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Executive Summary
The built environment plays a crucial role in global efforts 
to mitigate climate change and promote sustainability. 
Buildings account for approximately 40% of global 
energy consumption and one-third of greenhouse gas 
(GHG) emissions. As the world continues to urbanize and 
develop, the environmental footprint of the construction 
industry becomes increasingly significant. While traditional 
sustainability efforts in the building sector have focused 
on reducing operational energy use, there is growing 
recognition of the importance of addressing embodied 
impacts – the environmental burdens associated with the 
extraction of raw materials, manufacturing of construction 
products, transportation, on-site construction, maintenance, 
and renovation, as well as end-of-life demolition and 
disposal.

This study aims to address the critical need for 
comprehensive analysis of design-phase strategies to 
reduce embodied impacts in buildings. By examining a 
large dataset of over 550 buildings across various types 
and regions, this research provides valuable insights into 
the effectiveness of different approaches in reducing global 
warming potential (GWP), water depletion potential (WDP), 
fossil depletion potential (FDP), and ecotoxicity.

The study employs a comprehensive framework to assess 
the environmental impacts of building materials, focusing 
on the “cradle-to-gate” scope, which encompasses the 
impacts from raw material extraction, transportation to 
manufacturing facilities, and final construction material 
manufacturing. This scope reflects the design phase 
approach and aligns with ISO 21930:2017 standards.

A key aspect of this research is the development and use 
of a simple digital workflow for rapid, screening-level Life 
Cycle Assessment (LCA). This approach demonstrates 
how design-stage digital technologies can be developed 
and deployed in a flexible, scalable, and simple manner, 
addressing one of the primary challenges in implementing 
embodied impact assessment in early-stage design – the 
need for quick, reliable, and actionable information.

The study investigates three primary impact mitigation 
strategies:

1. Material Substitution (MS), also referred to as Timber 
Substitution: Substituting the use of concrete and steel with 
wood, without compromising structural integrity.

2. Material Efficiency (ME): Reducing material intensity by 
applying scalars to reduce the quantity of the material of 
interest.

3. Recycled Content (RC): Increasing recycled material 
usage by applying a 1:1 mass-based displacement ratio 
between a virgin material and its recycled counterpart.

These strategies are implemented with varying percentages 
to cover both realistic and ideal situations, providing a 
comprehensive understanding of their potential impacts.

Key Findings:
1. Material efficiency and recycled content strategies are 
highly effective in reducing embodied impacts across all 
categories studied.

   For every 1% implementation of these strategies, 
approximately 0.7-0.8% reduction is achieved in global 
warming potential, water depletion potential, fossil 
depletion potential, and ecotoxicity. This near-linear 
relationship provides a clear and actionable guideline 
for designers and policymakers. The effectiveness 
of these strategies is consistent across different 
building types and regions, demonstrating their broad 
applicability in sustainable building design.

2. Four key materials - steel, cement, concrete, and bricks - 
significantly influence the embodied impact of buildings.

   This finding simplifies the complexity of analysis 
needed for screening-level Life Cycle Assessments 
during the design phase, allowing designers to focus 
on these high-impact materials. The study reveals 
that these materials consistently account for a large 
proportion of embodied impacts across all categories 
studied. For example, in non-residential buildings, 
steel and concrete contribute significantly to GWP, 
suggesting that targeting these materials through 
material efficiency and recycled materials strategies 
could yield substantial benefits.

3. There is a clear water-energy-carbon-ecotoxicity nexus 
for key construction materials.

   Strategies targeting one impact category are likely to 
have co-benefits in others, presenting both challenges 
and opportunities for holistic impact reduction. This 
nexus underscores the importance of considering 
multiple environmental impacts simultaneously when 
making design decisions, rather than focusing solely on 
carbon emissions.

4. Timber substitution shows mixed results across impact 
categories.

   While effective in reducing global warming potential, 
timber substitution shows minimal benefits or even 
increases in other impact categories like ecotoxicity, 
highlighting the need for careful consideration of trade-
offs in material selection. This finding emphasizes the 
importance of a holistic approach to sustainable building 
design that considers multiple environmental impact 
categories.

The study’s findings have significant implications for the 
construction industry and sustainable building practices. 
By demonstrating the substantial impact of early design 
decisions on a building’s environmental footprint, 
this research emphasizes the critical importance of 
integrating embodied impact assessments into the design 
process. The near-linear relationship between strategy 
implementation and impact reduction provides a powerful 
tool for designers and policymakers to set tangible goals 
and measure progress in sustainable building design.

The identification of key materials that significantly 
influence embodied impacts offers a focused approach 
to material selection and optimization. This knowledge 
can drive innovation in the development of low-impact 
alternatives and encourage the scaling up of recycled 
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material use in construction. The revealed water-energy-
carbon-ecotoxicity nexus also presents an opportunity for 
more comprehensive sustainability strategies that address 
multiple environmental concerns simultaneously.

The study’s use of a simple digital workflow for rapid, 
screening-level LCA demonstrates the potential for 
integrating advanced analytical tools into the design 
process. This approach addresses one of the key 
challenges in implementing embodied impact assessment 
in early-stage design - the need for quick, reliable, and 
actionable information. As these technologies continue 
to evolve, they will further enhance designers’ ability to 
optimize buildings for reduced environmental impact.

The research methodology employed in this study offers 
several advantages:

1. Comprehensive dataset: By analyzing over 550 buildings 
across different types and regions, the study provides a 
robust and representative sample of the built environment.

2. Multi-impact assessment: The inclusion of four key 
impact categories (GWP, WDP, FDP, and Ecotoxicity) 
allows for a more holistic understanding of environmental 
impacts beyond just carbon emissions.

3. Flexible and scalable approach: The digital workflow 
developed for this study demonstrates how rapid, 
screening-level LCAs can be conducted efficiently, making 
it feasible to incorporate embodied impact assessments 
into early-stage design processes.

4. Practical implementation strategies: The study evaluates 
three concrete strategies (material efficiency, recycled 
content, and timber substitution) that can be readily 
implemented by designers and policymakers.

The findings of this study have broad implications for 
various stakeholders in the construction industry:

For designers and architects, these findings underscore 
the importance of considering embodied impacts from the 
earliest stages of the design process. The study shows 
that decisions made during the conceptual design phase 
can have far-reaching consequences for a building’s 
environmental performance throughout its lifecycle. 
By implementing material efficiency strategies and 
incorporating recycled materials, designers can potentially 
achieve significant reductions in embodied impacts across 
all studied categories.

For the steel and cement industries, which are major 
contributors to embodied carbon in buildings, this study 
reinforces the urgency of decarbonization efforts. The 
results showing steel and concrete as consistently among 
the highest contributors to embodied carbon across 
building types highlight the outsized influence these 
industries have on the climate footprint of construction and 
buildings. This emphasizes the need for scaling up and 
market creation of low-carbon steel and cement products, 
as well as exploration of alternative materials.

For policymakers, the results provide clear evidence of the 
potential for significant embodied impact reductions through 
design-phase decisions. This underscores the need for 
policies and regulations that incentivize or mandate the 
consideration of embodied impacts in building design 
and construction. The near-linear relationship between 
strategy implementation and impact reduction offers a 

straightforward basis for setting targets and measuring 
progress.

The study also highlights the critical role of digital 
technologies in enabling comprehensive embodied impact 
assessments. The ability to rapidly assess and compare 
the embodied impacts of hundreds of buildings relies on 
advanced modeling and data analysis tools. We developed 
and employed a simple tool to evaluate a large data set of 
buildings and further demonstrated that focusing on only 
a few key materials provides ample information during 
the iterative design process to significantly influence the 
embodied impacts of full buildings. 

This approach addresses one of the key challenges in 
implementing embodied impact assessment in early-stage 
design - the need for quick, reliable, and actionable 
information. As these technologies continue to evolve, they 
will further enhance designers’ ability to optimize buildings 
for reduced environmental impact. Building Information 
Modeling (BIM) systems integrated with life cycle 

Figure EX1 – Generalized summary of the impact change to 
the full building for each mitigation strategy. Presented on a 
color scale where darker green is better, indicating a reduction 
in embodied impact, and red indicates an increase in embodied 
impact.



5se.com

assessment capabilities, for example, could allow real-time 
evaluation of design decisions’ impact on embodied 
impacts.

While the study provides valuable insights, it also identifies 
areas for future research:

1. Investigation of additional design phase strategies for 
reducing embodied impacts, including exploration of novel 
materials and construction techniques.

2. More integrated approaches that consider the interaction 
between embodied and operational impacts over a 
building’s life cycle.

3. Further development of digital technologies for 
optimizing building design, including more sophisticated 
modeling tools that integrate real-time embodied impact 
assessment into the design process.

4. Exploration of how artificial intelligence and machine 
learning could be leveraged to identify optimal design 
solutions.

5. Longitudinal studies tracking the actual performance of 
buildings over time compared to their predicted embodied 
impacts, to validate models and assumptions used in this 
type of analysis.

The study provides a comprehensive and actionable 
framework for reducing the embodied environmental 
impacts of buildings through design-phase decisions. By 
demonstrating the effectiveness of material efficiency and 
recycled content strategies, identifying key materials of 
focus, and revealing the interconnectedness of different 
environmental impacts, this research offers a roadmap for 
more sustainable building practices.

The findings call for a paradigm shift in how we approach 
sustainable building design, moving with carbon to 
include other critical environmental impacts. This shift 
requires collaboration across the entire building industry 
value chain, from material manufacturers to designers, 
contractors, and policymakers.

As the world grapples with the urgent need to reduce 
greenhouse gas emissions and mitigate climate change, 
the built environment offers a significant opportunity for 
impactful change. By implementing the strategies and 
insights provided by this research, the construction industry 
can make substantial progress towards creating more 
sustainable, resilient, and environmentally responsible 
buildings. The path forward is clear – it is now up to 
industry stakeholders to take action and transform 
these findings into tangible improvements in our built 
environment.
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Global awareness of the need for a more inclusive and climate-
positive world is at an all-time high. This inclues reducing 
carbon emissions and preventing environmental damage and 
biodiversity loss.
Bridging the Gap Between Climate Pledges and Action. Despite growing climate 
pledges and sustainability initiatives, global progress is lagging. To bridge this gap, we 
need a multi-pronged approach:

• Alignment with UN SDGs: Ensure actions directly contribute to the UN Sustainable 
Development Goals (SDGs), providing a clear roadmap for progress.

