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Abstract. The global warming effect represents an increasingly severe environmental issue in the 
contemporary world, with the construction industry contributing up to 40% of greenhouse gas emissions. 
Therefore, as advancements in technology have enabled the realization of net-zero energy buildings, there 
has recently been a growing focus on research primarily aimed at reducing the embodied carbon (EC) of 
building materials. Assessment and calculation of EC emissions in buildings typically utilize life cycle 
assessment (LCA) methodologies, evaluating both direct and indirect carbon emissions throughout all stages, 
from raw material extraction to end-of-life demolition. However, the substantial potential of carbon 
reduction within the material beyond life cycle stage in the building, which is the decisive process of closing 
the loop of circular economy, is often overlooked. This paper examines a large number of research cases on 
EC in buildings over the past 20 years, selectively identifying those including the benefits beyond life cycle 
of buildings. By conducting a case-by-case analysis of methods and tools employed for the assessment of 
circular practices, their respective strengths, weaknesses, and variances are evaluated. Following the 
normalization of EC in phase A-D, a significant research finding revealing that buildings can offset an 
average of -113.9 kg CO2e/m2 of carbon emissions through recycling and reuse in phase D, accounting for 
16.85% of the total EC assessed in LCA. Steel recycling offsets the highest amount of carbon emissions, 
with an average number of -183.86 kg CO2e/m2.  The objective of this paper is to identify the key factors 
that influence carbon emissions in the circular economy and to identify methods and tools for integrating 
building materials at the early design stage to minimize EC emissions throughout the entire lifecycle of 
buildings.

1 Introduction 

The global community is currently observing an 
alarming surge in the quantity, velocity, and magnitude 
of climate records being shattered: 2023 is projected to 
establish a new record as the hottest year ever recorded. 
1. The IPCC AR6 points out that the globe is 1.1.C (2.F) 
warmer due to greenhouse gas (GHG) from human 
activities 2. The International Energy Agency (IEA) 
released an energy report in 2019, which revealed that 
carbon emissions from buildings accounted for 39% of 
the total global carbon emission 3. Among these, 28% 
were attributed to operational carbon emissions from 
buildings, while 11% originated from emissions 
released during the stages of construction materials 
manufacturing, transportation, construction, 
maintenance, repair, and end-of-life disposal, known as 
EC 4. Based on the European Green Deal, it is estimated 
that material extraction, manufacturing of construction 
products, and building construction and renovation 
contribute to approximately 5-12% of total national 
GHG emissions. Implementing enhanced material 
efficiency measures has the potential to reduce up to 80% 
of these emissions. 5. There is a worldwide fast-growing 
interest on building materials' energy and carbon 
emissions [6]. Recent studies have emphasized the 
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growing significance of EC as a result of significant 
efforts aimed at reducing operational carbon emissions 
7. When people keep operational carbon at minimum 
levels, and an increasing number of net-zero energy 
buildings are realized, it signifies that the EC emissions 
of buildings have almost become the primary source of 
carbon emissions from the built environment.  

Currently, research on the EC of buildings primarily 
focuses on the production stage of materials, with few 
studies addressing the circular recycling and reuse of 
materials. However, the end-of-life phase of buildings 
determines whether the materials of a building's 
lifecycle become a closed loop. Examining the 
application of building materials from the circular 
economy perspective would significantly reduce the 
whole building life cycle carbon. For example, the 
research shows that the emissions from the production 
and transportation of all building materials can be 
almost entirely offset (98% reduction) by the biogenic 
carbon embodied in timber products if they are reused 
following deconstruction 8. From the perspective of the 
circular economy, there is no such thing as waste if all 
materials can be reused. Therefore, future studies should 
assess other aspects beyond carbon and energy 
consumption according to a cradle-to-grave/cradle-to-
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cradle system boundary to improve comprehensiveness 
9. 

This study seeks to conduct a comprehensive 
analysis of scholarly papers regarding EC in buildings 
published over the past 20 years. It examines all case 
studies including building's material LCA of EC in 
phase D, with 28 out of 266 articles meeting this 
criterion. The review focuses on methods and tools for 
calculating building life cycle carbon emissions for 
material recycling and reuse, as well as the 
normalization of carbon offset values generated during 
material recovery. The article systematically collects 
information and data from both quantitative and 
qualitative perspectives, placing all cases under the 
same standard to assess the current status of EC within 
a circular economy context. Finally, the article discusses 
the results of the gathered information and data, along 
with prospects for future research directions. 

