679.03 kgCO,eq for reinforced concrete and again 4,429.69 kgCO,eq for timber. These differences
indicate that the primary structural material selection is the most significant factor influencing a building’s
embodied carbon profile at the A1-A3 stage. The approximately twofold difference between the steel and
timber baselines (104,165.16 vs. 51,255.87 kgCO,eq) indicates that the upfront embodied carbon of a house

can be halved through structural system selection alone, before any material substitution is
applied. At 84,640.06 kgCO,eq, the reinforced concrete house is in a middle position.

The carbon content of materials in traditional houses

The embodied carbon content of the materials used in three traditional structural systems (steel, reinforced
concrete, and timber) is displayed in the pie charts in Figure 4, demonstrating the different contributions of
each material category to total emissions. The carbon footprint of the materials used to build the traditional
steel house is shown in Figure 4A in kilograms of CO, equivalent (kgCO,eq). Structural steel is responsible
for almost 49.5% of the overall emissions, which makes it the dominant component, reflecting the
carbon-intensive nature of steel production. The next highest contributors are concrete and cement
containing components (mortar, screed, and lean concrete), which release 12,349.44 kgCO,eq (11.9%) and
14,398.32 kgCO,eq (13.8%), respectively.

Figure 4B illustrates the carbon footprint, measured in kilograms of CO, equivalent (kgCO,eq), of the
materials required to build a traditional reinforced concrete house. Concrete is the dominant contributor,
accounting for 26.7% of the total emissions. At 20,701.63 kgCO,eq (24.5%), cladding material (brick) is the
second largest contributor, followed by materials containing cement (mortar, screed, and lean concrete) at
15,931.62 kgCO,eq (18.9%). Due to the carbon-intensive nature of steelmaking, steel rebar also represents a
significant contribution (12,555.22 kgCO,eq, 14.8%).

A Steel House B Reinforced concrete house C Timber house

0.2% 0r 6.3% 1.8%
0.2% 1.:”, | 1.7% -l 7.8% 12.9% 8.9%
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Figure 4. The embodied carbon content of traditional house materials, showing the percentage contribution of each material category to
total emissions: (A) the traditional steel house; (B) the traditional reinforced concrete house; (C) the traditional timber house.
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Figure 4C presents the carbon footprint of the materials used in the traditional timber house, expressed in
kilograms of CO, equivalent (kgCO,eq). The material with the highest contribution of all the materials is
cladding materials (hardboard, wood-plastic board, and MDF), which accounts for 24.4%
(12,508.33 kgCO,eq) of the total emissions. Concrete ranks second, contributing 12,349.44 kgCO,eq (around
24.1%). Shared materials are responsible around 12.9%. The timber structure itself provides around 8.9% of
the total. Meanwhile, steel rebar adds about 7.7%, and insulation adds approximately 8.6%. This shows that
while metal and insulation materials are used in lower quantities, they continue to have significant embodied
carbon consequences. Overall, even though the building consists mainly of wood, carbon emissions from
elements including concrete, steel, and aluminium are still significant. This highlights the importance of
material sourcing and selection in reducing the embodied carbon of timber buildings.

A cross-system comparison of the pie charts highlights a structural pattern: the reinforced concrete house
shows a more dispersed emission profile spread across concrete, brick, and rebar, while the steel and timber
houses show a single material category dominating total emissions (structural steel at 49.5% and cladding at
24.4%, respectively). This distinction has practical implications: dispersed emission profiles require a broader
range of interventions to achieve comparable reductions, whereas buildings with a single dominant emission
source offer more targeted opportunities for carbon reduction through material substitution.

Comparison of embodied carbon in traditional and low-carbon houses
In this section, the embodied carbon of materials used in traditional houses is compared with that of the

corresponding low-carbon variants for each structural system.

