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Glossary

This glossary aims to clarify specific key terms utilized within this report. The definition of specific terms
used in this report has been established in relation to the different life cycle stages outlined in ISO 14044,

and EN 15978 as presented in Figure 0.1.
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Figure o.1: Different life cycle stages of buildings to perform life cycle assessment [1]

Carbon Emissions: In this report, any reference to “carbon emissions” refers to emissions of greenhouse
gases (GHGs).

Global Warming Potential (GWP): This is a metric used to compare the global warming ability of different
GHGs, and is measured in units of carbon dioxide equivalence. As carbon dioxide is being used as a
reference gas, one kilogram of carbon dioxide carries a GWP of 1 kgCO2eq. Nitrous oxide, for instance, has

a GWP of 273 kgCOZeq.

Life Cycle Assessment (LCA): LCA refers to a methodical series of procedures for gathering and analysing
the inputs and outputs of materials and energy, along with the related environmental impacts directly
linked to a building, infrastructure, product, or material throughout its life cycle (ISO 14040:2006). LCA
can be used to assess a range of environmental impacts including GHG emissions, acidification potential,
eutrophication potential, abiotic depletion potential, etc. For the purpose of this report, the term LCA is
used in the context of assessing the energy and carbon emissions associated with buildings or building
materials/products over their life cycle.



Life Cycle Carbon: In this report life cycle carbon in reference to buildings entails carbon emissions from
all life cycle phases, incorporating both embodied and operational carbon (i.e., stages A1 to C4).

Life Cycle Embodied Carbon: Life cycle embodied carbon encompasses carbon emissions linked with
materials and construction processes across the entire life cycle of a building. This includes: material
extraction (A1), transportation to the manufacturer (A2), manufacturing (A3), transportation to the site (A4),
construction (As), use phase (B1), maintenance (B2), repair (B3), replacement (B4), refurbishment (Bs),
deconstruction (C1), transportation to end-of-life facilities (C2), processing (C3), and disposal (C4). In this
report, both the life cycle embodied carbon of buildings, as well as the life cycle embodied carbon of
individual materials have been referred. The nomenclature in brackets used to refer to different life cycle
stages is as per the widely-accepted ISO standards 14040/14044 and European standard EN 15978, as
illustrated in Figure 0.1.

Upfront Embodied Carbon (Materials and Buildings): Upfront embodied carbon of building refers to
carbon emissions generated during the materials' production and construction phases (A1-A5), occurring
before the building becomes operational. Similarly, the upfront embodied carbon of the materials refers
to carbon emissions generated during the material extraction (A1), transportation to the manufacturer (A2)
and manufacturing (A3).

Use phase Embodied Carbon: Use phase embodied carbon refers to emissions related to use phase
stage (e.g., concrete carbonation, emission related to refrigerant leakages) (B1), maintenance (B2), repair
(B3), replacement (B4) and refurbishment (Bs). It excludes emissions related to operational energy use (B6)
and operational water use (B7).

Operational Carbon: In this report operational carbon refers to the carbon emissions attributed to the
energy consumed during the use phase (B6) of buildings and associated with energy required for heating,
cooling, lighting, powering appliances, and other functions necessary for the day-to-day operation and
comfort of the building's occupants.

Upfront Embodied Energy: Upfront Embodied energy is the total energy required to produce a product
(building) or material, from raw material extraction through manufacturing, transportation, and assembly,
until the product is ready for use. It includes all energy used in mining, processing, manufacturing, and
transporting materials, as well as constructing or assembling the final product.

Use phase Embodied Energy: Use phase embodied energy refers to energy associated with use stage
(B1), maintenance (B2), repair (B3), replacement (B4) and refurbishment (B5). It does not include operational
energy (B6) and energy related to water use (B7).

Life Cycle Embodied Energy: The life cycle embodied energy of buildings refers to the total energy
consumed throughout the entire life cycle of a building (A1-C4), encompassing all phases from construction
to demolition. It includes the energy used in extracting (A1), processing (A2), and transporting building
materials (A3), the energy consumed during the transportation of materials to the site (A4), the energy
consumed during the construction process (A5), and the energy involved in maintaining, renovating (B
stages excluding B6 and B7), and eventually demolishing the building (C stages). Similarly, for materials
it refers to the total energy consumed throughout the entire life cycle of a material, including the initial
production phase (raw material extraction, processing, manufacturing, transportation, and assembly) as
well as the energy used during the material's use, maintenance, and end-of-life stages (disposal, recycling,
or reuse).



Operational Energy: Operational energy refers to the energy consumed during the use phase (B6) of a
building. This includes all the energy required for heating, cooling, lighting, powering appliances, and
other functions necessary for the day-to-day operation and comfort of the building's occupants.

Life Cycle Energy (LCE): In this report LCE has been used in reference to buildings. The life cycle energy
of buildings refers to the total energy consumed by a building over its entire lifespan, encompassing all
stages (A1-C4) from initial construction to demolition.

Environmental Product Declarations (EPDs): EPD refers to a standardized method for presenting data
regarding the environmental impacts of a product throughout its life cycle.

Product Category Rules (PCRs): PCRs are standardized guidelines used in environmental labelling and
declarations, such as Environmental Product Declarations (EPDs). They detail the rules and requirements
for the LCA of a particular product category.
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Executive Summary

In India, the building sector is the third-largest energy consumer, following the industry and transport
sectors. It accounts for 25.6% of the country's annual greenhouse gas emissions currently. This percentage
is anticipated to rise due to increasing building stock, which is projected to double by 2050 relative to the
2020 baseline.

Emissions throughout the building life cycle can be divided into upfront embodied carbon emissions
(related to the production and transport of materials and construction), use phase carbon emissions
(covering both embodied carbon emissions related to the operation and maintenance of buildings and
operational related to day-to-day energy use for operating the buildings), and end-of-life carbon emissions
(related to demolishing buildings after their life cycle).

In India, building sector policies primarily focus on reducing operational energy and associated carbon
emissions, with little emphasis on embodied carbon emissions and life cycle carbon emission reductions.
This oversight is due to a lack of awareness about life cycle carbon emissions, an absence of standardized
frameworks for evaluation, an inadequate India-specifc embodied carbon dataset of materials, the
exclusion of life cycle assessments in building codes, and insufficient financial incentives.

This report assesses current practices, challenges, and opportunities for using Life Cycle Assessment
(LCA) as a tool to help decarbonize India's building sector. It explores international standards and practices
for LCA of buildings, providing insights into the impact of different system boundaries, embodied carbon
datasets, life cycle stages, and functional units. The report identifies challenges in conducting LCA for
buildings through an analysis of published studies and suggests necessary action points. It serves as a
critical resource for stakeholders in the construction and regulation of India's building sector. Key insights
from the analysis presented in this report are noted below.

International standards and framework of LCA: International standards such as ISO 14040 and ISO 14044
provide a broad framework for LCA applicable to buildings. The European standard EN 15978 specifies
calculation methods and system boundaries for building LCA, making it increasingly referenced in related
literature. 1ISO 21930 and EN 15804 outline core rules for Environmental Product Declarations (EPDs) of
materials, which provide the methodology to quantify the environmental impact, including GHG impact of
specific materials and/or products, which in turn help create region-specific embodied carbon datasets
for construction materials and products.