2 Embodied carbon in the circular 
economy: State-of-the-art 

2.1 Building embodied carbon and circular 
economy 

In the past few years, a wide variety of regulatory tools 
and a rich normative framework on circular economy 
have been established.  The concept of the circular 
economy focuses on revolutionizing the complete cycle 
of manufacturing, utilization, delivery, and reclamation 
of goods based on a cradle-to-cradle perspective. 10. 
The system boundary of embodied carbon was defined 
clearly from EN 15978 and ISO 21930:2017 1112. 
When evaluating the life cycle of EC, it is imperative to 
meticulously delineate each phase from A to D, 
encompassing all upstream and downstream processes 
spanning from raw material acquisition to disposal. 
However, it is crucial to shift the current practice of 
demolishing buildings towards deconstruction during 
their end-of-life phase 13. ISO/FDIS 59004 defines key 
terminology, principles, and guidance to a circular 
economy; ISO/DIS 59040 provides the product 
circularity data sheet, while ISO/FDIS 59020 provides 
the framework for measuring and assessing circularity 
performance. The Circular Economy Action Plan 
(CEAP), launched in 2020 by the European Green Deal, 
introduces legislative and non-legislative measures 
along the entire life cycle of products 14. It establishes 
principles of sustainability, encompassing 
enhancements in product durability, reusability, 
upgradability, and reparability. It also encourages the 
adoption of product-as-a-service models and facilitates 
the digitalization of product information through 
mechanisms like digital passports. This practice has 
resulted in the creation of a diverse range of distinctive 
documents including interinstitutional agreements, 
resolutions, conclusions, communications, green papers, 
and white papers. 

The barriers are also significant, as well as the 
advantages of circular reactions, models, and processes, 
such as technical barriers, normative and cultural 
problems, data availability and digital resistance, etc. It 

shows about 69% of the published research did not 
consider waste management at all 9. In response to the 
barriers, there are four types of building circular 
economy practices: closed-loop recycling, open-loop 
recycling, design for disassembly (DfD), and 
refurbishment 15. ISO 20887:2020 provides an 
overview DfD principles and potential strategies for 
integrating these principles into the design process. 
Business model innovations to enable secondary 
material use involve establishing key partnerships to 
access secondary materials 16. In recent years, there has 
been a growing interest in articles about prefabricated 
buildings because they align with the principles of DfD, 
allowing for efficient demolition and preservation of 
building components for future use, thus achieving 
material recycling. 

2.2 Current methods and tools for calculating 
embodied carbon 

The calculation methods for life cycle carbon footprint 
typically consist of three approaches: bottom-up 
(process-based), up-to-bottom (economic input-output), 
and hybrid 17.  Several studies have shown that most 
variations among LCA studies arise from the differences 
in the system boundary and scope 18. However, there is 
no recognized worldwide circular economy assessment 
framework for the built environment 15. Most 
simulation software adopts a process-based LCA 
method and is developed according to the LCA 
approach specified in ISO 14040/14044 and PAS 2050 
19. The wide range of choices and assumptions made in 
different studies significantly affects outcomes, so 
building typology, scope, assumptions, system 
boundary and climate must be given when comparing 
LCA outcomes from different studies 20.  

Numerous LCA tools and softwares are available to 
assist in calculating OC and EC emissions. The 
simulation tools capable of calculating EC are 
summarized in Table 1. Some softwares are applied only 
in specific regions (e.g., BESLCI), and some other 
integrated software, on the contrary, can be used in 
multiple countries. For instance, the building circularity 
add-on for One Click LCA software, used in over 100 
countries, offers an alternative measure of CE using a 
bill-of-materials, the share of these that are renewable, 
reused, and recycled, and each material’s proposed end-
of-life process 21. Some tools (e.g., BHoM, Athena, 
GaBi, Pathfinder) are linked to authorized carbon 
emission factors (e.g., EPD, ecoinvent, ICE database). 
Some tools can be visualized by a diagram or building 
3D modeling (e.g., One Click LCA, Tally, Beacon, 
LCADesign). Some computational software such as 
Gabi, SimaPro, OpenLCA, CLEAR, Umberto, among 
others, are specialized tools for calculating LCA 
comprehensively, in addition to estimating EC, these 
software packages are also capable of calculating OC. 
The need to verify the accuracy of the proposed 
estimation methods, as well as modify the existing 
methods to account for project-specific conditions and 
uncertainty, were highlighted 22. 