Steel houses materials

The embodied carbon of the materials used in the traditional steel house and the low-carbon steel house are
contrasted in the chart shown in Figure 5. In the low-carbon design, the use of recycled-content structural
steel reduces CO, emissions by approximately 55.5% (from 51,600.5 kgCO,eq to 22,972.85 kgCO,eq),
resulting in a much smaller footprint compared to the high emission baseline. Furthermore, reductions of
73.8% (from 4,164.45 kgCO,eq to 1,091.62 kgCO,eq) and 57.6% (from 3,923.75 kgCO,eq to
1,665.31 kgCO,eq) are observed in steel sheet and steel rebar, respectively.
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Figure 5. Comparison of materials embodied carbon in steel houses.
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Additionally, concrete’s embodied carbon decreases by around 24.6% (from 12,349.44 kgCO,eq to
9,308.16 kgCO,eq). Secondary materials also show meaningful reductions. Embodied carbon is reduced by
45.9% (from 4,429.69 kgCO,eq to 2,394.13 kgCO,eq) with insulation material and 39.7% and 10.5% for
mortar and screed, respectively. Lean concrete shows a reduction of 25.5% (from 1,491.78 kgCO,eq to
1,110.90 kgCO,eq), attributable to the carbon intensity of its cement content. The embodied carbon of the
remaining materials is broadly consistent across both scenarios. One of the most significant reductions is in
aluminium, where the adoption of recycled content and more efficient production methods reduces
embodied carbon by approximately 76.6% (from 1,458.05 kgCO,eq to 340.74 kgCO,eq). Based on the
equivalence criteria described in Section 2.4, these results demonstrate that embodied carbon can be

significantly reduced with targeted material substitution while maintaining structural and functional

performance in principle.

Reinforced concrete houses materials

The embodied carbon of the materials used in the traditional reinforced concrete house and the low-carbon
reinforced concrete house are contrasted in the chart shown in Figure 6. Rebar, or reinforcing steel has
reduced by 57.6% (from 12,555.22 kgCO,eq to 5,328.63 kgCO,eq), which is the largest reduction. Concrete
shows a 24.6% reduction (from 22,582.75 to 17,021.33 kgCO,eq), and bricks show a 45.8% decrease (from

20,701.63 kgCO,eq to 11,213.38 kgCO,eq).
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Figure 6. Comparison of materials embodied carbon in reinforced concrete houses.

Mortar decreases by 39.7% (from 2,421.56 kgCO,eq to 1,459.57 kgCO,eq) and insulation decreases by 45.9%
(from 2,679.03 kgCO,eq to 1,447.97 kgCO,eq). Aluminium shows a particularly notable reduction, with
embodied carbon declining by almost 76.6% (from 1,458.05 kgCO,eq to 340.74 kgCO,eq), primarily as a
result of a larger percentage of recycled material. The embodied carbon of the remaining materials is broadly
consistent across both scenarios. This suggests that, provided substitute materials are designed and specified
in accordance with applicable structural standards, sustainable design approaches can effectively minimise
the use of high-carbon materials without compromising the intended structural and functional performance

as defined by the design specifications.
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Timber houses materials

The embodied carbon of the materials used in the traditional timber house and the low-carbon timber house
are contrasted in the chart shown in Figure 7. The timber structure’s embodied carbon decreases from
4,560.09 kgCO,eq to 3,682.06 kgCO,eq, a 19.2% decrease. Steel rebar demonstrates a substantially greater
reduction of 57.5% (from 3,923.75 kgCO,eq to 1,665.31 kgCO,eq). Concrete’s embodied carbon is reduced by
24.6%, from 12,349.44 kgCO,eq to 9,308.16 kgCO,eq, through the use of supplementary cementitious
ingredients and improved mix designs. Insulation demonstrates a reduction of 45.9%, from 4,429.69 kgCO,eq
to 2,394.13 kgCO,eq. Mortar shows a significant decrease of 39.7%, from 888.26 kgCO,eq to 535.39 kgCO,eq.
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Figure 7. Comparison of materials embodied carbon in timber houses. MDF: Medium-density fibreboard.

Aluminium illustrates a particularly significant reduction, with a 76.6% reduction from 1,458.05 kgCO,eq to
340.74 kgCO,eq. The embodied carbon of the remaining materials is broadly consistent across both
scenarios. The steel house, which has the highest baseline, achieves the most significant absolute and relative
reduction (40.4%), while the timber house, which is already the lowest-carbon option, exhibits the smallest
reduction (19.7%). It is noteworthy that the percentage reductions achieved through material substitution
have an opposite relationship to the initial emission intensity of each system. This trend suggests diminishing
marginal returns in embodied carbon reduction as baseline emissions decrease.