• Science & Technology: Leverage scientific research and technological 
advancements to drive innovative solutions.

• Shift Foresight: Gain a deeper understanding of evolving energy landscapes, 
industries, and social, environmental, technological, and geopolitical trends.

• Policy & Finance: Strengthen legislative and financial mechanisms that incentivize 
and empower climate action.

• Public - Private Collaboration: Clearly define the roles and responsibilities of the 
public and private sectors in achieving these goals.

The Schneider Electric™ Sustainability Research Institute addresses these challenges by providing:

• Global & Local Scenarios Examining climate issues and opportunities at both global and local levels, informing 
solutions for businesses, societies, and governments.

• Forecasting & Actionable Insights: Analyzing current and future trends across energy, business, and behavior to 
anticipate challenges and identify actionable solutions.

Founded in 2020, our team is part of Schneider Electric, a leader in energy management and automation. We collaborate 
with experts across institutions and academia, and our research findings are published online.

In our pursuit of bridging climate pledges and action, we present a groundbreaking study on the environmental costs 
of buildings. While much attention has been given to operational efficiency, our research unveils the often-overlooked 
embodied impacts of building materials.

Our study examines the interplay between four key environmental indicators - embodied carbon, water usage, energy 
consumption, and ecotoxicity - as the sector transitions towards carbon mitigation. We aimed to identify potential trade-offs 
and synergies, and to understand when these considerations become most relevant. This study presents our findings and 
introduces simplified digital tools that can help industry stakeholders apply these insights in practice.

While our study focuses specifically on building materials, excluding transportation and construction processes, it 
represents a significant step towards holistic sustainable construction practices. The insights provided here have the 
potential to transform the building industry, guiding us towards practices that support our global sustainability goals.

Vincent Petit

SVP, Climate and Energy Transition Research

Dr. Thomas Alan Kwan

VP, Schneider Electric Sustainability Research Institute
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Forward by Professor Qingshi Tu
Building a Sustainable Future
Informing Design 

and Material 
Selection

In the current global context, where climate change and 
environmental sustainability are paramount concerns, the 
impact of the built environment on our planet’s future is a 
critical area of study. 
Recent data indicates that buildings, which constitute the fundamental 
structure of our urban landscapes, are responsible for approximately 40% 
of global energy consumption and contribute to one-third of greenhouse gas 
emissions. These statistics underscore the urgent need to address the environmental impact of buildings, particularly 
in the realm of their embodied environmental impacts – an aspect that has historically received less attention than 
operational energy efficiency.

Our research aims to fill this crucial knowledge gap by conducting an in-depth analysis of the environmental footprint 
of buildings, focusing on the impacts that occur prior to occupancy. This includes the extraction of raw materials, the 
manufacturing of construction products, and the environmental implications of material choices in building design.

The study’s methodology involved a comprehensive examination of over 550 buildings, encompassing various typologies 
and geographical regions. This extensive dataset allowed us to evaluate the efficacy of different design strategies in 
mitigating the environmental impact of buildings. 

Our analysis centered on four key environmental indicators: global warming potential, water depletion, fossil fuel 
depletion, and ecotoxicity. This multifaceted approach provides a more holistic perspective on sustainability, extending 
beyond the singular focus on carbon emissions.

A significant finding of our research is the identification of four primary materials – steel, cement, concrete, and bricks 
– that exert a substantial influence on a building’s overall environmental impact. This insight offers a clear direction for 
designers, architects, and policymakers in their efforts to meaningfully reduce the environmental footprint of buildings.

Moreover, our findings emphasize the critical importance of considering embodied impacts from the initial stages of 
building design. The research demonstrates that decisions made during the conceptual design phase have long-term 
implications for a building’s environmental performance throughout its lifecycle.

While this report is primarily targeted at professionals in architecture and engineering, its implications extend to a 
broader audience. Anyone concerned with environmental sustainability and the future of our built environment will find 
valuable insights in this study. The research presents evidence-based strategies for reducing the environmental impact 
of our built environment through informed design choices and innovative approaches.

As you review this report, I encourage you to consider the potential applications of these findings in shaping future 
building practices and policies. The data and analyses presented here provide a foundation for more sustainable 
approaches to construction and urban development, contributing to our collective efforts in creating a more 
environmentally responsible world.

Prof. Qingshi Tu

Bioproducts Institute, The University of British Columbia



Life is On

Table of Contents

8

Table of Contents
Executive Summary ............................................................................................................................. 2

Life of Figures ...................................................................................................................................... 9

Chapter 1 
Introduction ........................................................................................................................................ 10

Chapter 2
Methods .............................................................................................................................................. 14

Scope  .................................................................................................................................................. 15

Datasets and Life Cycle Assessment ................................................................................................... 15

Impact Mitigation Strategies ................................................................................................................. 16

Critical Considerations ......................................................................................................................... 17

Chapter 3
Results ................................................................................................................................................ 18

Overall Impact Reductions in Cradle to Gate Scope ........................................................................... 20

	 Embodied Carbon .................................................................................................................... 20

	 Embodied Water ...................................................................................................................... 22

	 Embodied Energy ..................................................................................................................... 24

	 Ecotoxicity ................................................................................................................................ 26

Variability .............................................................................................................................................. 28

	 Median Results of Impact Reductions ...................................................................................... 28

Impact Reductions by Building Type .................................................................................................... 29

	 Non-Residential vs Residential ................................................................................................ 29

Chapter 4
Discussion .......................................................................................................................................... 32

Chapter 5
Conclusion ......................................................................................................................................... 36

Key Findings ........................................................................................................................................ 37

Summary ...............................................................................................................................................19

Broader Impacts ................................................................................................................................... 38

Call to Action ........................................................................................................................................ 38

References .......................................................................................................................................... 40

Legal disclaimer ................................................................................................................................. 44

Authors ............................................................................................................................................... 45



9se.com

List of Figures
Figure EX1 – Generalized summary of the impact change to the full building for each mitigation 
strategy .................................................................................................................................................. 4 

Figure 1 – EN15978 building life cycle phases ................................................................................... 15

Figure 2 – Embodied Carbon average percent change of full building versus percent implemented of 
each mitigation strategy ....................................................................................................................... 20

Figure 3 – Embodied carbon material contribution in non-residential buildings at 30% implementation 
of each mitigation strategy and the base case ..................................................................................... 21

Figure 4 – Embodied carbon material contribution in residential buildings at 30% implementation of 
each mitigation strategy and the base case ......................................................................................... 21

Figure 5 – Embodied Water average percent change of full building versus percent implemented of 
each mitigation strategy ....................................................................................................................... 22

Figure 6 – Embodied water material contribution in non-residential buildings at 30% implementation of 
each mitigation strategy and the base case ......................................................................................... 23

Figure 7 – Embodied water material contribution in residential buildings at 30% implementation of 
each mitigation strategy and the base case ......................................................................................... 23

Figure 8 – Embodied Energy average percent change of full building versus percent implemented of 
each mitigation strategy ....................................................................................................................... 24

Figure 9 – Embodied energy material contribution in non-residential buildings at 30% implementation 
of each mitigation strategy and the base case ..................................................................................... 25

Figure 10 – Embodied energy material contribution in residential buildings at 30% implementation of 
each mitigation strategy and the base case ......................................................................................... 25

Figure 11 – Ecotoxicity average percent change of full building versus percent implemented of each 
mitigation strategy ................................................................................................................................ 26

Figure 12 – Ecotoxicity material contribution for in non-residential buildings at 30% implementation of 
each mitigation strategy and the base case ......................................................................................... 27

Figure 13 – Ecotoxicity material contribution in residential buildings at 30% implementation of each 
mitigation strategy and the base case ................................................................................................. 27

List of Tables
Table 1– Median percent change of each mitigation strategy relative to the full building .................... 28

Table 2– Average values of base case and 30% implementation of each mitigation strategy for non-
residential and residential buildings ..................................................................................................... 29 



Life is On

Introduction

10

Introduction1



11se.com

Introduction
The built environment plays a crucial role in global efforts 
to mitigate climate change and promote sustainability. 
Buildings account for approximately 40% of global energy 
consumption and one-third of greenhouse gas (GHG) 
emissions [1-3]. As the world continues to urbanize and 
develop, the environmental footprint of the construction 
industry becomes increasingly significant, comprising 40% 
of energy use, 30% of raw materials use, 25% of solid 
waste, 25% of water use, and 12% of land use globally [4].

Traditionally, the focus of sustainability efforts in the 
building sector has been on reducing operational energy 
use and associated emissions during a building’s use 
phase. This emphasis has led to significant improvements 
in energy efficiency standards, deployment of renewable 
energy technologies, and advancements in building 
envelope design [1]. However, as operational energy 
efficiency improves, the relative importance of embodied 
impacts is increasing [4-7].

Embodied impacts refer to the environmental burdens 
associated with the extraction of raw materials, 
manufacturing of construction products, transportation, on-
site construction, maintenance and renovation, as well as 
end-of-life demolition and disposal [5]. Unlike operational 
impacts that accumulate over a building’s lifespan, 
embodied impacts are largely incurred upfront during 
the initial construction phase [8]. As buildings become 
more energy-efficient in operation, embodied impacts can 
constitute an increasingly large proportion of total lifecycle 
impacts.

Recent studies have highlighted the growing importance of 
embodied carbon in buildings. Estimates of the proportion 
of embodied carbon relative to total lifecycle carbon 
emissions vary widely depending on building type, location, 
and methodological assumptions. Some studies have 

found embodied carbon to account for 10-20% of lifecycle 
emissions in conventional buildings, while for low energy 
buildings this proportion can increase to 40-60% [5]. In the 
UK, embodied carbon in new construction and renovation 
is estimated to account for about 20% of total national CO2 
emissions annually [9].