Today, the architecture, engineering, and 
construction (ACE) environment demand both 
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efficiency and quality, and Building Information 
Modeling (BIM) undoubtedly stands out as the epitome 
among contemporary architectural software solutions. 
BIM is defined as a set of interrelated policies, processes, 
and technologies that generate a systematic approach to 
managing the critical information for building design 
and project data in digital format throughout the life 
cycle of a building 23. According to ISO 21930, two 
major beneficial features of BIM for sustainable 
building design are those of integrated project delivery 
(IPD) and design optimization 24. More importantly, 
since the stage that determines the size of the carbon 
emissions in the entire life cycle of a building is the early 
design stage ，  advancements in BIM have helped 
architects and engineers to access tools that allow them 
to analyze energy efficiency measures and integrate 
them into their designs. Akanbi et.al. 25 created a BIM-
based tool for estimating the salvage performance of 
buildings from the design stage. It is expected that a 
more complex green BIM model will generate vast 
amounts of data and that greater information storage 
capacity will be required for adequate monitoring and 
managing of a building's sustainability performance 26, 
so that the concept of circular economy can be 
introduced into the design of sustainable architecture. 

3 Methodology 

3.1 Procedure of selecting papers and cases 

This paper systematically reviews all cases published in 
the past 20 years related to calculating the EC emissions 
of buildings. It is imperative to delineate the scope and 
selection criteria for the research cases. This paper aims 

to identify the most effective tools and methods for 
assessing the EC emissions of the whole building life 
cycle, and to ascertain the most widely applicable, 
accurate, and practical instruments by examining the 
LCA methods and construction stages to which these 
tools are applied. Through a comprehensive analysis of 
their strengths and weaknesses to evaluate the current 
carbon emission calculation methods for materials' 
circular transition and assess the recycling status of 
building materials, to provide more optimized design 
decisions for early-stage building recycling. 

Following the target above, a systematic literature 
review was conducted to gather all methods for 
calculating EC in buildings, refer to Figure 1 for the 
process of literature screening. This classification was 
examined from four perspectives: circular economy 
assessment rate, calculation methodologies, application 
of calculation tools, and building material recycling rate. 
A strict search process was employed based on the 
checklist provided by PRISMA, which aimed to ensure 
the accuracy of search results and minimize any 
potential biases. Significantly, the advent of scientific 
databases like Scopus and Web of Science has greatly 
aided in obtaining extensive amounts of bibliometric 
data. This study utilized the following keywords to 
define the search scope: (carbon OR "carbon emission" 
OR "CO2 emission" OR "carbon footprint" OR "GHG 
emission" OR "greenhouse gas emission") AND 
building* AND "embodied carbon", then conducted 
searches on the Scopus and Web of Science Websites. 
The search terms were limited to articles, including 
article titles, abstracts, and keywords. The time period 
was set during past 20 years, from 2004 to 2024, with 
document type limited to articles and language limited 
to English. The retrieved articles were consolidated, 

Fig. 1. Procedure of filtering paper of embodied carbon of building in the year 2004-2024. 
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with 466 duplicates removed and 130 irrelevant ones 
eliminated, resulting in 587 articles remaining. A rapid 
review of the content facilitated the categorization 
process, identifying 537 articles relevant to calculating 
EC in buildings. Further refinement was conducted 
based on the scale of the research subjects, leading to the 
extraction of 266 articles specifically addressing the 
computation of EC emissions for individual buildings. 
The review will be scrutinized both in quantitative and 
qualitative.  

3.2 Detail analysis of published cases 

The specific classifications and quantities are detailed in 
Figure 2. The scrutiny of 266 articles on building 
assessment necessitates alignment with the system 
boundaries outlined by ISO 21930 and EN 15978:2011. 
The EC assessment is divided into four stages: 
production stage (A1-A3), Construction stage (A4-A5), 
in-use stage (B1-B5), end-of-life stage (C1-C4), and 
beyond life cycle stage (D1-D2). This paper examines 
how reuse, recycling, and carbon recovery of building 
materials can be addressed in the beyond life cycle stage. 
Therefore, case analysis will be conducted for all cases 
which are including stage D. After filtering the 266 
cases to remove articles lacking building cases and those 
focusing on prefabrication research and simply analyses 
building component, there are 183 articles remain. The 
183 articles were categorized and organized according 
to different stages, and articles containing phase D were 
carefully reviewed. The review results revealed that 
there are only 28 articles containing Phase D, from 
which 33 cases were extracted. Next, each case's 
calculation method and application tools were 
documented, along with the carbon reduction measures 
taken for each material during the recycling phase. The 
second step involved normalization. Articles containing 
data results were selected. Since the calculation 
functional unit used in most articles is m2, m3 and kg, 
the extracted articles also needed uniform units. The 
first set of data extracted was the EC emissions at each 
stage of the LCA, followed by data on the carbon 
emissions saved by different materials through recycling 
and reuse. 