The report highlights that, despite the availability of these international standards for LCA of buildings and
material EPDs, adherence to them remains mostly voluntary worldwide. However, countries like Denmark,
the United States, Canada, France, and the United Kingdom are promoting LCA of buildings through
initiatives such as the Buy Clean Act, limits on embodied carbon for new buildings, and various carbon
accounting standards and labelling programs.

Challenges and opportunities for India: A lack of standardized methodologies for LCA of buildings, a
limited India-specific, embodied carbon dataset for construction materials and products, and insufficient
financial incentives for disclosing and reducing embodied carbon hinder developers from designing
and constructing buildings using low-carbon materials. Bureau of Indian Standards' (BIS) guidelines
for quantifying product carbon footprints using I1ISO 14044 represent another significant move toward
standardizing the LCA framework.

Xiii



Life Cycle Assessment of Carbon Emissions: Progress and Barriers in Indian Building Sector )

A review of literature on LCA of buildings in India and around the world highlights the following key
methodological aspects impacting the life cycle energy and carbon emissions of buildings embodied
carbondataset for Indian construction materials by CEPT University are notable steps toward mainstreaming
LCA in India's building sector. Additionally, the Bureau of Indian Standards' (BIS) guidelines for quantifying
product carbon footprints using I1ISO 14044 represent another significant move toward standardizing the
LCA framework.

A review of literature on LCA of buildings in India and around the world highlights the following key
methodological aspects impacting the life cycle energy and carbon emissions of buildings:

Variations in system boundaries: The review reveals inconsistencies in selecting system boundaries for
LCA of buildings due to varying objectives. Studies focusing on upfront embodied carbon typically use
boundaries A1-A3 (cradle-to-gate), while those examining life cycle embodied carbon use A1-C4 (cradle-
to-grave), excluding B6 (operational carbon) and B7 (operational water use). Some studies focused on
both embodied and operational carbon, selected A and B stages but excluded C stages. These variations
cause discrepancies in reported life cycle carbon emissions, making result comparisons difficult.

Variations in embodied carbon dataset: Different methodologies for creating embodied carbon dataset
for construction materials and products, such as process-based, input-output, and hybrid analyses, result
in varying data. The report notes that process-based analysis is the most commonly used method in the
literature. However, the absence of a standardized methodology, along with product-specific and regional
material datasets, leads to significant variations in reported upfront embodied carbon results.

Variations in building design life; The report emphasizes that varying assumptions on the designed
lifespan used for building life cycle assessments result in differences in reported life cycle energy and
carbon emissions. Buildings with longer lifespan may show higher or lower embodied carbon emissions
depending on material replacement or refurbishment cycles. It is important to fix the life span of buildings
to avoid variations in life cycle carbon of buildings

Variationsin functionalunit: The use of different functionalunits—Llike volumetric (net volume of construction
materials in m?3), area-based (average/net/gross floor area in m?), serviceable area-based (conditioned
floor area in m?), and weight-based (quantity of materials in kg)—results in variations in reported life cycle
energy and carbon emissions for buildings. It is recommended that all carbon emissions be reported
using an area normalised metric (kgCO2eq/mz2) to comply with internationally accepted practice for both
operational and embodied carbon.

In addition to methodological variations, physical factors such as varying climatic conditions, types of
construction materials available in that geography, building types (residential or commercial), operations,
electrical loads, and electro-mechanical appliances significantly influence embodied and operational
carbon emissions throughout the building life cycle. These variations pose challenges when benchmarking
LCA results across different studies.

Insights from literature review of Indian LCA studies: The literature review on Indian building LCAs reveals
a small humber of studies focusing on residential buildings, and a few covering educational buildings.
In these, there are significant variations in LCA system boundaries and datasets used for construction
materials manufactured in India. Most studies assess upfront embodied energy (A1-A3) and operational
energy (B6), neglecting other LCA phases, which can skew perceptions of building life cycle energy
and associated carbon emissions. Differing datasets used for Indian material carbon intensities lead to
substantial variations in upfront embodied energy and carbon results.

Xiv



Insights from literature review of international studies: Insights from international studies reveal that
life cycle embodied energy ranges from 4% to 75% of total building life cycle energy. Transport-related
embodied energy, use phase embodied energy, and end-of-life energy vary from 2% to 23%, 1% to 1.8%, and
0.1% to 13% respectively. These wide-ranging results across life cycle stages are attributed to variations in
building typologies, operational practices, appliance types, materials used, climatic conditions, embodied
carbon datasets, and system boundaries used in different studies.

Further, to facilitate the comparison of LCA outcomes from different studies, the report recommends
a bottom-up approach, starting from the materials level and progressing to the building level. Results
should be normalized by floor area to ensure consistency and accuracy in reporting.

To quantify the factors influencing life cycle embodied carbon of buildings identified through the literature
review, the report presents a case study of a small commercial office building. Factors such as different
embodied carbon datasets for materials that are currently available, varying manufacturing process
related emissions of materials by geographic location, transportation distances, and building lifespan
are analysed for their impact on both upfront and use phase embodied carbon emissions. The report
notes a 17% variation in upfront embodied carbon due to different datasets numbers. Geographic location
indicates a 5% variation in upfront embodied carbon. The variations in transportation distances have a
minor impact when emissions are compared to the combined upfront embodied and transport-related
carbon emissions. Variations in building lifespan indicate a 5% increase in use-phase embodied carbon
with a 20-year extension beyond the baseline of 50 years. UK specifies a standard lifespan of 100 years for
LCA calculations and it will be good if Indian authorities also specify a suitable lifespan based on Indian
experience. However, extending the building's design life helps defer carbon emissions associated with
new construction that would result from demolishing the existing building.

Based on the literature review, the report recommends the following checkpoints to mainstream LCA in
building sector:

» Standardize LCA framework for life cycle energy and emission analysis of buildings

» Indian policymakers should request voluntary disclosure of EPDs to help create embodied carbon
dataset based on primary reporting by manufacturersEstablish standardized framework for
manufacturers to calculate EPDs of materials

» Support development of India-specific embodied carbon dataset for most frequently used and
most carbon-intensive construction materials and products

» Establish standardized framework for manufacturers to calculate EPDs of materials

» Lay the groundwork for reporting LCA results across standard building typologies.
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1.1 Introduction

Globally, the building sector accounts for about 35% of annual global CO, emissions [2]. This includes
embodied carbon emissions from some of the key construction materials as well as carbon emissions
from energy used for heating, cooling, lighting and appliances. Of those total carbon emissions,
building operations are responsible for approximately 27% annually, and at the same time, the
embodied carbon of just four materials used in buildings- cement, iron, steel, and aluminium - is
responsible for an additional 7.7% annually [2] as shown in Figure 1.1.

