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The environment demands a reduction in greenhouse gas (GHG) emissions, as building and construction are responsible
for more than 40% of the energy consumed worldwide and 30% of the world’'s GHG emissions. Many countries have
aligned themselves with the Paris agreement, following its target of achieving net zero carbon emissions, although some
governments are focused on the operational energy efficiency part of the equation instead of the whole equation. Building
embodied carbon assessments can be compared to the more widely used and standardized life cycle assessment
approach in terms of methodology (LCA), which focuses on quantifying carbon emissions throughout a building’s life
cycle.
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| 1. Introduction

The major source of carbon emission is continued to be buildings and construction, accounting for 40% of all emissions
connected to energy. Of the 40%, 12% comes from embodied carbon (EC), which is associated with different stages over
the life cycle of the building. The remaining 28% represents the carbon offset, which represents different energy usages in
building operations such as heating, cooling, and electrical appliances 2. According to research, with the surge in urban
sprawl, GHG emissions may be doubled in relation to the construction and building industry in the following 20 years if
significant improvements in building efficiency are not made . The different stages of a building's life over which the
emission of carbon and energy use occur are: (I) material extraction, (ll) material processing and component
manufacturing, (lll) construction and assembly, (IV) operation and service, and (V) end of life (EOL); these stages cover
the assessment of the building from cradle to grave . In addition, the transition between these phases accounts for
considerable emissions related to transport, which is a consequential aspect, that must be considered in carbon emission
estimation.

Embodied carbon generally refers to the carbon dioxide (CO,) emissions associated with the construction and material life
throughout a building or infrastructure’s whole life span. It includes any CO, produced during the extraction,
transportation, and fabrication of building materials, as well as the transportation of those items to the project site and the
construction methods utilized. Simply put, embedded carbon refers to a building’s or infrastructure project’'s carbon
footprint before its completion. It also refers to the CO, emitted when maintaining and eventually deconstructing the
structure, as well as transporting and recycling the garbage. Carbon that is produced through electricity, heat, lighting, and
other sources is not the same as carbon that is embodied.

Building embodied carbon assessments can be compared to the more widely used and standardized life cycle
assessment approach in terms of methodology (LCA), which focuses on quantifying carbon emissions throughout a
building’s life cycle. Single-point estimations of an average numerical output based on deterministic data typically lack the
relevance or variability of that number. In comparative studies, the LCA point value findings are superposed and directly
compared, for example, when the performance of two buildings is evaluated. The ostensibly less harmful option is chosen
without regard for the possibility of making a mistake.

| 2. Estimation of the Embodied Carbon of Buildings

Currently, life cycle assessment (LCA) is considered the most practiced methodology used to evaluate environmental
issues in the context of buildings (. It offers a framework for measuring and evaluating environmental effects over the
whole life cycle of a system of goods or services, from conception to disposal [, It streamlines the estimating approach,



and is thus commonly used in evaluating a building’s energy and carbon footprint. The International Organization for
Standardization has formalized four major steps of the LCA: goal and scope definition, inventory analysis, impact
assessment, and interpretation (ISO-14040, 2006) €. The objective of the system, as well as the system’s boundaries and
functional units, must be defined in the initial step of any LCA application. This is because it is believed that the model and
the simulation assumptions will have an impact on the LCA output. By doing this, the likelihood of incorrectly interpreting
LCA results is reduced B Buildings on the other hand are unique and differ from controlled industrial processes
comprehensively. Figure 1 shows the steps that are crucial for the whole life cycle assessment of buildings. Due to
factors such as buildings’ long lifespans, different material uses globally, variable site-constrained construction techniques,
the distinctive nature of each building, the evolution of function, maintenance, and retrofitting, etc., variability in the study
of LCA is increased, and it is not easy to generalize even for a region. Because of that, many LCA studies have been
constrained to specific objectives and limitations [JEIE, The second stage of any life cycle assessment is the development
of a life cycle inventory (LCI), which is also a crucial step for the generalization of the process, and it includes resource
flows as well as externalities that come with the product under assessment &, The third step is the evaluation of the
potential environmental impact and risk associated with estimation using data from the LCI, which is also known as the
Life Cycle Impact Assessment (LCIA).
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Figure 1. Critical steps in the life cycle assessment of buildings.

| 3. Introducing Early Environmental Assessment in the Design Process

Modern architectural practice is competent in examining the implications of new structures operationally, notably in the
context of operational energy usage and carbon emissions. Embedded emissions design experience is still limited,
despite social trends urging the incorporation of environmental considerations into the design process at the very
beginning phases.