Comparison of total embodied carbon of houses

A comparison of the total embodied carbon of traditional and low-carbon houses constructed from steel,
reinforced concrete, and timber is presented in the bar chart in Figure 8. The embodied carbon of the
low-carbon timber house is 19.7% (decreasing from 51,255.87 kgCO,eq to 41,191.54 kgCO,eq) lower than
that of the conventional model. Subject to detailed engineering verification, the low-carbon timber design is
intended to maintain the same standards of material quality, comfort, and durability, demonstrating that
environmentally responsible construction practices can deliver significant environmental benefit without
compromising functionality. In comparison to the traditional form, the reinforced concrete house displays
an additional notable decrease in embodied carbon, with emissions dropping by around 32.2% (from
84,640.06 kgCO,eq to 57,412.58 kgCO,eq). These findings not only reduce the carbon footprint but also
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Figure 8. Comparison of total embodied carbon of traditional and low-carbon houses across three structural systems, where for each
structural system the upper bar represents the traditional house and the lower bar represents the corresponding low-carbon alternative.

improve the design’s overall resource efficiency, demonstrating how low-carbon design strategies can
transform carbon-intensive building types into far more environmentally sustainable alternatives.

The steel house presents the greatest reduction in embodied carbon, reducing it by 40.4% (from
104,165.16 kgCO,eq to 62,018.30 kgCO,eq) when compared to its conventional version. Taken as a whole,
the low-carbon designs demonstrate an around 20%-40% overall decrease in embodied carbon emissions
for all building types. These designs are not only environmentally beneficial but also consistent with
current carbon reduction targets in the building industry, demonstrating the efficacy of low-carbon
solutions in reducing greenhouse gas emissions. With values of 51,255.87 kgCO,eq and 41,191.54 kgCO,eq,
respectively, the timber house has the lowest embodied carbon footprint of all types of houses. In
contrast, the steel house has the greatest embodied carbon in the traditional and low-carbon categories
(104,165.16 kgCO,eq and 62,018.30 kgCO,eq). The reinforced concrete house lies between these extremes in

two categories (84,640.06 kgCO,eq and 57,412.58 kgCO,eq).

The embodied carbon value of the traditional timber house is 51,255.87 kgCO,eq, or around
191 kgCO,eq/m>. The figure for the traditional reinforced concrete house is 84,640.06 kgCO,eq, or around
314 kgCO,eq/m’. The traditional steel home has the most embodied carbon at 104,165.16 kgCO,eq, or
around 386 kgCO,eq/m*. The upfront carbon intensity of UK housing generally ranges from
200 kgCO,eq/m* to 800 kgCO,eq/m?, with averages of 417 kgCO,eq/m* for low-rise structures and
635 kgCO,eq/m* for medium/high-rise buildings, according to data from 35 designs by 10 major UK

homebuilders'*"*?. All case studies apply the same system boundaries (A1-A3, cradle-to-gate), ensuring
compatibility with the referenced UK benchmarks.

Discussion

The study’s findings are in agreement with values reported in previous studies. The case study’s embodied
carbon intensities of 191 kgCO,eq/m” for traditional timber house, 314 kgCO,eq/m” for traditional reinforced
concrete house, and 386 kgCO,eq/m’ for traditional steel house correspond to results from previous research.

According to data from over 200 buildings, for instance, timber frames have the lowest median embodied
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carbon (=200 kgCO,eq/m?), whereas steel and concrete systems frequently range between 350 kgCO,eq/m?
and 380 kgCO,eq/m*"*>**l. Based on building material research, timber structures typically produce less
embodied carbon than mineral-based systems such as concrete and steel®”. These similarities illustrate that
the variations identified in this study largely reflect the impact of material selection on reducing residential
structures’ carbon footprints.

The broader embodied carbon mitigation potential reported in the literature corresponds to the reductions
achieved through material substitution (19.7%-40.4%, as shown in Section 3.4, Comparison of Houses” Total
Embodied Carbon). Early-stage design and material substitution are clearly identified as the primary
reduction options in a systematic assessment of 159 high-impact studies on building embodied carbon,
which also calls for practical approaches toward embodied carbon management®”, and research studies
consistently highlight the role of design and material selection in reducing embodied impacts, with the
results showing that upfront embodied carbon reductions of 17%-45% are achievable with ambitious design
and material changes””. Both the emission factor technique and the comparison findings reached in this
study are externally validated by these consistencies.

The source and accuracy of material quantity data are the key difference between the BIM-integrated
workflow used in this study and traditional embodied carbon assessment. Quantities tend to be manually
determined from drawings in conventional practice, which introduces measurement inaccuracy and relies on
approximate take-off factors. By extracting quantities directly and automatically from the parametric Revit
model, on the other hand, the BIM-based method applied here ensures that all three structural scenarios are
assessed using geometrically consistent and internally verified data. This eliminates a major source of
inter-scenario variability that would otherwise confound cross-system comparison. Importantly, the digital
model enables rapid scenario testing, which supports early-stage design decision-making in a manner that
manual methods cannot effectively replicate. This includes modifying material specifications and
recalculating embodied carbon without changing the underlying geometry.