Residential Direct

Building 1% Residential Indirect
(Operations),

0,
i bet) Non-Residential Direct

17% Non-Residential Direct

Building (cement, iron 41% Building Direct & Indirect Cement
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Transport,
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steel, aluminium),
2.6 GT, 7%

Figure 1.1: Total annual global CO, emissions broken by sector (Source: Image has been reproduced using data from [2])

To meet future demand, it is projected that the world will add approximately 2.6 trillion ft? (241 billion
m?) of new floor area to the global building stock between 2020 to 2060 [2]. Given that buildings
are major consumers of energy-intensive materials like cement and steel, the contribution of these
materials to total carbon emissions from the building sector is expected to increase significantly.

1.2 Overview of the Carbon Emissions from Indian Building Sector

By 2050, India's floor area is forecasted to surpass double its current size. This expansion, coupled
with the anticipated retirement of a significant portion of existing buildings, suggests that the majority
of the building stock expected to exist in 2050 has yet to be constructed [5] and hence presents
significant opportunity for avoided carbon emissions, both embodied and operational.

India is projected to become the world's largest emitter of new embodied carbon emissions from the
building sector by 2070 [3]. Currently, 42% of annual building-related carbon emissions are related to
embodied carbon, which is expected to increase fourfold, in aggregate, by 2070 (Figure 1.2) [4].
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Figure 1.2: Projected operational and embodied carbon emissions from the Indian building sector.
[Source: The figure has been repurposed using the data presented in CSTEP [4]]

The majority of embodied carbon in the building construction sector results from carbon emissions
emitted from using fossil fuels in building material extraction and manufacturing, process emissions from
manufacturing, transportation of building construction materials to the site and carbon emissions related
to on-site energy use to construct the buildings.

With rapid urbanization and a surge in purchasing power, coupled with a growing desire for enhanced
thermal comfort, energy consumption for building operations is also projected to skyrocket by
approximately fourfold by 2070 compared to 2020 levels (refer to Figure 1.2). Residential buildings are
expected to contribute around 85% of the total operational carbon emissions, with commercial buildings
accounting for the remaining 15% [5].

1.3 Policy Landscape

Currently, governments and private sector stakeholders are largely focused on reducing operational
carbon emissions, while embodied carbon remains more challenging to track, record and report. In India,
there are policies and programs to reduce building-related operational energy and carbon emissions,
such as the ECBC (Energy Conservation Building Code) and ENS (Eco Niwas Samhita). However, neither of
these codes talk about the embodied carbon of building.

Across the life cycle of a building, typically 50-70% of total embodied carbon is emitted before the building
becomes operational, referred to as upfront embodied carbon [6]. Of the total upfront carbon, 85-90% of
the carbon emissions arise during the manufacturing stage, 7-10% during transportation and 3-5% during
the building construction [6]. Considering that typically more than 50% of the carbon emissions happen
upfront, and given the time value of carbon, upfront carbon emissions are the most critical to address. Given
the forecasted increase in new construction in the coming decades, unless embodied carbon emissions
are regulated, India will likely spend a large share of its carbon budget on upfront carbon emissions.

With appropriate policy support and interventions, it is estimated that the operationaland embodied carbon
can be reduced by up to 60% and 88%, respectively, by 2050 relative to business-as-usual reference case
scenario. Figure 1.3 shows the reduction potential by 2050 from a 2020 baseline under two intervention
scenarios. Intervention scenario 1 reflects a scenario where interventions in the building sector are made as



per the announced COP26 goals. Under this scenario embodied and operational carbon can be reduced
by 34% and 40%, respectively, by 2050 compared to the reference case. Under intervention scenario 2,
which deals with demand side efficiency and clean energy supply, the embodied and operational carbon
from the building sector can be reduced by 60% and 887%, respectively, by 2050.
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Figure 1.3: Projected embodied and operational carbon for 2050 from the base year of 2020 under different intervention
scenarios (Intervention scenario 1: interventions aligned with COP 26 goals, Intervention scenario 2: interventions related
to demand side efficiency and clean energy supply)

[Source: The figure has been repurposed using the data presented in [1]]
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1.4 Challenges and Barriers to Mainstreaming Building Life Cycle Assessment

While recent LCA research conducted in India has focused on various sectors including the handloom
industry, waste management, rooftop solar PV systems, among others, building sector focussed LCA
studies have been limited. Where the latter have been carried out, they rely primarily on non-Indian data
sources in the absence of India-specific national and/or regional data on building materials and products.

The LCA of buildings allows building owners, users, developers, designers, researchers and performance
rating agencies to understand the total carbon emissions, and therefore the life cycle impact of the building
on environment. It enables them to make interventions to building design and specifications to mitigate
carbon emissions while also allowing for performance benchmarking, which is increasingly of interest to
asset owners, tenants and other stakeholders. However, there are some challenges and barriers which
need to be overcome for mainstreaming the adoption of LCA of buildings, which are mentioned below:

141 Lack of Mandatory Requirements in Building Codes

Indian building codes do not currently have a prescribed standard forembodied carbon and/ora mandatory
requirement for conducting and reporting on life cycle carbon in buildings as is the case in some other
jurisdictions internationally. This interlinks with the other challenges such as standard LCA framework
prescribed for Indian building sector, lack of India-specific embodied carbon dataset for construction
materials and products, lack of market push and lack of awareness discussed below.

1.4.2 Unavailability of Standard LCA Framework for India

The absence of a standardized LCA framework tailored for India poses obstacles to its adoption in the
building sector. This lack of standardization leads to inconsistency in LCA methodologies across projects,
making it difficult to compare and interpret results accurately. Without clear guidelines, there is uncertainty
about which parameters to include and how to integrate local environmental and economic factors. This
variability in methodologies can result in unreliable data quality and undermines confidence in LCA as a
reliable decision-making tool. The creation of India-specific and/or adoption of international framework
and methodologies for LCA of buildings such as ISO 14040: 2006, ISO 21930: 2017, EN 15978: 2011, EN
15804: 2012 and ASHRAE/ICC 240 standard (currently in development [3]) will improve the consistency,
comparability, and comprehensiveness of life cycle embodied carbon analysis.

1.4.3 Unavailability of Reliable India-specific Construction Materials Dataset

As mentioned earlier, India specific data on life cycle embodied carbon of building materials and products
is a key constraint for reliable and consistent analysis. Data gaps occur in two distinct manners: gaps in
some of the life cycle stages for some material categories and a lack of data for all life cycle stages for other
material categories. Currently, cradle-to-gate (A1-A3) embodied carbon Dataset for Indian construction
materials exists for key building material categories, including concrete, masonry, steel, aluminium,
gypsum board, insulation, cladding, flooring, ceiling tiles, and paint published by International Finance
Corporation (IFC). However, the data has been published in 2017 and no further revisions have happened.
Variations arise due to differences in product category rules (PCRs) and/or the specificity of data used
(factory-specific or generic). Although in the material categories mentioned above, A1-A3 carbon emission
estimates fall within a relatively narrow range currently, as manufacturers innovate and adopt sustainable
manufacturing processes (e.g. green steel or green concrete alternatives), the gap is expected to widen.