To comprehensively assess the environmental impacts of 
buildings, it is crucial to consider multiple indicators beyond 
just carbon emissions. This study focuses on four key 
environmental impact categories:

1. Global Warming Potential (GWP): Measured in kg CO2 
equivalent, GWP represents the embodied carbon of 
materials and is directly linked to climate change impacts 
[10-12].

2. Water Depletion Potential (WDP): Measured in m³ of 
water, WDP quantifies the embodied water associated with 
material production and construction processes [13, 14].

3. Fossil Depletion Potential (FDP): Measured in MJ, FDP 
represents the embodied energy of materials and is an 
indicator of resource depletion (LCA.Mats, [15, 16]).

4. Ecotoxicity: Measured in Comparative Toxic Units 
(CTU), ecotoxicity assesses the potential toxic effects of 
substances on ecosystems and organisms [17-19].

Life Cycle Assessment (LCA) has emerged as a powerful 
tool for evaluating the environmental performance of 
buildings across their entire lifecycle. LCA provides a 
systematic approach to quantifying the environmental 
impacts of a product or process from raw material 
extraction to end-of-life disposal [20]. The development 
of LCA methodologies for materials and buildings has 
been intertwined with the evolution of embodied carbon 
assessment, as embodied carbon is a key component of 
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the overall lifecycle carbon footprint [21].

Despite the growing recognition of the importance of 
embodied impacts, strategies to reduce embodied carbon 
in the remaining life-cycle stages of a building are less 
defined and studied compared to operational carbon 
reduction strategies [22, 23]. The selection of building 
materials and systems is largely unregulated, as long 
as minimum health, safety, and performance standards 
are met. One challenge is that upstream energy use and 
carbon emissions resulting from the production of building 
materials and equipment are more difficult to measure and 
track than operational energy use and emissions.

The design phase of a building project presents a critical 
opportunity to influence embodied impacts. Decisions made 
during the early stages of design can have far-reaching 
consequences for the environmental performance of a 
building throughout its lifecycle.

 Studies have shown that decisions made during the 
conceptual design stage can account for up to 80% of a 
building’s environmental impact, highlighting the outsized 
influence of early design choices [24, 25]. However, 
despite the recognition of its importance, there is a lack 
of comprehensive studies examining the effectiveness of 
different design-phase strategies in reducing embodied 
impacts.

Several strategies have emerged to address embodied 
impacts during the design phase. These include:

1. Circularity: This approach involves designing for end-
of-life (EOL) considerations and incorporating recycled 
materials. Circular economy principles in construction 
aim to minimize waste and maximize resource efficiency 
throughout a building’s lifecycle [26, 27].

2. Material Efficiency: This strategy focuses on optimizing 
the use of materials to achieve the same structural 
integrity and functionality with fewer resources. It includes 
techniques such as design optimization, modular 
construction, and efficient waste management practices 
[28-30].

3. Material Substitution: This approach involves replacing 
high-impact materials with lower-impact alternatives. 
Timber substitution, in particular, has gained attention 
due to its potential for carbon sequestration and lower 
embodied carbon compared to traditional materials like 
steel and concrete [31-33].

To effectively minimize embodied impacts, designers 
require access to reliable, timely, and comprehensive 
information about the environmental implications of 
different design alternatives. However, the complexity and 
data-intensive nature of full lifecycle assessments often 
pose challenges for integration into fast-paced design 
workflows [34]. There is a growing recognition of the 
need for simplified and streamlined approaches that can 
provide actionable insights on embodied impacts without 
compromising the creative and iterative nature of the 
design process [35,36].

The incorporation of embodied impact considerations 
into design practice necessitates a shift towards more 
holistic evaluation methods that go beyond just operational 
energy performance. This requires the development and 
adoption of tools and frameworks that can rapidly assess 
and compare the embodied impacts of different design 

options, materials, and construction techniques [37]. Such 
tools must strike a balance between accuracy and usability, 
providing designers with clear and actionable information 
without overwhelming them with excessive detail or 
computational complexity.

Digital technologies are playing an increasingly important 
role in facilitating the assessment and reduction of 
embodied impacts during the design phase. Building 
Information Modeling (BIM), digital twins, and Life Cycle 
Assessment (LCA) tools can enable more accurate 
and comprehensive assessments of embodied impacts 
throughout the design process. BIM-based LCA tools 
enable designers to quickly evaluate the environmental 
implications of different design alternatives, material 
choices, and construction techniques [38-41]. These tools 
provide a platform for real-time feedback on embodied 
impacts, allowing designers to make informed decisions 
that balance environmental performance with other design 
objectives.

However, the effective implementation of embodied impact 
assessment in the design phase faces several challenges. 
These include [44-49]:

1. Data availability and quality: Accurate assessment of 
embodied impacts requires comprehensive and reliable 
data on the environmental profiles of construction materials 
and processes. The availability and quality of such data 
can vary significantly across different regions and material 
types.

2. Methodological inconsistencies: Different LCA methods 
and system boundaries can lead to varying results, making 
it difficult to compare assessments across projects or 
establish consistent benchmarks.

3. Complexity and time constraints: Conducting detailed 
LCAs can be time-consuming and resource-intensive, 
which can be challenging to integrate into fast-paced 
design processes.

4. Lack of standardization: The absence of universally 
accepted standards for embodied impact assessment in 
building design makes it difficult to establish consistent 
practices across the industry.

Despite these challenges, the importance of addressing 
embodied impacts in the design phase cannot be 
overstated. A large majority of a building’s embodied 
impact is committed during the design phase, with these 
commitments realized during construction and throughout 
the building’s lifecycle [46,50]. Therefore, it is imperative to 
consider the holistic impacts of the built environment from 
the earliest stages of design.

Recent advancements in LCA methodologies and tools 
have made it increasingly feasible to incorporate embodied 
impact assessments into the design process. However, 
there is still a need for more user-friendly tools that can 
provide quick, reliable, and comparative information on 
embodied impacts to support decision-making in early-
stage design. Additionally, there is a growing recognition 
of the need for simplified and streamlined approaches 
that can provide actionable insights on embodied impacts 
without compromising the creative and iterative nature of 
the design process [34-36].

The integration of embodied impact considerations into 
design practice necessitates a shift towards more holistic 
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evaluation methods that go beyond just operational energy 
performance. This requires the development and adoption 
of tools and frameworks that can rapidly assess and 
compare the embodied impacts of different design options, 
materials, and construction techniques [37]. Such tools 
must strike a balance between accuracy and usability, 
providing designers with clear and actionable information 
without overwhelming them with excessive detail or 
computational complexity.

Furthermore, the ability to conduct iterative assessments 
throughout the design process is crucial, as the level of 
detail and available information evolves from conceptual 
to detailed design stages [51]. This calls for flexible and 
scalable approaches that can accommodate varying levels 
of data resolution and uncertainty, allowing for progressive 
refinement of embodied impact estimates as the design 
develops [52].

While progress has been made in developing methods and 
tools for assessing embodied impacts, there remains a 
significant gap in understanding the relative effectiveness 
of different design-phase strategies in reducing these 
impacts. Few studies have comprehensively compared the 
potential reductions in GWP, WDP, FDP, and Ecotoxicity 
achievable through strategies such as material efficiency, 
recycled material use, and timber substitution across a 

wide range of building types and locations.

This research aims to address this by providing a 
comprehensive analysis of the effectiveness of different 
design-phase strategies in reducing embodied impacts. 
Further, we developed and used a simple digital workflow 
for the rapid, screening level LCA, of over 550 buildings 
to demonstrate the how design stage digital technologies 
can be developed and deployed in a flexible, scalable, and 
simple manner. By examining a large dataset of buildings 
and comparing the potential reductions achievable through 
various strategies, this study also seeks to provide valuable 
insights for designers, policymakers, and researchers 
working towards more sustainable building practices.

As the construction industry moves towards more 
sustainable practices, addressing embodied impacts has 
become increasingly critical. The design phase presents a 
unique opportunity to significantly reduce these impacts, 
but realizing this potential requires a more comprehensive 
understanding of the effectiveness of different strategies 
and the development of tools and methodologies to 
support their implementation. This research contributes to 
this understanding by providing a systematic analysis of 
design-phase strategies for reducing embodied impacts, 
with the ultimate goal of promoting more sustainable and 
environmentally responsible building practices.
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Methods
Scope

This study focuses on the embodied impacts of building 
materials, specifically within the scope of product stage 
(A1-A3) as defined by EN 15978 and presented in Figure 
1. While recognizing that a comprehensive assessment of 
embodied impacts extends beyond this scope and includes 
additional life cycle stages, this research aims to provide a 
focused analysis of the initial embodied impacts associated 
with material production.

Using the ReCiPe database, this study conducts an LCA of 
building materials to evaluate four key impact categories: 
Global Warming Potential (GWP), Fossil Depletion 
Potential (FDP), Water Depletion Potential (WDP), and 
Ecotoxicity. These impact categories are used as proxies 
for Embodied Carbon, Embodied Energy, Embodied Water, 
and Ecotoxicity, respectively. It is important to note that 
while these terms are used for clarity and consistency with 
existing literature, they represent simplified representations 
of more complex embodied impacts.

Global Warming Potential (GWP), reported in kg CO2 
equivalent per square meter, is used to quantify Embodied 
Carbon. This metric encompasses the greenhouse 
gas emissions associated with material extraction, 
transportation to manufacturing facilities, and the 
manufacturing process itself. However, it is acknowledged 
that a full assessment of embodied carbon would include 
emissions from later life cycle stages, such as construction, 
use phase, and end-of-life.

Fossil Depletion Potential (FDP), reported in MJ per square 
meter, serves as an indicator for Embodied Energy. This 
metric captures the non-renewable energy resources 
consumed during the A1-A3 stages. While FDP provides 
valuable insights into energy consumption, it is recognized 

that a comprehensive evaluation of embodied energy would 
consider additional energy inputs throughout the building’s 
life cycle.

Water Depletion Potential (WDP), measured in m³ 
water equivalent per square meter, is used to assess 
Embodied Water. This metric quantifies the freshwater 
consumption associated with material production. As with 
the other impact categories, it is acknowledged that a full 
assessment of embodied water would include water use in 
subsequent life cycle stages.