The results have real-world implications for policy and design practice. The research confirms for design
practitioners that selecting a structural system is the earliest and most effective decision for reducing upfront
embodied carbon in residential building, with timber providing the lowest baseline emissions in every
scenario studied. The research further demonstrates that, without changing structural geometry, spatial
configuration, or building performance, significant reductions (on the order of 19.7%-40.4%) can be achieved
by substituting commercially available low-carbon material alternatives. The findings of this research
strengthen the case for embodied carbon assessment in the planning and design approval process. This
reinforces the UK Environmental Audit Committee’s recommendation that whole-life carbon assessments be
made mandatory for all new buildings, and the view that policymakers have a crucial role in legislating to
require the measurement of embodied carbon impacts in buildings™”’. Future research should also focus on
circular and modular components to promote sustainability and circularity in the construction industry'*.
The findings also emphasise the need to maintain and update open-access emission factor datasets such as
the ICE database, which provide the empirical foundation for the type of transparent, practitioner-oriented
embodied carbon assessment.

The robustness of these findings is further confirmed by a one-at-a-time sensitivity analysis presented in the
Supplementary Materials (Supplementary Section 4 and Supplementary Table 7), which demonstrates that a
+20% change in the emission factors of the dominant structural materials results in changes in total
embodied carbon of no more than approximately 10%, with minimal influence on the relative carbon
ranking of the three structural systems, suggesting that the overall comparative conclusions remain robust
across a reasonable range of emission factor uncertainty.


https://file.oaecenter.com/published/pdf/3149b858e3e79300d69dd3dfd9b6dcc3/1780998347/cf6002-SupplementaryMaterials.pdf
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CONCLUSION

This study demonstrates that the embodied carbon of residential buildings can be significantly reduced by
integrating low-carbon materials and BIM into the design process. The study compares three widely used
structural systems (timber, reinforced concrete, and steel) to demonstrate that various materials have
different potentials for carbon reduction. Traditional timber construction has the lowest baseline carbon
footprint, whereas steel and reinforced concrete have higher initial carbon footprints. However, there are
significant reductions in all low-carbon scenarios relative to the traditional baselines. The advantages of
implementing these low-carbon practices extend beyond reducing embodied carbon. Through material reuse
and recycling, reduced embodied carbon supports circular economy principles, helps preserve finite natural
resources, and contributes to mitigating the effects of climate change. Furthermore, buildings with reduced
emissions contribute to healthier environments and support the achievement of global carbon budget goals,
thereby improving ecological stability for present and future generations. Policymakers and regulators could
take the following actions to amplify the impact of these findings: making life-cycle carbon assessments
mandatory for all new building projects; incentivising the use of carbon-storing construction materials,
recycled materials, and low-carbon materials.

Nevertheless, it is important to assess the generalisability of the findings within the context of several
research limitations. The results may not be directly applicable to other building typologies, scales, or
geographical locations, as the analysis is based on a conceptual case study of a detached residential house in
the UK. Additionally, the system boundary is limited to Modules A1-A3 (cradle-to-gate); therefore,
construction process emissions (A4-A5), operational carbon (B1-B7), and end-of-life phases (C1-C4) are not
included in the assessment. Furthermore, in accordance with the established cradle-to-gate principle,
biogenic carbon sequestration in timber has not been accounted for. By quantifying the embodied carbon
implications of material substitution and structural system selection within a single UK case study, this study
contributes to the evidence base for promoting low-carbon residential building in the UK and beyond.

Future research should build on this study, by extending the assessment approach to other building
typologies, including multi-storey residential, commercial, or mixed-use structures, and to geographical
locations beyond the UK. A more comprehensive assessment of end-of-life and operational carbon
interactions across structural systems would be possible through extending the system boundary to include
whole-life carbon phases (Modules A1-C4). Finally, the development of advanced BIM-integrated tools that
can simultaneously assess various structural systems in real time should be considered a top priority in future
work. This will enable direct carbon footprint comparisons and automated low-carbon material
recommendations within a single design environment. The transition to a low-carbon built environment
would be accelerated by the incorporation of such BIM-LCA capabilities into standard design workflows,
providing architects, engineers, and policymakers with a robust basis for decision-making.
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