The design process is defined in both theoretical and experimental literature as a series of repetitive decision methods
that gradually elevate the design to a superior complexity level while decreasing uncertainty. Beginning with the early
conceptual phases, when many factors are ambiguous and the design team analyzes a wide variety of strategic and
parametric possibilities, and concluding with the project's completion when the final building eliminates all uncertainty, the
design changes with time. If environmental effects are to be successfully included in the early design phase, simpler
methods that can deliver higher accuracy while using a few generic parameters are required.

« Generally, construction professionals utilize a simplified geometric model, which predicts the areas and quantities of
building components based on restricted geometric input data. A model, which can calculate both the areas and
consumption of building elements, might be used early in the design phase to estimate the influence of building form on
embodied carbon. Through this method, a link between the geometric model’'s accuracy and its use time can be
established;

« Rather than limiting the embodied carbon assessment of building elements to after the completion of a chosen building
design, a more effective method would be to select suitable building elements from an inventory of a large number of



predefined building elements with embodied carbon results at the early design stage. This method would have a
greater impact.

A simple solution can be presented by integrating these two techniques, making embodied carbon data more available
and usable for non-technical customers and construction professionals for the early design process with the development
of low-embodied carbon buildings.

« Building Geometry Calculation: Based on minimal geometric input data, a simpler geometric building model is built,
which calculates the area and quantity of construction elements.

« Building and Material Lifespan: As the building comprises different elements, and each element has a different lifespan
within the life span of the whole building, it is necessary to set out a process that identifies both.

o Parametric Variation: The building elements that are predefined cover the diversity of design solutions for all internal
and external elements, primarily related to the typological variations’ specification; therefore, the first step is the
selection of predefined building elements according to the requirements.

« Embodied Carbon Calculation: Every typological variation is subjected to the evaluation of embodied carbon
throughout its life cycle. The data must be compiled into an inventory of pre-defined building elements and carbon data.

« Tool for Embodied Carbon Design: The design tool pairs geometric data with specified construction parts to quickly
assess the embodied carbon of structures.

o Detailed Building LCA vs. Simplified: The results obtained from the simple tool are compared to those of a thorough
building LCA, and the differences are addressed.

It is feasible to construct simpler embodied carbon tools, to save time, and this can also deliver enhanced assessment
results such as the LCAP tool, which gives more precision in the early design process by utilizing fewer generic
parameters 19, For the secondary building parts and services, a similar approach must be followed, which is now not
included in the model, and would assist the ongoing development of the tool. This would include calculating material
consumption per square meter of floor space for doors, staircases, heating/ventilation systems, and other construction
components. This would enable the tool to learn and expand with these elements, increasing the instrument’s accuracy
even further, enabling it to be utilized for later stages of the building’s life cycle.