1.4.4 Lack of Market Push

At present, national or sub-national governments do not have established procurement guidelines
and incentives to promote green products and sustainable construction practices, e.g., by setting a
threshold (say in kgCO./m?) for the carbon content of the materials used. There is also no requirement
to disclose embodied carbon data of products listed on the Government e-marketplace, the national
public procurement platform. The Indian Green Building Council (IGBC) has set a benchmark of 700
kgCO2eq./m? for net-zero buildings. However, this benchmark needs to be validated against the various
types of current construction practices. Additionally, it is important to assess how the incentives provided
can drive the adoption of this benchmark value in new construction. The financial incentives currently
available to developers and or asset owners for constructing green buildings (e.g., extra FAR and/or tax
benefits) do not mandate consideration of life cycle carbon impacts. Hence, there are not strong market
drivers for product manufacturers, developers, asset owners and other building sector stakeholders to
design, operate and disclose from the perspective of life cycle embodied carbon.

1.4.5 Lack of Awareness and Expertise

LCA of buildings is a comparatively new topic, and a significant knowledge gap exists in the market
regarding the calculation and reporting standards. The lack of awareness among building professionals
regarding LCA stems from several factors. Firstly, many professionals in the building sector may not fully
understand the concept of LCA or its importance in evaluating the environmental impacts of buildings
throughout their life cycle. Secondly, there may be limited exposure to training or educational programs
that cover LCA methodologies and applications. Thirdly, the complexity and technical nature of LCA tools
and calculations may deter professionals from integrating them into their practices without adequate
support or guidance. Lastly, without clear mandates or incentives from regulatory bodies or industry
standards, there may be a perceived lack of urgency or necessity to incorporate LCA into building design
and construction processes.

1.5 Efforts Taken to Mainstream LCA of Buildings in India

The reduction of life cycle carbon in the building sector has just begun to take shape in India as in the
world. The following recent developments are beginning to engage building sector stakeholders on life
cycle embodied carbon estimation and reduction:

» Theinclusion of embodied carbon of construction materials and the utilization of an LCA framework
to disclose life cycle carbon emissions in the Energy Conservation Sustainable Building Code
(ECSBC), currently in draft stage, along with the Bureau of Indian Standards' (BIS) requirements
and guidelines (in draft stage) for quantifying product carbon footprints using ISO 14044, represent
significant steps toward adopting a national standard framework for LCA analysis in the Indian
building sector.

» Efforts are also undenway to estimate the embodied carbon of construction materials in the Indian
context. Efforts by the Centre for Advanced Research in Building Science Energy (CARBSE) at CEPT
University and Building Material and Technology Promotion Council (BMTPC) to develop a Indian-
specific construction material embodied carbon dataset is a notable step in this direction.

P The reporting framework for LCA has also been included in some building rating systems, e.g.,
GRIHA, IGBC and LEED V4.
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2.1 Introduction

This chapter examines the Life Cycle Assessment (LCA) framework as outlined in various international
standards and explores how these frameworks have been applied in different LCA studies, both
nationally and internationally. It further investigates the gaps in the reviewed studies, particularly
focusing on their system boundaries, the functional units used, and the impact indicators employed.
Lastly, the chapter delves into how the insights gathered from the literature can be instrumental in
developing a tailored framework for conducting LCA in the Indian context.

2.2 International Standards and Framework for LCA

International standards such as ISO 14040 and ISO 14044 provide a broad definition of LCA, and the
general methodology that can be used for LCA of buildings. As defined in ISO 14040, there are four
phases in a LCA study: a) the goal and scope definition phase, b) the inventory analysis phase, ¢) the
impact assessment phase, and d) the interpretation phase. ISO 14044 gives us a detailed explanation
of the methodology framework of LCA.

EN 15978 outlines the calculation methods and system boundaries specifically forthe LCA of buildings,
and is increasingly becoming the reference document for the nomenclature used to describe the
different building life cycle stages. ISO 14040 and ISO 14044, being international standards, are referred
to and used globally. In contrast, EN 15978, which is also based on the principles set out in ISO 14040
and 1SO 14044, is more widely used in the European Union (EU) nations and underpins mandatory or
voluntary standards in different countries.

Environmental Product Declarations (EPDs) transparently communicate the environmental
performance or impact of any product or material over its lifetime. ISO 21930 and EN 15804 define
the core rules for EPDs of construction products and services. ISO 21930 is mostly followed in the US,
whereas EN 15804 is adopted in the EU.

2.21 Framework and Policies for Embodied Carbon

While the life cycle energy and emission analysis of buildings is still voluntary in different parts of the
world, the policy landscape in some parts of the world is seeing a shift towards mandatory targets.
This momentum has led to the development of public roadmaps, published guidance, standards,
and national legislation aimed at reducing the carbon footprint of buildings.

In the US,, efforts to reduce embodied carbon have included federal and state-level actions, such
as the General Services Administration's (GSA) “Buy Clean Inflation Reduction Act Requirements” and
state-led Buy Clean acts in California, Colorado, and Maryland [3], [7]. Financial incentives have also
been introduced to support low-embodied-carbon projects. Notably, California has implemented a
whole-building embodied carbon policy that will take effect from July 2024, marking a significant step
in regulatory efforts.

Globally, cities like Toronto and Vancouver have implemented policies requiring limits on the
embodied carbon for new buildings [8]. In Europe, France's RE2020 and London's Plan Policy SI 2
impose requirements for whole-life carbon assessments and compliance limits for new building
projects [9], [10]. Denmark have set mandate that new buildings bigger than 1000 m2 constructed
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after 2023 should meet the threshold limit value of 12 kgCO,_, /m?/year. Also, it sets out that new buildings
smaller than 1000 m? are required to conduct LCA of buildings.

Various carbon accounting standards, frameworks, and labels support, compliment or inform regulations,
such as the Canadian Green Building Council's Zero Carbon Building Design Standard and the UK's RICS
Professional Statement on Whole Life Carbon Assessment [11]. Emerging labels like Europe's LCBI and
Sweden's NollCO2 Certification set performance benchmarks, while initiatives like the Building System
Carbon Framework and the Built Environment Carbon Dataset aim to standardize definitions and improve
data collection. Green building rating systems such as LEED and others are increasingly including tighter
embodied carbon compliance criteria and targets to enhance their impact.

Figure 2.1 below shows a timeline of selected global policies relating to building life cycle carbon and/or
embodied carbon.