4 Results 

Fig. 3. Result of paper with embodied carbon analysis in different LCA stages. 

Fig. 2. Workflow of systematic review. 
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4.1 Report EC results from the published paper 

The papers analysing EC and building material 
recycling were filtered using the method outlined in 
section 3.2. In the selection of 183 papers, a total of 28 
paper is including the phase D in their LCA research 
methods, which is taking 16% of all papers. Among 
these 28 papers, 45 case studies were collected. The 
results of all articles surveyed are depicted in Figure 3. 
Over half of the studies concentrated on the product and 
construction stages (A1-A5), which accounted for 58% 
of all papers. Similar findings were observed in the 
study by Pomponi and Moncaster, where they found that 
the end-of-life stages (C1–C4) and stage D, which 
address the benefits and costs after the end of a 
building's life, were covered in less than one-third of the 
papers. 

4.2 Tools for assessing building life cycle 
embodied carbon 

Among the 28 articles discussing the EC of building 

recycled materials, 16 articles utilized calculation tools, 
as illustrated in Table 1. The most commonly used tools 

for calculating EC were Athena, SimaPro, and Tally. 
Athena and Tally are freely available to users, whereas 
SimaPro charges for partial functions. Athena is 
relatively simple and user-friendly, particularly for non-
experts in carbon assessment, but it is customized for 
various regions in North America, which limits its 
database's applicability. SimaPro, utilized in over 80 
countries, offers greater flexibility in handling complex 
building models, albeit it is operationally complex, 
time-consuming, and labor-intensive, making it less 
user-friendly for non-carbon experts. Tally is a BIM-
based simulation software that can extract information 
from building models as a plug-in tool for Revit. It 
boasts the most intuitive user interface and 
visualizations, aiding users in better understanding 
assessment outcomes. Tally's data sources are abundant 
and reliable, ensuring high data accuracy and credibility. 
However, it involves complex carbon emission 
calculation models and methods, requiring time to learn 
and manipulate, it is also necessitating payment for 
purchase. Besides the bussiness tools, some researches 
have also developed novel calculation methods. Tingley 

et al. 39 propose a methodology for conducting LCA 
research on reused materials or products/buildings that 

Table 1. Publish paper with cases using auxiliary tool for assessing embodied carbon of recycled materials. 

Case studies calculating embodied carbon with auxiliary tools in phase D 

Paper Region 
Building 

type 
Lifespan Stage 

Main 
structure 

Methods Auxiliary Tool 

Sansom et al. 28 UK Commercial - A1-D - Bottom-up CLEAR 

Chen et al. 30 USA Commercial 60 A1-D - Bottom-up 
Athena Impact 

Estimator( IE4B) 
Martínez-

Rocamora et al. 
31 

Spain Residential - A1-D 
Reinforced 

concrete 
Bottom-up 

Revit+Tally, RF 
ML algorithm 

Ma et al.    32 USA Office 100 A1-D 
Reinforced 

concrete and 
steel 

Bottom-up Revit+Tally 

Dani et al. 33 
New 

Zealand 
Residential 90 A1-D 

Timber and 
steel 

Bottom-up LCAQuick V3.4.4 

Keskin et al. 34 Turkey Residential 50 A1-D 
Reinforced 

concrete 
Bottom-up AIEB,TRACI 

Blay-Armah et 
al. 35 

UK supermarket - D Steel Bottom-up Revit 

Luo et al.  [36] UK Office - 
A1-

A3,C1-D 
Concrete I-O PSO algorithm 

Ajayi et al. 37 - Office 30 A1-D Brick/block Hybrid 
Revit, BIMWASTE 

tool ，ATHENA 
Impact Estimator 

Temizel-
Sekeryan et al. 