Generally, for the environmental performance of the product, two methodologies are established, life cycle assessment
and carbon footprint; such is the case of building assessment. With the established methodologies, common quantitative
claims of life cycle assessment exist in two forms, environmental product declaration (EPD) and product carbon footprint
(CFP). For the lifecycle-based quantitative claims, it is necessary for the product to be open to the sources of data, the
boundaries of the system, the recycled product's impacts and the choice of measurement 1. In the building's life cycle
assessment, two established methodologies play a vital role to achieve the lifecycle-based quantitative claims. As the
building constitutes different materials and shows different maintenance requirements in different stages of its life cycle,
the EPD and the advancement in the modeling options of the material sources and system boundaries according to region
and requirement lead to a detailed life cycle assessment of the building in any stage. The EPD application in the early
stage leads to the detailed analysis of CFP in any stage of the building’s life cycle. However, for the EPD to support
comparable EPDs, product category rules (PCRs) are considered mandatory to define specific rules for products serving
the same function 2. For the PCRs to develop, 1SO 14,025 18] presents the procedures and content required for a PCR,
as well as requirements for comparability. However, standards present a defined set of rules and will not be sufficient for
the development of PCRs for every requirement, which can also be called supplementary requirements. In the building
sector, several documents and standards have been published other than I1SO 14025, such as EN 15,804 14 EN TR
15,941 18 EN 15643-1 18 and many more, which promise to serve the purpose of comparison and comparative
assertion, but they also require a certain form of PCRs to carry out the promise. For this purpose, EN 15084 + A1 14l js
presented for the further development of EPDs 4. With the contribution and collaboration of developers, PCRs are
developed according to regions and requirements. Although such developments are the case in Europe or other
developed nations, developing nations still fail to understand the concept of EPDs and PCRs.

| 4. Embodied Carbon in Different Stages of the Building Life Cycle

Construction, maintenance, and demolition trash have become a major source of solid waste for the environment and
society in developing and developed countries, due to the tremendous rise of the construction sector globally in recent



decades due to population increase; 20-60% of the world’s solid waste stream is produced by the construction industry
(18] Construction-related garbage makes up roughly 20-30% of all solid waste produced in the European Union (EU),
30% in Canada, 29% in the United States, 26% in Hong Kong, and 30—40% in Australia. 1229[21][22]23] Ag 3 result, while
construction contributes greatly to global progress and money, it also has a severe influence on the environment. Waste is
sometimes disregarded because it is seen as negligible in comparison to waste generated during operations.

Landfiling and incineration are two typical waste disposal methods that have wreaked havoc on society, both
economically and environmentally, by accumulating garbage and exacerbating the problem of global warming by emitting
carbon dioxide (CO,) during procedures [24125],

Rapid population expansion has accelerated construction operations, resulting in increased trash output and embodied
carbon across the phases of an existing building’s lifetime. Demolition operations contribute the majority of the waste,
whereas construction trash makes up the smallest portion of the entire waste portion. Despite the fact that the
construction stage generates the least waste, it is possible to reduce the waste rapidly and effectively, with the option of
better site management and improved information flow and coordination among members of the design team during the
design and construction phases. Maintenance waste, on the other hand, has generally gone ignored among the three,
despite having a higher potential of embodied carbon content than building waste—almost six times more over 50 years.
The durability and quality of materials will dictate how often they must be maintained, replaced, or repaired. Design
rethinking and embracing lifecycle thinking are thus critical steps toward reducing waste and maximizing possible
recovery.

EOL waste output and related embodied carbon are by far the highest. Because of different sorts of obsolescence or other
factors, the destruction of the EOL of the building is sometimes unavoidable. It is possible that the materials or
components can be reused or refurbished during lifecycle management, and design-out-waste concepts are employed
from the early design stage, preventing landfilling. Furthermore, well-designed and -maintained buildings can survive
longer, preserving most of the embodied carbon contained in the construction.

If appropriately collected, handled, and recycled, the wastes created at different phases of a building’s lifetime may be
reused and become important resources for the construction industry. The waste can be considered a valuable resource
for substituting raw materials and reducing embodied carbon and landfill waste. The role of transportation in embodied
carbon’s impacts on waste has been demonstrated. As a result, minor changes in travel lengths may cause the outcomes
to worsen. As landfill sites are rapidly filling up and possible new sites for dumping waste are located further away from
built-up regions, requiring a longer journey, this is becoming the case. The most essential technique to minimize the
embodied carbon in the three stages of buildings is to avoid waste formation so that resources are not wasted, and the
environment is not harmed. Addressing waste minimization through design optimization and early stakeholder
involvement is key to the strategy's success.
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