Ecotoxicity, derived from the TRACI 2.1 impact assessment 
method and measured in CTUe (Comparative Toxic Units 
ecotoxicity) per square meter, is employed to evaluate the 
potential toxic impacts on ecosystems. This metric provides 
insights into the environmental hazards associated with 
material production processes.

By focusing on these four impact categories within the 
A1-A3 scope, this study aims to provide a detailed analysis 
of the initial embodied impacts of building materials. 
The results of this analysis will contribute to a broader 
understanding of how to mitigate the environmental impacts 
of buildings through informed material selection and design 
strategies. However, it is crucial to emphasize that these 
metrics represent a subset of the total embodied impacts 
of buildings. A comprehensive assessment would need to 
consider additional impact categories, extend the analysis 
to cover all life cycle stages (including construction, use 
phase, maintenance, and end-of-life), and account for the 
dynamic nature of embodied impacts over time.

Datasets and Life Cycle Assessment

The dataset used for Bill of Materials (BoM) data is derived 
from Heeren & Fishman (2019) [53], which includes 301 
entries of material intensity data (kg material/m² gross floor 
area) collected from 33 studies. These data points cover 32 

Figure 1 – EN15978 building life cycle phases. The scope of this study was A1-A3 to inform building design and material selection.
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material categories across 21 countries and seven world 
regions, spanning a temporal range from the 1890s to 
2018.

Life cycle environmental impacts of building materials were 
pre-calculated using a Python script and the Ecoinvent 3.7 
(Cutoff) database. The script searches for existing building 
material data in the Ecoinvent database and calculates 
life cycle environmental impacts using the brightway2 LCA 
framework. The results are stored in a spreadsheet and 
queried during the embodied impact assessment step 
through another Python script. The workflow for embodied 
impact calculation involves the following steps:

1. Loading Building Archetypes and BoM Data: Building 
archetypes are loaded from the input datasheet based on 
occupation, building type, country, and region attributes. 
Users can define specific building archetypes or exhaust 
all combinations of these attributes present in the input 
datasheet automatically.

2. Matching BoM Data with Building Archetypes: The 
corresponding BoM data is automatically matched with 
the selected building archetypes based on their attribute 
values.

3. Applying Impact Mitigation Strategies: When an 
impact mitigation strategy (e.g., material substitution) 
is applied, the quantity of the selected material (e.g., 
concrete) is altered using predefined assumptions. The 
matching between the material name and corresponding 
pre-calculated impact factor can be done manually or 
automatically using a pre-filled matching datasheet.

4. Calculating Embodied Impacts: The calculation of 
embodied impacts of a given building archetype is based 
on the multiplication between the quantity of materials 
and the corresponding impact factors. The four impact 
categories considered: global warming potential (GWP), 
water depletion potential (WDP), and fossil depletion 
potential (FDP) from ReCiPe 2016, MidPt(H) impact 
assessment method, as well as ecotoxicity from TRACI 2.1 
impact assessment method. Note ReCiPe reports units of 
kg Oil eq for FDP which were converted to Mega Joules 
(MJ) for ease of interpretation using the conversion factor 
of 1 kg Oil eq = 41.868 MJ.

Impact Mitigation Strategies

Three impact mitigation strategies are investigated:

1. Material Substitution (MS), also referred to as Timber 
Substitution: Substituting the use of concrete and steel 
with wood, without compromising structural integrity. 
Substitution ratios are based on assumptions from Zhong 
et al. (2021) [54]. Specifically:
  - 1 kg of lumber replaces 2.513 kg of concrete
  - 1 kg of lumber replaces 0.478 kg of steel

2. Material Efficiency (ME): Reducing material intensity by 
applying scalars to reduce the quantity of the material of 
interest.

3. Recycled Content (RC): Increasing recycled material 
usage by applying a 1:1 mass-based displacement ratio 
between a virgin material and its recycled counterpart.
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For ME and RC strategies, a mitigation percentage was 
implemented equally for steel, cement, concrete, and 
bricks. As an example, a RC implementation of 30% means 
that 30% of the virgin steel was replaced with recycled 
steel, 30% of the virgin cement with recycled cement, and 
so on and so forth.

These strategies are implemented with varying percentages 
to cover both realistic and ideal situations. For example, 
single family residential buildings can be constructed 
primarily of timber where we analyzed up to 75% timber 
substitution. However, non-residential buildings, such 
as commercial warehouses are less likely forego steel 
and cement in such magnitudes. To maintain a uniform 
analysis, we chose to keep the bounds uniform across the 
data set for each strategy which likely covers unfeasible 
ranges at the top end of our analysis. We chose an upper 
bound 100% for Recycled Content given the material is a 
drop-in replacement.

For Material Efficiency, research consistently suggests 
that significant material efficiency gains are possible 
through optimized design for steel, concrete, and cement in 
buildings, typically ranging from 20-30% [55-62]. However, 
considering the substantial amount of on-site construction 
waste reported in the literature, we chose to extend the 
upper bound of Material Efficiency to 50%.

Studies have shown that a significant portion of building 
materials delivered to construction sites can end up as 
waste. Specifically, estimates for waste rates of steel, 
concrete, cement, and bricks range from less than 5% to 
as high as 15% [63-67]. Furthermore, the life cycle stages 

A4 and A5, which include transportation of the product 
and installation/construction, are estimated to account for 
5-10% of the total embodied carbon impacts compared to 
A1-A3. Within these stages, steel, concrete, cement, and 
bricks specifically account for 2-8% of the impacts [62, 
68-70].

Given these considerations, extending the upper bound to 
50% allows us to explore not only the potential for material 
efficiency through design but also the impact of reducing 
on-site waste.

Critical Considerations

It is crucial to note that the scope of this analysis (A1-A3) 
and the normalization of material intensity to square 
meters are critical factors that may lead to different results 
compared to other studies with different scopes and 
normalization practices. These aspects are highlighted and 
focused on accordingly to ensure clarity and accuracy in 
the interpretation of the results.
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Results
This study analyzed the potential for reducing embodied environmental impacts in buildings through three key design 
strategies: Material Efficiency (ME), Recycled Content (RC), and Material Substitution (MS). The analysis covered over 550 
buildings across different types and regions, focusing on four key impact categories: Global Warming Potential (GWP), Water 
Depletion Potential (WDP), Fossil Depletion Potential (FDP), and Ecotoxicity.
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Overall Impact Reductions in Cradle to Gate 
Scope

Embodied Carbon (Global Warming Potential)

The study’s findings on Global Warming Potential (GWP) 
reveal significant reductions in embodied carbon through 
material efficiency, recycled materials, and timber 
substitution strategies as indicated by the trends in Figure 
2.

For every percent of material efficiency implemented, 
approximately 0.78% of the full building embodied carbon 
is reduced. This suggests that minimizing material usage 
in building design can lead to substantial decreases in 
GWP. Similarly, incorporating recycled materials shows a 
comparable trend, with approximately 0.75% reduction in 
embodied carbon for every percent of recycled materials 
used. This underscores the effectiveness of circular 
approaches in reducing environmental impacts.

Timber substitution also indicates a reduction in embodied 
carbon, albeit at a lower rate compared to material 
efficiency and recycled materials, with approximately 0.28% 
reduction for every percent of timber substitution as defined 
in this study.

The reductions in GWP achieved through these strategies 
are significant and highlight the potential for substantial 
environmental benefits in the building sector. For 
instance, a 30% implementation of recycled materials 
or material efficiency strategies can lead to a reduction 
of approximately 26-27% in embodied carbon for non-
residential buildings and around 22-23% for residential 
buildings.

Comparing the strategies, material efficiency and recycled 
materials emerge as the most effective methods for 
reducing embodied carbon, with timber substitution offering 
a smaller but still positive impact. The detailed breakdown 
of contributions from different materials to the full building 
GWP provides valuable insights into where efforts should 
be focused to maximize reductions.

In non-residential buildings, steel and concrete contribute 
significantly to GWP, suggesting that targeting these 
materials through material efficiency and recycled materials 
strategies could yield substantial benefits. Similarly, in 
residential buildings, the high contribution of concrete to 
GWP indicates that strategies focusing on this material 
could be particularly effective. The material contributions 
can be seen in Figures 3 and 4.
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Figure 2 – Embodied Carbon average percent change of full building versus percent implemented of each mitigation strategy. Error 
bars represent the standard deviation of the full data set.
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Figure 3 – Embodied carbon material contribution in non-residential buildings at 30% implementation of each mitigation strategy 
and the base case.

Figure 4 – Embodied carbon material contribution in residential buildings at 30% implementation of each mitigation strategy and 
the base case.
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Embodied Water (Water Depletion Potential)

Water Depletion Potential (WDP) results show significant 
reductions in water usage through material efficiency 
and recycled materials strategies, with mixed results for 
timber substitution. The average positive correlation, but 
wide standard deviation can be seen in Figure 5 for timber 
substition.

For every percent of material efficiency implemented, 
approximately 0.69% of the full building water depletion 
potential is reduced. This indicates that minimizing material 
usage in building design can lead to substantial decreases 
in WDP. Incorporating recycled materials shows a similar 
trend, with approximately 0.67% reduction in water 
depletion potential for every percent of recycled materials 
used.

Timber substitution, however, shows mixed and 
inconclusive effects on water depletion potential, with 
some cases showing a slight increase in water usage. This 
variability suggests that the impact of timber substitution 
on WDP is not as straightforward as material efficiency and 
recycled materials strategies.

The reductions in WDP achieved through material 
efficiency and recycled materials are significant. A 30% 
implementation of recycled materials or material efficiency 
strategies can lead to a reduction of approximately 20-23% 
in water depletion potential for non-residential buildings and 
around 15-18% for residential buildings.

Material efficiency and recycled materials emerge as 
the most effective methods for reducing water depletion 
potential, with timber substitution offering mixed results. 
The detailed breakdown of contributions from different 
materials to the full building WDP provides insights for 
targeted interventions.