38 
USA Office 100 A1-A3,D - Bottom-up 

SimaPro 
Professional v7 

Tingley et al. 39 - - 100 D - I-O Sakura 

Fregonara et al. 
40 

Italy Office 30 C1-D - Hybrid 
Designing out 
Waste Tool 

(DoWT) 

Su et al.     41 China Hotel 70 A1-D 
Reinforced 

concrete 
I-O SimaPro 9.0 

Deng et al. 42 China - - A1-D - I-O BIM, IFC 
Dolezal et al. 43 Austria Residential 100 A1-D Concrete Hybrid Eco2soft 

Greene et al. 8 USA Office 100 A1-D 
 structural 

steel，mass 
timber 

Hybrid 
Waste Reduction 
Model (WARM) 
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integrate design strategies to enable easy dismantling, 
thereby promoting future reuse opportunities. The 
similar methodology has been used within the LCA tool 
Sakura. Sakura is specifically created for designers to 
explore the benefits of design for deconstruction for the 
structure of their projects. Fregonara et al. 40 proposed 
a methodology for supporting decision making in design 
activities based on a conjoint “economic-environmental 
indicator”. The assessment of building scores is 
conducted by evaluating the relationship between 
environmental indicators and economic costs.  

BIM is playing an important role when it comes to 
assessing building LCA. In order to simplify the 
calculation, Giaveno et al. 44 focuses on integrating the 
Environmental Product Declaration (EPD) data with 
parametric and computational procedures, it facilitated 
the computation of EC and embodied energy while 
developing a user-friendly interface for result retrieval. 
There exist BIM-based simulation software that enables 
the direct extraction of building material quantities from 
BIM models, providing real-time data feedback based 
on model adjustments. Establish linkage between the 
operation phase and the corresponding embodied phase 
of the building by using the plug-in LCA 
module, Tally, to compute environmental emissions 
from different phases of the building life cycle, 
including disposal 45. The IFC defines the basically 
underlying information needed as data input in 
calculating EC, including four parts: (1) Fundamental 
information; (2) Geometric information; (3) Position 
information; (4) Material information. Deng et al.   42 
proposed a design software that allows to import BIM 
models into the EC calculation software through IFC for 
integration and calculation, after providing the low-
carbon options and recalculating the under low-carbon 
measures to optimize the design scheme. A key output 
from this work was the establishment of a workflow that 
enabled iterative design feedback. 

The emergence of artificial intelligence has 
propelled research into the embodied carbon of 
buildings into a new domain. Machine learning (ML)'s 
greatest advantage lies in its ability to learn patterns and 
classifications from vast amounts of historical data, 
organizing data through various mathematical formulas. 
As new data surfaces, it assimilates this information 
based on past occurrences, thereby predicting future 
trends. In the application of EC research, the most 
prevalent ML algorithms are support vector machine 
(SVM), regression model, random forest model (RF) 
and artificial neuron network (ANN). In the examination 
of building recycling cases, according to the study 
conducted by Martínez-Rocamora  et al. 31, it was 
observed that the regression model exhibits potential in 
predicting the environmental consequences of 
upcoming construction projects and can be effectively 
employed for analyzing larger urban areas. Regarding 
the optimization of EC in early-stage building design, 
various optimization models exist, such as the PSO 
algorithm and Montecarlo analysis. However, the 
drawback of ML lies in its requirement for extensive 
data to train models, which poses significant challenges 
for complex engineering projects like construction, 
involving multiple stakeholders.  This difficulty arises 

from incomplete data collection and the reliability of 
data sources.  Therefore, the application of BIM in 
construction becomes particularly important. Serving as 
an information integration platform, the assistance of 
BIM provides a digital environment that elucidates the 
complexity of assets' elements and system boundaries 
46. Consequently, within the construction industry, a 
call for data becomes imperative 47. Ensuring 
transparency in the information used to calculate carbon 
emissions while simultaneously providing data support 
for future carbon emission predictions both in the small 
and large scale of architectures. 