California AB2446 Bill

CAGBC Net-Zero Standard

Voluntary program
State Buy Clean Policies Implementation
National standard

@® Regulation Massachusetts CEC Program

Vancouver Near Zero Program
GASA LEC Material Requirements
Toronto Green Standard Embodied Carbon Caps

LEED v4 LCA and EPD credits in 2013
CALGreen Embodies Carbon in Code

Buy Clean

California Act CALGreen WBLCA Requirements

WBLCA Standard, ASHRAE/ICC 240P

\ O \ \\
2015 2020 Lellem ER 2025 2030
UK WBLCA Standard 2021 NolICO
RICS Professional LCBI Label ’
Statement | RE2020 |
Regulation in UK NZCB Standard

EU Level(s) Framework  France

Figure 2.1 Timeline of selected global policies to address building sector embodied carbon in different parts of the world.
[Source: The image has been repurposed from ref. 31

2.3 Insights form the Literature Studies

Literature relating to LCA of buildings across different geographic regions have been reviewed to glean
inferences on standards and framework followed for LCA, scope definition, and the methodology used
for the material inventory analysis, impact assessment and interpretation of results. Tables 2.1 and 2.2
summarise the Indian and international LCA studies that were reviewed.
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2.3.1 Scope and System Boundaries

The delineation of system boundaries in the various studies, as depicted in Figure 2.2 and referenced
in 1ISO 21930 and EN 15978, varies based on data availability and the specific objectives of each study,
such as which life cycle stages are emphasized to impact decision-making processes in building life
cycle management. The selection of system boundaries will influence which stages emerge as (or are
perceived to be) contributing most prominently to the building's life cycle emissions. Studies limited to
the manufacturing phase might focus on the ‘A stages (A1-A3), emphasizing the energy consumption and
carbon emissions associated with the manufacturing processes of materials. Conversely, studies aiming to
highlight both the upfront embodied energy and carbon emissions occurring during the use phase might
extend their focus to include both ‘A and 'B' stages. Meanwhile, studies that consider life cycle carbon
emissions and circularity aspects tend to encompass all stages of the building's life cycle. This variation
in selected stages as system boundaries significantly affects the reported data on energy consumption
and carbon emissions. For example, the reported life cycle energy and carbon emissions for buildings
vary considerably when only the upfront (‘A stages) and operational (‘B' stages) phases are considered,
compared to analyses encompassing all life cycle stages.

A1-3 A4-5 B1-7 C14 D
Production Construction Use Stage End of Beyond the
Stage Stage Life Stage Life Cycle
Al A2 A3 A4 A5 B1 B2 B3 B4 B5 B6 B7 C1 C2 68 C4
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Figure 2.2 Representation of different system boundaries covered in the reviewed papers.

2.3.2 Interpretation of LCA results

The interpretation of the results reported in the reviewed literature can be broadly categorised as below.

Breakdown by building materials: These studies typically analysed the upfront embodied energy and
carbon impact of materials used in construction. The analysis covered carbon emissions for extraction
of raw materials (A1), transportation to the factory (A2) and manufacturing of the product (A3). EPDs play
an important role in informing the carbon impact of the materials. However, many construction materials



reported in the reviewed studies did not have EPDs, so values from different embodied carbon dataset
(such as Gabi, Ecoinvent, One Click LCA, ICE and IFC datasets) were used. The focus of such studies was
analysing which materials were the most carbon-intensive among all the materials used and whether they
could be substituted with alternative low carbon materials.

Breakdown by building components: The building level results were broken down by different
components or building elements such as foundation, structural elements (like beams, columns, struts),
walls, floor, roof, finishing, installations, etc. The share of each building component in the total life cycle
of building carbon emission was determined, and interventions were suggested for the specific building
component to reduce the associated embodied carbon emission. These interventions could include
material substitution, optimising the design of the building element (e.g. flat concrete slab versus hollow
deck slab) or consideration of alternative construction systems.

Breakdown by life cycle stages: This kind of analysis has been used in most of the studies where carbon
emissions related to each life cycle stage of the building were reported without necessarily breaking
down the carbon emissions by materials, building elements, and other specifics. This kind of interpretation
of results allows for a strategic overview, identifying key stages for efficiency improvements across the
building's life cycle from the perspective of embodied and operational energy and/or emissions.

2.3.3 Functional Unit

Different functional units utilized for reporting LCA results pose a challenge in comparing outcomes across
various studies. For life cycle carbon emissions, kgCOZeq /m? is predominantly used, whereas life cycle
energy is commonly reported in MJ/m? or k\Wh/m?. Typically, these metrics are normalized based on the
internal floor area of the buildings, allowing for a standard basis of comparison.

However, some studies diverge by normalizing results against other metrics such as the volume of
usable space, gross floor area, or the quantity of materials used. This variability complicates the direct
comparison of LCA results across different studies. Additionally, it has been observed that authors might
select different functional units at different stages of the LCA process, further adding to the complexity of
inter-study comparisons. This variability underscores the need for standardization in reporting to enhance
the comparability and consistency of LCA studies in the building sector. Additionally, different regions and
regulatory bodies may have specific requirements for reporting LCA results, influencing the choice of
functional units. Table 2.3 shows the different functional unit used across different studies.

Table 2.3: Functional units used in different building LCA studies

Functional Unit Description

m3 »  Net volume of material

m? »  Netliving area
»  Conditioned floor area
»  Netfloor area
»  Usable floor area
»  Gross floor area
»  Gross internal floor area

»  Gross external floor area
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Functional Unit Description

m?/year »  Life cycle energy/emissions normalized by reference area for a year
m The length of columns and beams in a building

kg The quantity of the construction materials

kWh Thermal energy depending on the heat source

kWh/m?/year kWh primary energy per year

T Energy consumption

tCOZeq/capita Greenhouse gas emissions per occupant

2.3.4 Methodology Used for Embodied and Operational Energy and Carbon Emissions
2.3.4.1 Methodology for Embodied Energy and Carbon Emissions

Amongst the reviewed studies the process-based material inventory analysis (refer next section) remains
the primary method of embodied energy and carbon emissions estimation across the building life cycle
compared to input-output and hybrid-based analysis which were less commonly reported. Many of the
studies use readily available datasets such as Inventory of Carbon and Energy (ICE), Eco-invent, Gabi,
IFC Indian construction material dataset, U.S. Life cycle inventory (U.S. LCI). Additionally, most studies
have used various software tools such as One Click LCA, SimaPro, SimStadt and Eco-Indicator with their
embedded life cycle inventory dataset.

Process based analysis

Process based analysis of embodied carbon relies on the physical flows of materials, energy and emissions
along the life cycle stages of a product or process, from raw material extraction to end-of-life treatment,
and has been considered more reliable than other methods discussed below. Process-based analysis
requires identifying and modelling each unit process involved in the system boundary and collecting
data on the inputs and outputs of each unit process from primary or secondary sources. Process-based
analysis can provide detailed and specific information on the environmental performance of a product
or process, but it can also be time-consuming, data-intensive, and prone to truncation errors or system
boundary uncertainties.

Input-output based analysis

The input/output-based analysis transforms economic transactions into energy and carbon flows through
the utilization of product costs and average energy tariffs [67]. However, it encounters challenges such
as assuming uniformity and proportionality, inaccuracies and uncertainties in economic data, and the
grouping and aggregation of sectors.

Hybrid analysis

Hybrid life cycle inventory analysis combines the strengths of process based and input-output based
analysis. For example, hybrid-based analysis can use process-based analysis data of the construction
materials and input-output based analysis can be used for the background system, i.e., the upstream
activities that support the manufacturing of the construction materials.