For instance, in non-residential buildings, steel and 
concrete contribute significantly to WDP, suggesting that 
focusing on these materials through material efficiency 
and recycled materials strategies could yield substantial 
benefits. In residential buildings, the contribution of 
concrete to WDP is higher than non-residential and 
indicates that strategies targeting this material could be 
effective. Figures 6 and 7 show the relative contribution of 
the materials relative to the full building.
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Figure 6 – Embodied water material contribution in non-residential buildings at 30% implementation of each mitigation strategy 
and the base case.

Figure 7 – Embodied water material contribution in residential buildings at 30% implementation of each mitigation strategy and the 
base case.
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 Fossil Depletion Potential

Results for Fossil Depletion Potential (FDP) indicate 
reductions in embodied energy through material efficiency 
and recycled materials strategies, with mixed results for 
timber substitution. Figure 8 shows the similar results for 
material efficiency and use of recycled materials.

For every percent of material efficiency implemented, 
approximately 0.75% of the full building fossil depletion 
potential is reduced. This suggests that minimizing 
material usage in building design can lead to substantial 
decreases in FDP. Incorporating recycled materials shows 
a similar trend, with approximately 0.65% reduction in fossil 
depletion potential for every percent of recycled materials 
used.

Timber substitution shows mixed and inconclusive effects 
on fossil depletion potential, with some cases showing a 
slight reduction and others showing minimal increase. This 
variability suggests that the impact of timber substitution 
on FDP is not as straightforward as material efficiency and 
recycled materials strategies.

The reductions in FDP achieved through material 

efficiency and recycled materials are significant. At 30% 
implementation of recycled materials or material efficiency 
strategies can lead to a reduction of approximately 22-26% 
in fossil depletion potential for non-residential buildings and 
around 18-22% for residential buildings.

Material efficiency and recycled materials emerge as 
the most effective methods for reducing fossil depletion 
potential, with timber substitution offering mixed results. 
The detailed breakdown of contributions from different 
materials to the full building FDP provides insights for 
targeted interventions.

In non-residential buildings, steel, concrete, and bricks 
contribute significantly to FDP, suggesting that targeting 
these materials through material efficiency and recycled 
materials strategies could yield substantial benefits. 
Similarly, in residential buildings, the high and similar 
contribution of concrete, steel, and bricks to FDP indicates 
that strategies focusing on this material are warranted 
may have the most impact rather than focusing on other 
materials. Figures 9 and 10 show the material contribution 
at 30% implementation for each strategy for embodied 
energy.
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Figure 9 – Embodied energy material contribution in non-residential buildings at 30% implementation of each mitigation strategy 
and the base case.

Figure 10 – Embodied energy material contribution in residential buildings at 30% implementation of each mitigation strategy and 
the base case.
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Ecotoxicity

Ecotoxicity results showed the most significant trade-offs, 
with substantial reductions through material efficiency and 
recycled materials strategies, but increases with timber 
substitution. Figure 11 shows the positive correlation with 
timber sustition strategies and ecotoxicity.

For every percent of material efficiency implemented, 
approximately 0.69% of the full building ecotoxicity is 
reduced. This suggests that minimizing material usage 
in building design can lead to substantial decreases in 
ecotoxicity. Incorporating recycled materials shows a similar 
trend, with approximately 0.67% reduction in ecotoxicity for 
every percent of recycled materials used.

However, timber substitution indicates an increase in 
ecotoxicity, with approximately 0.41% increase for every 
1% substitution implemented. This suggests that timber 
substitution may not be an effective strategy for reducing 
ecotoxicity within the scope and methods of this study.

The reductions in ecotoxicity achieved through material 

efficiency and recycled materials are significant. A 30% 
implementation of recycled materials or material efficiency 
strategies can lead to a reduction of approximately 20-24% 
in ecotoxicity for non-residential buildings and around 15-
18% for residential buildings.

Comparing the strategies, material efficiency and recycled 
materials emerge as the most effective methods for 
reducing ecotoxicity, with timber substitution showing an 
opposite effect. The detailed breakdown of contributions 
from different materials to the full building ecotoxicity 
provides valuable insights into where efforts should be 
focused to maximize reductions.

For example, in non-residential buildings, steel and 
concrete contribute significantly to ecotoxicity, suggesting 
that targeting these materials through material efficiency 
and recycled materials strategies could yield substantial 
benefits. In residential buildings, the high contribution 
of concrete, steel, and when employed at high levels 
timber, reveal a trade-off when implementing timber 
substition strategies. Figures 12 and 13 show the material 
contribution breakdown for ecotoxicity.
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Figure 11 – Ecotoxicity average percent change of full building versus percent implemented of each mitigation strategy. Error bars 
represent the standard deviation of the full data set.
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Figure 12 – Ecotoxicity material contribution in non-residential buildings at 30% implementation of each mitigation strategy and 
the base case.

Figure 13 – Ecotoxicity material contribution in residential buildings at 30% implementation of each mitigation strategy and the 
base case.
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Variability
Given the large dataset consisting of a wide variety of 
building archetypes around the world built throughout the 
last century, the variability in building design and type 
is observed in the overall results. Because of the scalar 
method approach, the standard deviation analyzed at 
1% implementation is useful to comprehend the range of 
results the full dataset yielded.

For GWP at 1% implementation, the standard deviation 
was plus or minus 0.15% of Recycled Materials 
implemented and similar for other approaches, indicating 
that while the trends are clear, the exact amount of 
reduction can vary and clearly dependent on factors related 
to the exact building archetype and bill of materials.

As with the GWP variability in results, a wide standard 
deviation was observed for WDP, FDP, and Ecotoxicity, with 
a plus or minus 0.11 – 0.14% at one percent implemented, 
for recycled materials and material efficiency. The trends 
and variability underscore both the importance and impact 
of the mitigation strategies and the need for rapid, simple, 
and flexible assessment tools during the design process to 
inform practitioners and stakeholders on their choices.

Median Results of Impact Reductions

The above analysis used the average of the results for 
analysis. However, given the described large and varied 
data set, we also performed the analysis using the median 
of the results. In this case, the resulting ratios of percent 
strategy implemented to the impact on the full building 
were more pronounced. For example, at ten percent 
implementation of Recycled Materials, using the average 
results indicate the full building will have a reduction of 
7.5% GWP. If instead we used the median for analysis, that 
reduction would be greater at 8.7% GWP. The pronounced 
impact holds true across the board for all reductions as well 
as for all increases in impacts. We chose to present the 
more conservative ratio as the primary analysis but provide 
the median data here for thoroughness. 

Table 1 list the median percent change of the full building 
for each impact category and each mitigation strategy 
investigated.

As expected, similar to the averaged results, material 
efficiency and recycled materials are the most effective 
strategies in reducing environmental impacts across all 
categories, with significant reductions observed in GWP, 
WDP, FDP, and ecotoxicity. Timber substitution shows 
mixed results, with minimal reductions or even increases in 
some cases.

Table 1– Median percent change of each mitigation strategy relative to the full building.
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Impact Reductions by Building Type

Non-Residential vs. Residential Buildings

The study reveals significant differences in the potential for 
impact reductions between non-residential and residential 
buildings across all four impact categories. Table 2 list 
the results of the base case and for each mitigation 
strategy implemented at 30% split between residential and 
non-residential.

Global Warming Potential (GWP)

- Non-Residential Buildings: The base case GWP for non-
residential buildings is 392 kgCO2eq/m², with significant 
reductions observed through material efficiency (294 
kgCO2eq/m²) and recycled materials (297 kgCO2eq/m²) 
strategies. Timber substitution shows a lesser reduction, 
with a GWP of 362 kgCO2eq/m2.

- Residential Buildings: The base case GWP for residential 
buildings is 251 kgCO2eq/m2, with reductions observed 
through material efficiency (190 kgCO2eq/m²) and recycled 
materials (195 kgCO2eq/m²) strategies. Timber substitution 
shows a minimal reduction, with a GWP of 231 kgCO2eq/
m².

Water Depletion Potential (WDP)

- Non-Residential Buildings: The base case WDP for 
non-residential buildings is 2.3 m³H2O/m², with reductions 
observed through material efficiency (1.8 m³H2O/m²) and 
recycled materials (1.8 m³H2O/m²) strategies. Timber 
substitution shows a minimal reduction, with a WDP of 2.1 
m³H2O/m².

- Residential Buildings: The base case WDP for residential 
buildings is 1.3 m³H2O/m², with reductions observed through 
material efficiency (1.1 m³H2O/m²) and recycled materials 
(1.1 m³H2O/m²) strategies. Timber substitution shows no 
significant reduction, with a WDP of 1.3 m³H2O/m².

Fossil Depletion Potential (FDP)

- Non-Residential Buildings: The base case FDP for 
non-residential buildings is 3760 MJ/m², with reductions 
observed through material efficiency (2851 MJ/m²) and 
recycled materials (2927 MJ/m²) strategies. Timber 
substitution shows a minimal reduction, with an FDP of 
3584 MJ/m².

- Residential Buildings: The base case FDP for residential 

Table 2– Average values of base case and 30% implementation of each mitigation strategy 
for non-residential and residential buildings.
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buildings is 2353 MJ/m², with reductions observed through 
material efficiency (1842 MJ/m²) and recycled materials 
(1884 MJ/m²) strategies. Timber substitution shows no 
significant reduction, with an FDP of 2299 MJ/m².

Ecotoxicity

- Non-Residential Buildings: The base case ecotoxicity for 
non-residential buildings is 203 CTU/m², with reductions 
observed through material efficiency (160 CTU/m²) and 
recycled materials (161 CTU/m²) strategies. Timber 
substitution shows an increase in ecotoxicity, with a value 
of 208 CTU/m².

- Residential Buildings: The base case ecotoxicity for 
residential buildings is 127 CTU/m², with reductions 
observed through material efficiency (102CTU/m²) and 
recycled materials (102 CTU/m²) strategies. Timber 
substitution shows an increase in ecotoxicity, with a value 
of 140 CTU/m².

Comparing the two building types, non-residential buildings 
generally have larger environmental impacts per square 
meter compared to residential buildings. This is consistent 
across all impact categories, including GWP, WDP, FDP, 
and ecotoxicity.