4.3 Normalization of embodied carbon by LCA 
phases 

The data was extracted from published papers, of which 
82% were sourced from the past 5 years, indicating an 
increasing recognition of the significance in addressing 
carbon emissions associated with recycling and utilizing 
building materials, as well as highlighting their potential 
for future research. Among the 28 articles containing 
phase D, a total of 45 cases with valid information were 
collected. Although these cases exhibit variations in 
their research scope, they all provide insights into the 
EC emissions of each stage of LCA. Since the functional 
unit used in most cases is m2 gross floor area (GFA), the 
results of EC in this study are expressed in m2 rather 
than m3 or kg. The normalized results are illustrated in 
Figure 4 and Figure 5.  It demonstrates the range and 
average values of EC at each stage, highlighting that the 
production and construction phases contribute the most 
to EC emissions. According to Figure 4, the average 
emissions in stages A1-A3 are 306.8 kg CO2e/m2, 
accounting for approximately 74.45% of the total EC 
emissions over the building's lifecycle. Following 
closely are the maintenance stages (B1-B5) and end-of-

life stages (C1-C4), with average EC emissions of 64.42 
kg CO2e/m2 and 61.76 kg CO2e/m2, respectively, 
representing an average of 10.45% and 13.35% of the 
total. In the beyond life cycle stages (D1-D2), the EC 
emissions offset by the recycling and reuse of building 
materials result in an average offset of -133.99 kg 

Fig. 4. Distributions of EC emissions under LCA different 
stages. 
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CO2e/m2, constituting approximately 16.85% of the 
entire lifecycle.  

In stage D, which involves material recycling and 
reusing, the EC emissions of buildings are subject to 
significant variations, particularly concerning the 
primary materials used in the construction and the 
building's main structural components. Considering the 
utilization and recycling of materials, further analysis 
was conducted on the material recovery rates from the 
past 28 papers related to phase D. The result of 
normalization of each materials in shown in Figure 6. 
The statistical results indicate that the primary materials 
targeted for recovery in the cases are steel, concrete, 
timber, and metal. Brick and masonry are not within the 
scope of this study due to the lack of available data. 
Among these, steel and timber exhibit the highest 
carbon offset from recycling, with average offsets 
number of -183.86 kg CO2e/m2 and -84.13 kg CO2e/m2, 
respectively. Metals such as aluminium also show 
relatively high recycling rates, resulting in a carbon 
offset of -32.6 kg CO2e/m2. Concrete demonstrates the 
lowest recycling rate, thus resulting in the least amount 
of carbon offset with an average number of -2.39 kg 
CO2e/m2. 

4.4 Low-carbon strategies in achieving material 
circular economy 

4.4.1 Strategy 1: select high-grade low carbon 
and secondary materials 
Using high-grade products (materials with high 
durability) with high-recycled content (create demand 
for recycled and secondary materials in closed loops) 
gives significant reduction on EC. It can prolong 
construction’s life span, thus contribute to waste 
prevention and lower EC emission per unit. The 
utilization of secondary materials in the construction of 
buildings results in a decrease in energy consumption 
for new processes and a higher level of environmental 
benefits, as opposed to buildings constructed using 
primary raw materials 48. Designers and other members 
of the project team are required to take into account 
strategies aimed at minimizing the amount of energy 
consumed during the construction phase of buildings 37. 
Compared to steel, the recyclability of concrete is 
limited. However, measures can be taken to reduce the 
EC emissions of concrete, such as minimizing the use of 
cement and incorporating additives into aggregates to 
enhance the structural performance of concrete 49. 
Utilizing lightweight concrete to minimize the quantity 
of concrete used and optimize a building's structural 
system can greatly contribute to reducing both the 
environmental impact and EC associated with 
construction 32.  

Biomaterials, as a natural material, are 
recommended for promotion in the literature due to their 
sustainability and minimal impact on human health and 
the environment. For example, hemp was assumed to be 
used instead of mineral wool as an insulation material as 
it is a natural alternative, has lower EC, and is 
biodegradable. The use of plant or bio based 
construction materials can help to offset the 
environmental effects of climate change 50.  

4.4.2 Strategy 2: Choose high recyclability 
materials - recycle, reuse, remanufacture 
Research shows adopting resource recovery principle 
can lead to 37% GHGs reduction from building 51. 
Compare with recycle and landfill as two waste 
treatment methods for end of life of building, the 
recycling is the most preferable treatment approach 35. 
Wood exhibits excellent recycling and carbon 
sequestration characteristics. In line with globally 
recognized carbon footprint guidelines such as PAS 
2050, ISO 14067, and WRI GHG Protocol for Products, 
it should be noted that if reforestation efforts are 
undertaken following logging activities, the growth of 
forests can result in a decrease in atmospheric carbon 
dioxide levels. This phenomenon is commonly referred 
to as negative carbon emissions. According to the 
research conducted by Chen et al. 30, taking into 
account the carbon stored in cross-laminated timber 
(CLT) used in construction, the reduction in GHG 
emissions would increase to 69.5%. This comparative 
analysis highlights CLT as an intelligent alternative for 
structural components like walls and floors, when 
compared to conventional building materials such as 

Fig. 6. The result of carbon emissions offset in the recycling 
phase D of materials. 