2.3.4.2 Methods for Operational Energy and Carbon Emission Analysis

In the examined studies, operational energy estimation has been conducted through various methods,
including physics-based Energy Simulation Tools/Software, LCA/LCCA/LCEA tools (such as SimaPro,



One Click LCA, Ecotect), mathematical calculations, proprietary software/models, and national standards
or other published references. The computation of building operational energy demand in these studies
primarily employs three alternative approaches:

a) Using energy consumption data from utility bills (suitable for existing buildings).

b) Using pre-existing datasets, national standards, or published literature containing reference
building information.

c) Energy modelling integrating building physics, data analytics, and hybrid techniques.

Physics-based energy simulation tools and software have garnered the highest acceptance among
researchers. Notably, energy simulation engines like EnergyPlus, DOE-2.2, and eQuest, coupled with
Building Information Modeling (BIM) software such as Revit, ArchiCAD, and Archsim (integrated with
Grasshopper or SketchUp), along with graphical user interfaces like Green Building Studio, OpenStudio,
and Design Builder, have been extensively utilized.

The carbon emissions associated with operational energy consumption are converted to carbon emissions
by using the emission factor of the electricity grid and the emission factors of fuels used to meet the
operational energy demand of buildings.

2.3.4.3 Methods for Onsite Construction Related Energy and Carbon Emission Analysis

Forthe analysis of energy consumption and carbon emissions associated with onsite construction activities,
studies mainly used data on machinery and equipment from two sources:

1. Real-Time Project Data: Researchers gathered detailed information from ongoing construction
projects, including the types, quantities, and operational hours of machinery and equipment. This real-
time data ensures an accurate representation of energy consumption and carbon emissions, reflecting
the specific conditions and practices of the construction site.

2. Published Literature: In the absence of real-time data, studies referred to existing literature
documenting similar construction activities. This included case studies, industry reports, and research
articles providing standardized data on the energy use and carbon emissions of construction machinery.

2.3.4.4 Methods for Transport, Use-Stage (Embodied) and Demolition Stage Energy Carbon
Emission Analysis

Most studies have found it challenging to estimate energy and carbon emissions for the use stage, transport,
and demolition stage. This is primarily due to lack of detailed information on maintenance, replacement,
and refurbishment schedules, as well as inadequate data on carbon emissions from transportation during
construction, demolition waste quantities and energy consumed by demolition machinery. Two main
factors contribute to this issue; firstly, there is a prevailing belief among stakeholders that energy and
carbon emissions from these stages contribute very little (less than 5%) to the total life cycle carbon of a
building, leading to their frequent exclusion from calculations. Secondly, there is significant uncertainty
related to the technologies and methods used during these life cycle stages.

2.4 Findings from Indian and International Studies

It has been observed that studies conducted globally and in India have significant variations in system
boundaries used for the LCA analysis. Also, it has been noted that many studies have not done analysis
for each life cycle stage of the buildings and yet presented the findings in terms of life cycle energy and
emission irrespective of the system boundaries used. This indicates a major gap in the comprehensive LCA
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of buildings, highlighting the need for more robust and comprehensive across all phases of a building's
life cycle. Additionally, most studies have reported results in terms of energy and not embodied carbon.
Therefore, in the following sections, the results have been compared in terms of energy for different life

cycle stages of the buildings.

The analysis presented in the following subsections uses the definitions used in individual papers for life
cycle embodied and operational energy.

241 Findings of Indian Studies

Figure 2.3 illustrates the life cycle embodied and operational energy as defined and reported by various
India-specific studies as a percentage of total life cycle energy. The figure shows that life cycle embodied
energy ranges between 5-89%, with an average of approximately 39%, while operational energy ranges
between 11-95%, with an average of approximately 59%. The significant variations in reported life cycle
embodied and operational energy can also be attributed to the Datasets used for embodied carbon
calculations, varying building typologies, materials, construction systems, usage patterns and climatic

conditions.

Figures 2.4, 2.5, and 2.6 illustrate the percentage share of transport, demolition, and use-phase embodied
energy in relation to the total life cycle energy consumption of buildings. The data shows that transport-
related energy consumption ranges from 0.7% to 4%, with an average of 2.5%. Demolition-related energy
consumption varies between 1% and 3.2%, averaging 2.3%. Use-phase energy consumption ranges from
13% to 53.9%, with an average of 22.5%.
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Figure 2.3: Life cycle embodied and operational energy consumption as a percentage of life cycle energy (LCE)
consumption. The above graph is prepared using the definitions used and reported for life cycle embodied and
operational energy in the references [12], [15], [17], [18], [19], [21], [23], [25]
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Figure 2.4: Transport-related energy consumption as a percentage of life cycle energy (LCE) consumption. The above
graph is prepared using the definitions used and reported for life cycle embodied and transport energy in the references:

4.5

35

2.5

1.5

Demolition energy as a % share of LCE
LCE

0.5

[16], [18], [23], [25]

2 3

Average
Reference no.

Figure 2.5: Demolition related energy consumption as a percentage of life cycle energy (LCE) consumption. The
above graph is prepared using the definitions used and reported for life cycle embodied and demolition energy in the

references: [16], [18], [25]
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Figure 2.6: Use phase energy consumption as a percentage of life cycle energy (LCE) consumption. The above graph is
prepared using the definitions used and reported for life cycle embodied and use phase energy in the references: [16], [25]

2.4.2 Findings of International Studies

Figure 2.7 shows the life cycle embodied and operational energy consumption reported by various studies as
a percentage share of buildings' life cycle energy consumption. These values vary within a range of 4.9-75% for
life cycle embodied energy consumption and 24.5-95.1% for operational energy consumption. The estimated
average value for life cycle embodied and operational energy consumptions are 39% and 62%, respectively.
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Figure 2.7: Life cycle embodied energy (EE) and operational energy (OE) as a percentage of life cycle energy (LCE) con-

sumption. The above graph is prepared using the definitions used and reported for life cycle embodied and operational
energy in the references: [68l, [69], [70], [71], [72], [73], [74], [75], [60], [76], [28], [34], [35], [36], [37], [38], [401, [44], [46], [19]



Figure 2.8 depicts the percentage of the life cycle embodied energy in total life cycle energy in the world's
four regions. There is a significant variation in the reported values for the life cycle embodied energy
consumption throughout the four regions, the average reported values for Asia and Europe do not differ
that much (34.7% and 36.2%, respectively). The use of different embodied energy Datasets, building material
types, building typologies and construction systems are some of the reasons for variations in the reported
life cycle embodied carbon energy consumption across the regions.
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Figure 2.8: Percentage share of life cycle embodied energy consumption in total life cycle energy consumption observed
in reviewed studies by geographic location of the world. (Asian studies, European studies, Asia, Europe, Oceania and
America studies [69] [70] [71] [72], [73], [74], [75], [76] [28] [34] [35], [36], [37], [381[19], [40], [44], [46] [60], [77], [68], [78])