The effectiveness of material efficiency and recycled 
materials strategies in reducing environmental impacts is 
evident in both building types, with significant reductions 
observed across all categories. However, timber 
substitution shows mixed results, with minimal reductions 
or even increases in some cases.
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Discussion
The findings of this comprehensive study on over 
550 buildings provide crucial insights into the nexus 
of carbon, energy, water, and ecotoxicity impacts 
embodied in construction materials, particularly focusing 
on steel, cement, concrete, and bricks. These results 
not only confirm previous research but also extend our 
understanding of the interrelationships between different 
environmental impact categories and the effectiveness of 
various design strategies in mitigating these impacts. While 
this study provides valuable insights into the embodied 
impacts of building materials within the A1-A3 scope, it is 
crucial to acknowledge the limitations of this approach. The 
full ‘Embodied’ impacts, including those beyond A3, are not 
captured in this analysis. 

The study’s results demonstrate that just four materials - 
steel, cement, concrete, and bricks - significantly influence 
the embodied impact of a full building. This finding is 
particularly important as it simplifies the complexity 
of analysis needed for screening-level Life Cycle 
Assessments (LCAs) during the design phase. Designers 
can now focus their efforts on reducing the quantities of 
these high-impact materials where possible and explore 
alternative low-carbon options. This targeted approach 
aligns with the concept of “hot-spot analysis” in LCA, where 
efforts are concentrated on the most impactful elements of 
a system.

The near-perfect positive correlation observed between the 

use of recycled materials and material efficiency strategies 
suggests that these approaches may be equally impactful 
in reducing embodied impacts. However, it’s crucial to note 
that the scope of this analysis was limited to the cradle-to-
gate stage, not including transportation. This means that 
additional embodied impacts will be accumulated with any 
physical material, even if recycled. In contrast, material 
efficiency strategies that completely forgo the use of certain 
materials may offer even greater benefits when considering 
the full life cycle of a building.

For designers, the results highlight the importance of 
considering embodied impacts holistically from the earliest 
stages of building design. The large variations observed 
in embodied carbon, water, and energy across different 
building types and materials underscore the need for 
designers to carefully evaluate material choices and design 
strategies. For example, the finding that just four materials 
(steel, cement, concrete, bricks) significantly influence the 
embodied impact of a full building reduces the complexity 
of analysis that is needed for screening-level LCAs during 
the design phase. Designers should prioritize reducing the 
quantities of these high-impact materials where possible 
and explore alternative low-carbon options.  

The study reveals a strong correlation between the 
implementation of material efficiency and recycled content 
strategies and the reduction of embodied impacts. 
For every percent of material efficiency implemented, 
approximately 0.78% of the full building embodied carbon is 
reduced. Similarly, incorporating recycled materials shows 
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a comparable trend, with approximately 0.75% reduction 
in embodied carbon for every percent of recycled materials 
used. This near-perfect positive correlation between these 
strategies suggests they may be equally impactful in 
reducing embodied impacts.

However, it’s crucial to note that the scope of this analysis 
was limited to the cradle-to-gate stage, not including 
transportation. This means that additional embodied 
impacts will be accumulated with any physical material, 
even if recycled. In contrast, material efficiency strategies 
that completely forgo the use of certain materials may offer 
even greater benefits when considering the full life cycle of 
a building.

The study’s findings regarding the four core materials 
- steel, cement, concrete, and bricks - are particularly 
noteworthy. These materials were found to significantly 
influence the embodied impact of a full building across all 
impact categories studied. For instance, in non-residential 
buildings, steel and concrete contribute significantly to 
GWP, suggesting that targeting these materials through 
material efficiency and recycled materials strategies 
could yield substantial benefits. This finding is particularly 
important as it simplifies the complexity of analysis needed 
for screening-level Life Cycle Assessments (LCAs) during 
the design phase. Designers can now focus their efforts 
on reducing the quantities of these high-impact materials 
where possible and explore alternative low-carbon options.

Furthermore, the study reveals a clear water-energy-
carbon-ecotoxicity nexus for these key construction 
materials. The strong correlations observed between 
different impact categories suggest that strategies targeting 
one impact (e.g., carbon) are likely to have co-benefits in 
other areas (e.g., water use). This nexus presents both a 
challenge and an opportunity. On one hand, it suggests 
that these materials offer a significant opportunity to reduce 
holistic, embodied impacts of buildings through targeted 
strategies. On the other hand, it warns that continued 

reliance on these materials without purposeful action will 
lead to increased embodied impacts across all categories, 
not just carbon.

The role of digital technologies in facilitating the 
assessment and reduction of embodied impacts during 
the design phase is also highlighted by this study. The use 
of a simple digital workflow for rapid, screening-level LCA 
demonstrates how design-stage digital technologies can 
be developed and deployed in a flexible, scalable manner. 
This approach addresses one of the key challenges in 
implementing embodied impact assessment in early-stage 
design - the need for quick, reliable, and actionable 
information.

The key findings underscore the importance of considering 
embodied impacts from the earliest stages of the design 
process. The study shows that decisions made during 
the conceptual design phase can have far-reaching 
consequences for a building’s environmental performance 
throughout its lifecycle. By implementing material efficiency 
strategies and incorporating recycled materials, designers 
can potentially achieve significant reductions in embodied 
impacts across all studied categories.

For the steel and cement industries, which are major 
contributors to embodied carbon in buildings, this study 
reinforces the urgency of decarbonization efforts. The 
unsurprising results showing steel and concrete as 
consistently among the highest contributors to embodied 
carbon across building types highlight the outsized 
influence these industries have on the climate footprint 
of construction and buildings. What is added here and 
insightful given the large data set, is the embodied 
water steel has relative to the full building. In the base 
case typically accounts for over 40% the total impact in 
residential buildings and 50% for non-residential buildings. 
This emphasizes the need for scaling up and market 
creation of low-carbon steel and cement products, as well 
as exploration of alternative materials.
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The results also emphasize the critical importance of 
considering embodied impacts in the design phase of 
projects. With the study showing that up to 90% of a 
building’s life cycle carbon emissions can be determined by 
decisions made during design, it is clear that the greatest 
opportunity for impact reduction lies in these early stages. 
This underscores the need for policies and practices that 
integrate embodied impact assessment into standard 
design processes.

Digital technologies play a crucial role in enabling the type 
of comprehensive analysis presented in this study. The 
ability to rapidly assess and compare the embodied impacts 
of hundreds of buildings relies on advanced modeling 
and data analysis tools. As these technologies continue 
to evolve, they will further enhance designers’ ability to 
optimize buildings for reduced environmental impact. 
Building Information Modeling (BIM) systems integrated 
with life cycle assessment capabilities, for example, could 
allow real-time evaluation of design decisions’ impact on 
embodied impacts.

While previous studies have often focused on a single 
impact category or a limited number of case studies, this 
analysis provides a more holistic view of the embodied 
environmental impacts of buildings. The inclusion of 
over 550 buildings allows for more general analysis and 
identification of trends across building types and design 
strategies.

The simultaneous consideration of global warming 
potential, water depletion potential, fossil depletion 
potential, and ecotoxicity is particularly important. This 
multi-criteria approach reveals important trade-offs and 
synergies between different environmental impacts that 
may not be apparent when focusing on a single metric like 
embodied carbon. 

Investigation of additional design phase strategies for 
reducing embodied impacts is another important area 
for future work. This could include exploration of novel 
materials and construction techniques, as well as more 
integrated approaches that consider the interaction 
between embodied and operational impacts over a 
building’s life cycle utilizing rapid and flexible assessment 
tools like the one developed and used for this study.

Further research into the role of digital technologies in 
optimizing building design for reduced embodied impacts 
would also be valuable. This could include development of 
more sophisticated modeling tools that integrate real-time 
embodied impact assessment into the design process, as 
well as exploration of how artificial intelligence and machine 
learning could be leveraged to identify optimal design 
solutions.

Finally, longitudinal studies tracking the actual performance 
of buildings over time compared to their predicted 
embodied impacts would provide valuable validation of the 
models and assumptions used in this type of analysis. This 
could help refine assessment methodologies and improve 
the accuracy of embodied impact predictions in future 
projects.
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Conclusion

Key Findings

• Material efficiency and recycled content strategies are 
highly effective in reducing embodied impacts across all 
categories studied.

   - For every 1% implementation of these strategies, 
approximately 0.7-0.8% reduction is achieved in global 
warming potential, water depletion potential, fossil 
depletion potential, and ecotoxicity. This near-linear 
relationship provides a clear and actionable guideline 
for designers and policymakers.

• Four key materials - steel, cement, concrete, and bricks - 
significantly influence the embodied impact of buildings.

   - This finding simplifies the complexity of analysis 
needed for screening-level Life Cycle Assessments 
during the design phase, allowing designers to focus on 
these high-impact materials.

• There is a clear water-energy-carbon-ecotoxicity nexus for 
key construction materials.

   - Strategies targeting one impact category are likely to 
have co-benefits in others, presenting both challenges 
and opportunities for holistic impact reduction.

• Timber substitution shows mixed results across impact 
categories.

   - While effective in reducing global warming potential, 
timber substitution shows minimal benefits or even 
increases in other impact categories like ecotoxicity, 
highlighting the need for careful consideration of trade-
offs in material selection.

Summary 

This comprehensive study of over 550 buildings has 
revealed crucial insights into the embodied environmental 
impacts of construction materials and the effectiveness of 
various design strategies in mitigating these impacts. The 
research demonstrates that material efficiency and recycled 
content strategies are highly effective in reducing embodied 
impacts across all categories studied, including global 
warming potential, water depletion potential, fossil depletion 
potential, and ecotoxicity. For every 1% implementation 
of these strategies, approximately 0.7-0.8% reduction is 
achieved in the respective impact categories, providing 
a clear and actionable guideline for sustainable building 
design.