Fig. 5. The proportion of embodied carbon emissions at each 
stage to the total life cycle emissions. 
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concrete and steel. Steel has considerable contribution 
to the EC because of hot-dip galvanization during 
production processes while it also has a higher 
recyclability ability 34. Dani et al. 33 found that the light 
timber house had around 50% fewer carbon emissions 
than the light steel house during its material production 
stages. However, the carbon offset from the light steel 
house was twice as high as the light timber house. 

4.4.3 Strategy 3: Design for deconstruction and 
materials recovery 
Developing designs that facilitate the disassembly of 
construction products, enabling easy separation into 
reusable components and promoting reassembly, 
reconfiguration, and recycling. According to Morales-
Beltran et al.  52, the incorporation of disassemblable 
timber components in the redesign of a hybrid steel-
timber residential building, along with the consideration 
of carbon sequestration factor, facilitates progress 
towards achieving the zero-carbon emissions target. 
Similar findings are provided by Greene et al. 8, the 
research shows the emissions from the production and 
transportation of all building materials can be almost 
entirely offset (98% reduction) by the biogenic carbon 
embodied in the timber products if timber products are 
re-used following deconstruction. Regarding to evaluate 
recovery potential of building components, Cottafava et 
al. 53 developed a new disassembly criteria，which are 
Types of connection, Connection Accessibility, 
Crossings, and Form Containment. Joensuu et al. 54 
encourages the construction sector to think of buildings 
as a set of separate product systems with potential for 
reuse and created a new method for buildings’ LCA to 
account for the benefits of design for disassembly 
components.  The DfD makes the components to be 
recycled easier. This step can also selectively demolish 
materials by level of hazard and increase source 
separation into high-value, pure material fractions.  

4.4.4 Strategy 4: carbon capture, utilisation and 
storage (CCUS) 
CCUS is a technology and method aimed at reducing 
atmospheric CO2 emissions by capturing, utilizing, 
and/or storing CO2 generated during industrial processes. 
For the first time in almost a decade, 2018 saw an 
increase in plans to develop large-scale CCUS facilitie 
55. A CO2 utilization technology called CarbonCure, 
was considered in Temizel-Sekeryan et al. 38’s study. 
CarbonCure injects post-industrial CO2 into concrete 
during the mineralization phase to reduce the need for 
cement. This process also helps to permanently embed 
CO2 in concrete as a form of mineral. The CO2 stored in 
the form of carbon in the timber itself (around 50%), 
leads to a net negative GWP.  In the central Europe 
building design, more carbon is stored in the mass 
timber building than is released (fossil and biogenic 
based) during production (A1–A5) 43. Renewable 
energy is also an important alternative means of 
decarbonizing  material production. 

5 Discussion 

This paper adopts a systematic review and meta-analysis 
approach to investigate how methodologies and tools 
impact the assessment of EC in buildings with the aim 
of achieving the circular economy. A total of 266 
articles related to building embodied carbon published 
between 2004 and 2024 were screened, from which 45 
cases involving the calculation of material embodied 
carbon in phase D were identified. By comparing 
different cases based on a consistent variation, the study 
ensured that results could be compared on the same 
dimension. Following the collection of result 
information and data, several key findings emerged 
from the study. 

Firstly, although the quantity of research on EC 
emissions is significantly less compared to OC 
emissions, there has been a gradual increase in research 
output in recent years. However, regarding the EC 
emissions of building life cycles, this topic encompasses 
a wide scope of content, involves complex methods, and 
faces numerous obstacles. These obstacles include 
variations in calculation methods (bottom-up, input-
output, hybrid), differences in regulations across regions, 
diverse sources of EC emission factors, utilization of 
different tools, and the lack of data in bill of quantities, 
resulting in disparities in results and the inability to 
establish unified measurement standards globally. 
Research on carbon emissions in LCA Phase D remains 
scarce, constituting only 16% of all articles. Only a 
limited number of studies have assessed the entire life 
cycle of conventional buildings from a cradle-to-cradle 
perspective, aligning with the findings of Ghisellini et al. 
56 This research also indicates that 58% of papers focus 
on reducing EC in materials during the production and 
transportation processes. Specifically, only 16% papers 
consider building material recycling in the early design 
stages, missing the critical period for determining 
material end-of-life treatment. Therefore, this paper 
advocates for stakeholders in the building sector to 
prioritize building material reuse in early-stage design 
and integrate it into the assessment of the building's 
entire life cycle.  