The following section shows the share of transport-related energy consumption, demolition-related
energy consumption and use phase embodied energy consumption in the total life cycle embodied energy
consumption. Figure 2.9 shows that across the studies reviewed, transport-related energy consumption
varies in the range of 2 - 23% with an average of 6%, and demolition-related energy consumption varies in
the range of 0.1 - 13% with an average of 3%.
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Figure 2.9: Percentage share of transport and demolition-related energy consumption in the total life cycle embodied
energy consumption. The graph for the percentage share of transport energy is prepared using the definitions used and
reported for life cycle embodied and demolition energy in the references: [79], [80], [81] [82], [83], [84], [85], [86], [87] [88],

1891, [901], [75], [91], [92], [93], [94], [95], [961], [971], [72], [98], [99], [100]. Similarly, the graph for the share of demolition energy
is prepared using the definitions used and reported for life cycle embodied and demolition energy in the references: [82],
[101] [29], [89], [102], [92], [103], [104], [53], [105], [1061], [94], [107], [108], [109], [110], [111], [112], [113], [114], [115]

Use phase embodied energy consumption is a major component often excluded from life cycle embodied
energy calculations, which in some cases was found equal to or greater than a building's upfront embodied
carbon emissions (A1-A3). Figure 2.10 shows the annual use phase embodied carbon emission as a
percentage of the life cycle embodied carbon emission (excluding demolition energy) as reported in the
studies reviewed. Considering an average 50-year life cycle of buildings, the values vary within a range of
5-60%, with an average value of 25%.
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Figure 2.10 Use phase embodied energy as a percentage share of total life cycle embodied energy. The above graph is
prepared using the definitions used and reported for life cycle embodied and use phase energy in the references: [116],
801, [117], [118], [65], [83], [54], [84], [40], [89], [119], [120], [102], [92], [62], [121], [122], [123], [106], [124], [109], [110], [125],
[113], [126], [72], [98], [127], [63]

2.5 Reporting of LCA Results

Reporting the LCA results is necessary to understand how well the buildings perform in terms of their
life cycle energy and/or carbon impacts. However, it is often challenging to do so given the variations in
building materials, construction techniques, life span, usage patterns, geographic locations and system
boundaries. The metrics used or referred to in the studies varied significantly.

It is observed that most of the performance metrics use area per year (m2/year) as the normalising
parameter for operational energy/carbon analysis and floor area (m2) for life cycle energy/carbon analysis.
The bottom-up approach (starting from the materials level to the building level as a final stage) was the
most frequently used methodology for reporting the LCA results. This means that results have been
reported for materials for A1-A3 stages (upfront carbon emission), then building component-wise, e.g.,
walling system, beam, column, etc. and finally at the building level for different life cycle stages. Seven
recommendations were provided after review of the literature: (i) clear definition of the assessment method;
(i) clear definition of the functional equivalent; (iii) combining the top-down and bottom-up approaches;
(iv) including different performance levels (from limit to target values); (v) standardized system boundaries;
(vi) the metrics should cover the most widespread building types; and (vii) metrics should be logical and
technically defensible.

2.6 Summary of the Chapter

The chapter provides an overview of international standards such as ISO 14040, 1ISO 14044, and EN 15978,
which define the broad framework for LCA. It delves into the methodology and application of LCA of
buildings used for studies globally drawing relevant insights for the Indian context.

The review assessed standards, methodologies, and frameworks used in LCA in different studies,
particularly looking at how they define the scope or system boundary, methodologies for inventory
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analysis, and how they report and interpret results. The insights gathered from national and international
literature are synthesized to propose a tailored framework for conducting LCA in India, which would aid in
making informed decisions to reduce the environmental impact of buildings effectively.

Key conclusions from this chapter are as follows:

Using LCA results at different levels to inform energy/carbon emission reduction interventions: Life
cycle energy/carbon of a building is a function of energy and carbon emissions associated with the
manufacturing of materials and/or construction products, variation in type and amount of materials used
in different building components as well as energy and carbon emissions that occur during construction,
use and end of life stages (for instance material durability or disposal technologies for specific materials).
Therefore, it becomes important that LCA results are broken down by materials, building component and
life cycle stages to help arrive at the most relevant interventions. These may include, for instance, opting
for alternative low-carbon materials, optimising the design to reduce material quantities used in building
elements, and other interventions that impact the durability and recyclability of materials or building
elements.

Methodology of inventory analysis: Datasets prepared using process-based analysis are preferred,
considering the non-homogeneity and uncertainties related to the construction materials manufacturing
process.

Methodology of operational energy and associated carbon analysis: Considering the wide acceptability
of dynamic simulation tools such as EnergyPlus, Design Builder, Open Studio etc., to estimate operational
energy and associated carbon emissions is a good choice for early design stage of buildings. For existing
buildings electricity bills should be considered.

Methodology for construction, transport, use phase and demolition stage analysis: The literature review
shows that inadequate data related to these stages remains a challenge. Data gaps can be addressed by
collecting onsite data from real-time projects or can be referred from the existing literature.

System boundaries for LCA analysis: The literature review highlights significant variations in the system
boundaries considered across different studies. Many studies focus primarily on stages A1-A5 and B6,
often excluding other stages of a building's life cycle. This selective focus may be attributed to the
perceived lower impact of the excluded stages on the building's life cycle energy and carbon emissions.
This observation raises an important question: Has that been conclusively proved? It seems not, and if that
is the case should research concentrate first on establishing the life cycle stages with a more pronounced
impact on life cycle energy and carbon emissions? This approach to system boundary selection is crucial
for developing targeted and effective sustainability strategies in building design and construction.

Need for standardization of LCA: There is a pressing need for standardization in the reporting structure to
ensure consistency and comparability across studies., support more effective decision-making in building
design and construction practices, plus inform documentation and reporting of life cycle impacts for
different building uses, construction types and climatic zones.

Data variability and quality: Wide variations in reported energy across different life cycle stages of buildings
highlight the need for rigorous data quality checks. These checks are essential to verify the accuracy of
energy and carbon emission estimates at each life cycle stage. Utilizing both generic data and product-
specific data, such as Environmental Product Declarations (EPDs), can address some of these variations



effectively. Generic data provides a broad, industry-wide perspective, useful for preliminary assessments,
but it may lack the precision needed for specific projects. Conversely, EPDs offer detailed, product-specific
insights, ensuring a higher accuracy of impact assessments. Therefore, incorporating stringent data quality
checks for both types of data ensures that energy and carbon emission estimates are reliable, supporting
more sustainable and informed decision-making throughout the building life cycle.

Reporting: Lastly, the chapter outlines the reporting process for comparing life cycle energy and carbon
emissions of buildings across various studies. It recommends that results be benchmarked using a
combined top-down and bottom-up approach and normalized by m2 (floor area) to ensure comparability.
This suggests that, for data reporting purposes, the highest acceptable values should be established
first. Subsequently, a bottom-up approach should be employed, beginning with the reporting of upfront
embodied carbon for materials, followed by embodied carbon at the building component level, and finally
progressing to the reporting of embodied carbon for the entire building at each life cycle stage. For the
use stage specifically, it suggests that results should be further normalized by the unit of per year per m?
(floor area). This methodological consistency will facilitate more accurate comparisons and enhance the
utility of life cycle assessments to inform sustainable building practices.