The study identified four key materials - steel, cement, 
concrete, and bricks - as significant contributors to the 
embodied impact of buildings. This finding simplifies the 
complexity of analysis needed for screening-level Life 
Cycle Assessments during the design phase, allowing 
designers to focus their efforts on these high-impact 
materials. Furthermore, the research revealed a clear 
water-energy-carbon-ecotoxicity nexus for these key 
construction materials, suggesting that strategies targeting 
one impact category are likely to have co-benefits in others.

Interestingly, timber substitution showed mixed results 
across impact categories. While effective in reducing global 
warming potential, it demonstrated minimal benefits or even 
increases in other impact categories like ecotoxicity. This 
highlights the need for careful consideration of trade-offs 
in material selection and underscores the importance of a 
holistic approach to sustainable building design.

It is essential to note that while these terms are used in 
this paper, the full ‘Embodied’ impacts extend beyond the 
scope of A3 and include additional life cycle stages such as 
construction (A4-A5), use (B1-B7), and end-of-life (C1-C4). 
For instance, Embodied Energy encompasses not only 
the energy inputs during material production (captured by 
FDP within A1-A3) but also energy used in construction, 
maintenance, and eventual demolition. Similarly, Embodied 
Water and Embodied Carbon include impacts from these 
later stages that are not accounted for within the A1-A3 
scope
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Broader Impacts

The findings of this study have significant implications 
for the construction industry and sustainable building 
practices. By demonstrating the substantial impact of early 
design decisions on a building’s environmental footprint, 
this research emphasizes the critical importance of 
integrating embodied impact assessments into the design 
process. The near-linear relationship between strategy 
implementation and impact reduction provides a powerful 
tool for designers and policymakers to set tangible goals 
and measure progress in sustainable building design.

Moreover, the identification of key materials that 
significantly influence embodied impacts offers a focused 
approach to material selection and optimization. This 
knowledge can drive innovation in the development of 
low-impact alternatives and encourage the scaling up 
of recycled material use in construction. The revealed 
water-energy-carbon-ecotoxicity nexus also presents 
an opportunity for more comprehensive sustainability 
strategies that address multiple environmental concerns 
simultaneously.

The study’s use of a simple digital workflow for rapid, 
screening-level LCA demonstrates the potential for 
integrating advanced analytical tools into the design 
process. We developed and employed a simple tool 
to evaluate a large data set of buildings and further 
demonstrated that focusing on only a few key materials 
provides ample information during the iterative design 
process to significantly influence the embodied 
impacts of full buildings. This approach addresses 
one of the key challenges in implementing embodied 
impact assessment in early-stage design - the need 
for quick, reliable, and actionable information. As 
these technologies continue to evolve, they will further 
enhance designers’ ability to optimize buildings for 
reduced environmental impact.

Call to Action

In light of these findings, there is an urgent need for 
designers, architects, and policymakers to prioritize 
sustainable design decisions and consider the embodied 
impacts of buildings from the earliest stages of the design 
process. The construction industry, particularly steel and 
cement manufacturers, must accelerate decarbonization 
efforts and explore innovative low-impact materials and 
processes.

Policymakers should consider implementing regulations 
that require the assessment and reduction of embodied 
impacts in new construction projects. This could include 
setting standards for material efficiency and recycled 
content, as well as incentivizing the use of low-impact 
materials and design strategies.

Designers and architects must embrace a more holistic 
approach to sustainable building design, considering not 
only operational energy efficiency but also the full range of 
embodied impacts. This requires a shift in design practices 
to incorporate life cycle thinking from the conceptual stages 
of a project.

Finally, there is a need for continued research and 
development in this field. This includes further investigation 
of additional design phase strategies for reducing embodied 
impacts, exploration of novel materials and construction 
techniques, and development of more sophisticated 
modeling tools that integrate real-time embodied impact 
assessment into the design process.

By taking these actions, the construction industry can 
make significant strides towards reducing its environmental 
footprint and contributing to global sustainability goals. 
The findings of this study provide a roadmap for this 
transformation, offering clear, actionable strategies for 
creating more sustainable built environments.



39se.com



Life is On

References

40

References



41se.com

References
1. International Energy Agency. (n.d.). Buildings - Energy 
System. Retrieved July 14, 2024, from https://www.iea.org/
energy-system/buildings

2. United Nations Environment Programme. (2024, 
March 7). Not yet built for purpose: Global building sector 
emissions still high and rising*. Retrieved July 20, 2024, 
from https://www.unep.org/news-and-stories/press-release/
not-yet-built-purpose-global-building-sector-emissions-still-
high

3. C40 Cities. (n.d.). Energy and buildings. Retrieved 
August 2, 2024, from https://www.c40.org/what-we-do/
scaling-up-climate-action/energy-and-buildings

4. Calle Müller, C., Pradhananga, P., & ElZomor, M. (2024). 
Pathways to decarbonization, circular construction, and 
sustainability in the built environment. International Journal 
of Sustainability in Higher Education.

5. Ibn-Mohammed, T., Greenough, R., Taylor, S., Ozawa-
Meida, L., & Acquaye, A. (2013). Operational vs. embodied 
emissions in buildings—A review of current trends. Energy 
and Buildings, 66, 232-245.

6. Marzouk, M., & Elshaboury, N. (2022). Science 
mapping analysis of embodied energy in the construction 
industry. Energy Reports, 8, 1362-1376.

7. New Buildings Institute. (n.d.). Embodied carbon draws 
increased attention from the building sector. Retrieved 
February 14, 2024, from https://newbuildings.org/
embodied-carbon-draws-increased-attention-from-the-
building-sector/

8. M.K. Dixit, J.L. Fernandez-Solis, S. Lavy, C.H. Culp, 
Identification of parameters for embodied energy 
measurement—a literature review, Journal of Energy and 
Buildings 42 (2010) 1238–1247.

9. UK Green Building Council. (n.d.). What is 
embodied carbon in construction? Retrieved 
August 10, 2024, from https://ukgbc.org/news/
what-is-embodied-carbon-in-construction/

10. A. Korre, Z. Nie, S. Durucan, Life cycle modelling of 
fossil fuel power generation with post-combustion CO2 
capture. Int. J. Greenh. Gas. Control 4 (2) (2010) 289–300.

11. Kuo, N.W., & Chen, P.H.. (2009). Quantifying energy 
use, carbon dioxide emission, and other environmental 
loads from island tourism based on a life cycle assessment 
approach. Journal of cleaner production, 17(15), 
1324–1330.

12. Mostafaei, H., Keshavarz, Z., Rostampour, M.A., 
Mostofinejad, D., & Wu, C.. (2023, July). Sustainability 
Evaluation of a Concrete Gravity Dam: Life Cycle 
Assessment, Carbon Footprint Analysis, and Life Cycle 
Costing. In Structures (Vol. 53, pp. 279–295).

13. M. Mannan, T. Al-Ansari, H.R. Mackey, S.G. Al-Ghamdi, 
Quantifying the energy, water and food nexus: a review of 
the latest developments based on life-cycle assessment. J. 
Clean. Prod. 193 (2018) 300–314.

14. S. Pfister, A. Koehler, S. Hellweg, Assessing the 
environmental impacts of freshwater consumption in LCA. 
Environ. Sci. Technol. 43 (11) (2009) 4098–4104.

15. S. Kamalakkannan, A.K. Kulatunga, Optimization 
of eco-design decisions using a parametric life cycle 
assessment. Sustain. Prod. Consum. 27 (2021) 
1297–1316.

16. Nwodo, M.N. & Anumba, C.J.. (2019). A review of 
life cycle assessment of buildings using a systematic 
approach. Building and Environment, 162 (p.106290).

17. M. Pizzol, P. Christensen, J. Schmidt, M. Thomsen, 
Eco-toxicological impact of “metals” on the aquatic and 
terrestrial ecosystem: a comparison between eight different 
methodologies for Life Cycle Impact Assessment (LCIA). J. 
Clean. Prod. 19 (6–7) (2011) 687–698.

18. H. Abyar, H. Younesi, M. Nowrouzi, Life cycle 
assessment of A2O bioreactor for meat processing 
wastewater treatment: An endeavor toward the 
achievement of environmental sustainable development. J. 
Clean. Prod. 257 (2020), 120575.

19. J.S. Chang, Understanding the role of ecological 
indicator use in assessing the effects of desalination plants. 
Desalination 365 (2015) 416–433.

20. Kamari, A.; Kotula, B.M.; Schultz, C.P.L. A BIM-based 
LCA tool for sustainable building design during the early 
design stage. Smart Sustain. Built Environ. 2022, 11, 
217–244. 

21. Soust-Verdaguer, B.; Llatas, C.; García-Martínez, A. 
Critical review of BIM-based LCA method to buildings. 
Energy Build. 2017, 136, 110–120.

22. Röck, M., Balouktsi, M., & Saade, M. R. M. (2023). 
Embodied carbon emissions of buildings and how to tame 
them. One Earth, 6(11), 1458-1464.

23. Pomponi, F., & Moncaster, A. (2016). Embodied carbon 
mitigation and reduction in the built environment–What 
does the evidence say?. Journal of environmental 
management, 181, 687-700.

24. Basbagill J, Flager F, Lepech M and Fischer M 2013 
Application of life-cycle assessment to early stage building 
design for reduced embodied environmental impacts 
Building and Environment 60 81–92

25. Brundage, M. P., Bernstein, W. Z., Hoffenson, S., 
Chang, Q., Nishi, H., Kliks, T., & Morris, K. C. (2018). 
Analyzing environmental sustainability methods for 
use earlier in the product lifecycle. Journal of Cleaner 
Production, 187, 877-892.

26. R. Merli, M. Preziosi, A. Acampora, How do scholars 
approach the circular economy? A systematic literature 
review. J. Clean. Prod. 178 (2018) 703–722.

27. S.A. Neves, A.C. Marques, Drivers and barriers in the 
transition from a linear economy to a circular economy. J. 
Clean. Prod. 341 (2022), 130865.



Life is On

References

42

28. Kamali, M., & Hewage, K. (2016). Life cycle 
performance of modular buildings: A critical review. 
Renewable and Sustainable Energy Reviews, 62, 
1171-1183.

29. Moynihan, M. C., & Allwood, J. M. (2014). Utilization 
of structural steel in buildings. Proceedings of the Royal 
Society A: Mathematical, Physical and Engineering 
Sciences, 470(2168), 20140170.