Secondly, the results of normalization indicate that 
material production and construction have the highest 
EC emissions, followed by end-of-life and maintenance. 
The carbon emissions offset during the material 
recycling and reuse stage are particularly crucial in the 
context of the circular economy, with an average offset 
of -113.99 kg CO2e /m2, accounting for 16.85% of the 
entire lifecycle. In the process of building material 
recycling, steel, concrete, timber, and metal are 
frequently mentioned as recycled materials, with steel 
having the highest offset at -183.86 kg CO2e/m2. The 
range of steel's offset in the studied cases varies from -9 
to -297 kg CO2e /m2. The material with the lowest 
recycling rate is concrete, with a carbon offset of only -
2.39 kg CO2e/m2. This is mainly due to concrete being 
the most widely used material, yet its recycling process 
is complex and economically costly, thus limiting its 
recycling and reuse. In the calculation of the entire life 
cycle carbon footprint of buildings, there are many 
factors that can affect the results, including material 
selection, sources of carbon emission factors, building 
GFA, and building lifespan. For instance, Pan et al. 19 
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concluded after comparing 244 cases related to EC that 
the assessment of EC is highly dependent on the 
building's lifespan. The longer the lifespan, the lower the 
average EC of the materials per unit. 

Thirdly, in terms of the calculation methods and 
simulation software for EC in buildings, traditional 
manual methods are predominantly utilized, where 
calculations are conducted stage by stage. For the 
recycling stage of buildings, the most commonly used 
tool is the Athena Impact Estimator ， TallyLCA, 
SimaPro. Some tools are user friendly and designed for 
none expert such as Athena, whereas SimaPro and 
TallyLCA is more time consuming to learn how to use 
as well as input all the building data. The BIM plug-in 
module TallyLCA was used for life cycle assessment, 
which would omit additional manual input of data. 
Despite the widespread approval and usage of EC 
impacts estimator in building simulation and LCA, it 
should be emphasized that the precision of simulated 
outcomes is heavily reliant on the choice of tools 37. It 
was found that clearly, narrating measurements on the 
benefits of circularity concerning emissions is a 
complicated task, mainly due to a lack of unified metrics 
and interpretation. Therefore, a standardized 
measurement is required to provide accurate 
information on emissions 57, so that the result can be 
normalized and compared. 

Finally, in order to minimize the EC of buildings 
during the early stages of architectural design, it is 
essential to plan the selection of building materials in 
advance and consider their reuse and recycling at the 
end-of-life stage. Through the synthesis and analysis of 
published cases, four main strategies for carbon 
offsetting of building materials have been identified: (1) 
Select high-grade low carbon and secondary materials. 
(2) Choose high recyclability materials - recycle, reuse, 
remanufacture. (3) Strategy 3: Design for 
deconstruction and materials recovery. (4) Carbon 
capture and sequestration technology. Therefore, it is 
crucial to consider the entire lifecycle, including the 
beyond-life-cycle stage of material reuse, during the 
early design stages, aiming to achieve a cradle-to-cradle 
closed-loop supply chain for materials. 

6 Conclusion and future work 

Although recent research has increasingly focused on 
reducing the EC emissions of building materials, the 
majority of studies have concentrated on the production 
stage of materials, with very few studies investigating 
the EC emissions generated during the end-of-life and 
recycling stage of building materials. The recycling of 
building waste hold significant potential for carbon 
offsetting and future research opportunities. To date, 
there is no unified global framework for calculating the 
carbon emissions of material recycling. This diversity in 
calculation methods and tools across each case means 
that the accuracy and reliability of calculation results 
cannot be guaranteed. In response to this barrier, it is 
essential to establish regulations and standards for low-
carbon material recycling methods in the future. To 
promote the diffusion of circular design practices, it will 

be necessary to provide information, already at the 
early-design stage, about cradle-to-cradle dismantling, 
recycling schemes and their impact on carbon emissions. 
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