30. Basbagill, J., Flager, F., Lepech, M., & Fischer, M. 
(2013). Application of life-cycle assessment to early stage 
building design for reduced embodied environmental 
impacts. Building and Environment, 60, 81-92.

31. S. Lehmann, Low carbon construction systems using 
prefabricated engineered solid wood panels for urban infill 
to significantly reduce greenhouse gas emissions. Sustain. 
Cities Soc. 6 (2013) 57–67.

32. H. Lei, L. Li, W. Yang, Y. Bian, C.Q. Li, An analytical 
review on application of life cycle assessment in circular 
economy for built environment. J. Build. Eng. 44 (2021), 
103374.

33. Lei, J., Huang, B., & Huang, Y.. (2020). Life cycle 
thinking for sustainable development in the building 
industry. In Life Cycle Sustainability Assessment for 
Decision-Making (pp. 125–138).

34. Meex E, Hollberg A, Knapen E, Hildebrand L and 
Verbeeck G 2018 Requirements for applying LCA-based 
environmental impact assessment tools in the early stages 
of building design Building and Environment 133 228–36

35. I. Sartori ,A.G. Hestnes, Energy use in the life cycle of 
conventional and low-energy buildings: a review article, 
Energy Build. 39 (3) (2007) 249–257.

36. Prideaux, F., Crawford, R. H., Allacker, K., & Stephan, 
A. (2023, June). Approaches for assessing embodied 
environmental effects during the building design process. 
In IOP Conference Series: Earth and Environmental 
Science (Vol. 1196, No. 1, p. 012053). IOP Publishing.

37. Sartori T, Drogemuller R, Omrani S and Lamari F 2021 
A schematic framework for Life Cycle Assessment (LCA) 
and Green Building Rating System (GBRS) Journal of 
Building Engineering 38 102180 

38. Najjar, M.; Figueiredo, K.; Palumbo, M.; Haddad, A. 
Integration of BIM and LCA: Evaluating the environmental 
impacts of building materials at an early stage of designing 
a typical office building. J. Build. Eng. 2017, 14, 115–126.

39. Raposo, C.; Rodrigues, F.; Rodrigues, H. BIM-based 
LCA assessment of seismic strengthening solutions for 
reinforced concrete precast industrial buildings. Innov. 
Infrastruct. Solut. 2019, 4, 51.

40. Schultz, J.; Ku, K.; Gindlesparger, M.; Doerfler, J. A 
benchmark study of BIM-based whole-building life-cycle 
assessment tools and processes. Int. J. Sustain. Build. 
Technol. Urban Dev. 2016, 7, 219–229.

41. Hollberg, A.; Genova, G.; Habert, G. Evaluation of 
BIM-based LCA results for building design. Autom. Constr. 
2019, 109, 102972.

42. S. Schwietzke, W.M. Grigffin, H.S. Matthews, 
Relevance of emissions timing in 
biofuel green house gases and climate impacts, Environ.
Sci.Technol. 45 (2011) 8197–8203.

43. Wu, W.; Kaushik, I. Design for Sustainable Aging: 
Improving Design Communication Through Building 
Information Modeling and Game Engine Integration. 
Procedia Eng. 2015, 118, 926–933.

44. Abdelaal, F.; Guo, B.H. Stakeholders’ perspectives on 
BIM and LCA for green buildings. J. Build. Eng. 2022, 48, 
103931.

45. Malmqvist, T., Glaumann, M., Scarpellini, S., Zabalza, 
I., Aranda, A., Llera, E., & Díaz, S. (2011). Life cycle 
assessment in buildings: The ENSLIC simplified method 
and guidelines. Energy, 36(4), 1900-1907.

46. Röck, M., Saade, M.R.M., Balouktsi, M., Rasmussen, 
F.N., Birgisdottir, H., Frischknecht, R., Habert, G., 
Lützkendorf, T., & Passer, A. (2020). Embodied GHG 
emissions of buildings – The hidden challenge for effective 
climate change mitigation. Applied Energy, 258, 114107.

47. Xing, W., Tam, V. W., Le, K. N., Hao, J. L., & Wang, 
J. (2022). Life cycle assessment of recycled aggregate 
concrete on its environmental impacts: A critical review. 
Construction and Building Materials, 317, 125950.

48. Häfliger, I. F., John, V., Passer, A., Lasvaux, S., Hoxha, 
E., Saade, M. R. M., & Habert, G. (2017). Buildings 
environmental impacts’ sensitivity related to LCA modelling 
choices of construction materials. Journal of cleaner 
production, 156, 805-816.

49. Palumbo, E. Effect of LCA Data Sources on GBRS 
Reference Values: The Envelope of an Italian Passive 
House. Energies 2021, 14, 1883.

50. Jungclaus, M., Esau, R. Olgyay, V., & Rempher, A. 
(2021). Reducing Embodied Carbon in Buildings: Low-
Cost, High-Value Opportunities. Rocky Mountain Institute.

51. Häkkinen, T., Kuittinen, M., Ruuska, A., & Jung, N. 
(2015). Reducing embodied carbon during the design 
process of buildings. Journal of Building Engineering, 4, 
1-13.

52. Cavalliere C, Habert G, Dell’Osso G R and Hollberg 
A 2019 Continuous BIM-based assessment of embodied 
environmental impacts throughout the design process 
Journal of Cleaner Production 211 941–52 

53. Heeren, N., & Fishman, T. (2019). A database seed for 
a community-driven material intensity research platform. 
Scientific data, 6(1), 23.

54. Geng, A., Ning, Z., Zhang, H., & Yang, H. (2019). 
Quantifying the climate change mitigation potential of 
China’s furniture sector: Wood substitution benefits on 
emission reduction. Ecological Indicators, 103, 363-372.



43se.com

55. Brown, N. C., & Mueller, C. T. (2016). Design for 
structural and energy performance of long span buildings 
using geometric multi-objective optimization. Energy and 
Buildings, 127, 748-761.

56. Ranalli, F. (2021). An Artificial Intelligence Framework 
for Multi-Disciplinary Design Optimization of Steel 
Buildings. Stanford University.

57. Feickert, K., & Mueller, C. T. (2024). Thin shell 
foundations: Quantification of embodied carbon reduction 
through materially efficient geometry. Architecture, 
Structures and Construction, 4(1), 15-36.

58. Materials Palette. (n.d.). Increase material 
efficiency and reduce use. Retrieved July 17, 
2024, from https://www.materialspalette.org/
increase-material-efficiency-and-reduce-use/

59. Xin, Y., Robert, D., Mohajerani, A., Tran, P., & Pramanik, 
B. K. (2023). Energy efficiency of waste reformed fired clay 
bricks-from manufacturing to post application. Energy, 282, 
128755.

60. A Ahmed, S., El Attar, M. E., Zouli, N., Abutaleb, 
A., Maafa, I. M., Ahmed, M. M., ... & Ragab, A. (2023). 
Improving the thermal performance and energy efficiency of 
buildings by incorporating biomass waste into clay bricks. 
Materials, 16(7), 2893.

61. DeRousseau, M. A., Kasprzyk, J. R., & Srubar Iii, W. 
V. (2018). Computational design optimization of concrete 
mixtures: A review. Cement and Concrete Research, 109, 
42-53.
62. IEA. (2019). Material efficiency in clean energy 
transitions. Material and Efficiency in Clean Energy 
Transitions.

63. Saidu, I., & Winston, S. (2016). ASTUDY OFTHE 
RELATIONSHIPBETWEEN MATERIAL WASTE AND 
COST OVERRUN IN THE CONSTRUCTION INDUSTRY. 
9th cidb Postgraduate Conference.

64. Rodriguez-Morales, J., Burciaga-Diaz, O., Gomez-
Zamorano, L. Y., & Escalante-Garcia, J. I. (2024). 
Transforming construction and demolition waste concrete 
as a precursor in sustainable cementitious materials: An 
innovative recycling approach. Resources, Conservation 
and Recycling, 204, 107474.

65. BigRentz. (n.d.). 24 Construction waste statistics. 
https://www.bigrentz.com/blog/construction-waste-statistics

66. Park, W. J., Kim, R., Roh, S., & Ban, H. (2020). 
Identifying the major construction wastes in the building 
construction phase based on life cycle assessments. 
Sustainability, 12(19), 8096.

67. Skoyles, E. R. (1987). Waste prevention on site. BT 
Batsford Limited.

68. Chen, C.X., et al. (2022). Comparative Life Cycle 
Assessment of Mass Timber and Concrete Residential 
Buildings: A Case Study in China. Sustainability, 14(1), 144.

69. Guo, H., et al. (2017). A Comparison of the Energy 
Saving and Carbon Reduction Performance between 
Reinforced Concrete and Cross-Laminated Timber 
Structures in Residential Buildings in the Severe Cold 
Region of China. Sustainability, 9, 1426.

70. Watari, T., Cao, Z., Hata, S., & Nansai, K. (2022). 
Efficient use of cement and concrete to reduce reliance on 
supply-side technologies for net-zero emissions. Nature 
communications, 13(1), 4158.

71. Gervásio, H., & Dimova, S. (2018). Model for life 
cycle assessment (LCA) of buildings: EFIResources: 
resource efficient construction towards sustainable design. 
Publications Office of the European Union.



Life is On

Legal disclaimer

44

Legal disclaimer
The contents of this publication are presented for information purposes only, and while efforts have been made to ensure their 
accuracy, they are not to be construed as warranties or guarantees of any kind, express or implied. This publication should not 
be relied upon to make investment advice or other strategic decisions.

The assumptions, models and conclusions presented in the publication represent one possible scenario and are inherently 
dependent on many factors outside the control of any one company, including but not limited to governmental actions, evolution 
of climate conditions, geopolitical consideration, and shifts in technology. The scenarios and models are not intended to be 
projections of forecasts of the future and do not represent Schneider Electric’s strategy of business plan. 

The Schneider Electric logo is a trademark and service mark of Schneider Electric SE. Any other marks remain the property of 
their respective owner.
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