3.1 Introduction

It is observed from the literature review that multiple factors such as functional units, system
boundaries and materials' embodied carbon dataset affect the life cycle embodied energy and
carbon emission of buildings. In India, the only study covering all the life cycle stages of buildings
has been conducted for a net zero educational building [25]. The carbon emission associated with
different life cycle stages as a percentage of life cycle embodied carbon has been shown in Figure
3.1 It is important to note that the numbers presented are specific to a particular building. To gain a
comprehensive understanding of life cycle carbon emissions across different building typologies,
similar studies need to be conducted for various types of buildings to have more accurate picture of
life cycle carbon emissions across the building typologies.

~56% ~3% ~32% ~6%
Production Stage Construction Stage Use Stage End of Life Stage
(A1-A3) (A4—A5) (B1-B5) (C1-C4)

Figure 3.1 Breakdown of total life cycle embodied energy of a building by life cycle stages.

To accurately estimate the life cycle embodied energy and carbon emission of buildings, a conceptual
framework has been presented (Figure 3.2) where energy and carbon emission data for each stage
need to be captured through generic construction material embodied energy and carbon dataset,
product-specific EPDs, onsite surveys for machinery used, region-specific building bye-laws, public
work departments, etc.
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Figure 3.2: Stages and data sources for life cycle embodied carbon estimation of buildings
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3.2 Analysis of Different Factors Affecting Embodied Carbon Emission from Different
Life Cycle Stages

This section presents the impact of using different embodied carbon datasets, differences in transportation
distances, building lifespan and manufacturing process-related energy consumption by geographic
location on the upfront embodied, transport-related and use phase carbon emissions. To illustrate the
impact of these variables, a case study of small-scale commercial buildings with a floor area of 288 m?
has been considered. The operational energy and associated emissions (for B6 stage) have not been
included in this analysis. The onsite construction (As), Use stage (B1), and end-of-life stages (C1-C4) have
also been excluded due to data gaps and their relatively low contribution to the total life cycle embodied
energy consumption of the building. The layout of the selected building and its bill of quantities (BOQ)
are presented in Appendix 1. The following sections discuss the impact of the different factors mentioned
above on the different life cycle stages' (A1-A3, A4, B2-B5) carbon emissions of the selected building.

3.21 Impact of Emission Intensity Data on Upfront Carbon Emission for the Case Study
Building

To analyse the impact of emission intensity data on upfront carbon, a comparative analysis using two
datasets, namely One Click LCA's inbuilt construction materials' embodied carbon dataset and IFC's Indian
construction material dataset, has been conducted. The calculation of upfront embodied carbon for the
materials used in the selected building is presented in Table 3.1. The system boundary for the analysis is
A1- A3, ie, cradle to gate. As observed from the table, there is approximately a 17% variation in the upfront
embodied carbon of materials used in building construction, as estimated using the two different datasets.

The likely reason for this difference is that One Click LCA utilizes some of the material embodied carbon
data from the IFC dataset for Indian construction materials. For some construction materials, it adopts
the emission factor from other countries and converts it to India construction materials using the grid
emission factor of India. This highlights the necessity for standardizing a generic embodied carbon dataset
for construction materials, which should be used consistently, especially in cases where Environmental
Product Declarations (EPDs) for specific construction materials are unavailable.



Table 3.1: Case study: Impact of emissions intensity data on upfront embodied carbon

Building Material Weight of the One Click IFC Embodied Embodied
material (kg) LCA Dataset Dataset One Click LCA IFC
(kgCo2_ /kg) (kgCO, / (kgCO2 ) (kgCO,,.)
kg)
Bricks Nos. 26404.5 66011.3 0.24 0.39 15842.7 257444
Coarse sand Cum 74.2 118661.6 0.0023 0.009 272.9 1068.0
Fine Sand Cum 5.4 9064.1 0.0023 0.009 20.8 81.6
Cement Cum 458 65930.5 0.94 0.91 61974.7 59996.7
Aggregates Cum 121.9 192647.8 0.0025 0.009 481.6 1733.8
Steel kg 16767.2  16767.2 2.29 26 38396.8 43594.6
Water Ltr 32186.4 32186.4 0.0003 0.0003 9.7 9.7
Framing Rmt 195.1 195.1 16.52 26 32236 5073.4
Double layer glass Sgm 63.4 63.4 52.7 527 3341.2 3341.2
Paint Sgm 209.7 179.9 3.99 2.9 YA 523.4
Putty Sgm 209.7 161.3 0.32 0.27 51.6 435
Admixture kg 585.4 585.4 1.67 1.67 9776 9776
Vitrified Tiles (10mm) kg 2789.8  2789.8 0.5 0.68 1394.9 1897.0
Ceiling Tiles (2x2) kg 4215 4215 0.3364 2.7 141.8 11381
Adhesive kg 981.3 981.3 0.84 0.47 8243 461.2
Foam Concrete kg 1468.5  1468.5 0.34 0.322 499.3 472.8
Waterproofing chem kg 171 171 2.88 2.88 493 493
Wooden Flooring kg 13034 13034 0.28 2 365.0 2606.9
Aluminium Skirting kg 148.9 148.9 16.65 35 2479.8 5212.9
POP kg 30921 30921 018 013 556.6 402.0
Gypsum Plaster kg 109.7 109.7 018 0.099 19.7 10.9
Gypsum Board kg 35076 35076 0.29 0.26 1017.2 912.0
Gl Matel Section for Frame kg 945.4 945.4 3.225 3 3048.9 2836.2
50mm Glasswool Insulation kg 487.8 487.8 3.3857 25 1651.4 1219.4
Gypsum Compound kg 621.2 621.2 0.0949 0.0037 59.0 23
Aluminim Doors & Glazing kg 516.8 516.8 1.996 1.2 1031.5 620.2
Frame
Aluminium Frames in doors kg 182.9 182.9 16.52 26 3021.2 4754.9
& Glazing
12mm Laminated Modular kg 99.2 99.2 0.2925 0.43 29.0 427
Partitions In toilets
32mm Flush doors on toilets kg 249 249 0.8226 0.43 20.5 10.7
entry
Total 141520.2 164837.3

3.2.2 Regional Variations in Embodied Carbon of Building Materials for the Case Study
Building

To illustrate the impact of variations in manufacturing process-related energy consumption by geographic
location on upfront embodied carbon, the variance due to bricks manufactured in different regions of India
has been analysed. Data on other building materials has not been forthcoming, and hence, this analysis
has been limited to bricks. Upfront embodied carbon of materials, such as bricks or other construction
products, depends on several factors, including manufacturing processes used, the distance from where
the raw materials are transported, and the mode of transport to the factory. The embodied carbon data
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of bricks manufactured in eastern, northern, western, and southern parts of India was taken from Sameer
et al. [14]. Figure 3.3 shows region-wise variations of the upfront embodied carbon for brick manufactured
in the eastern, western and northern regions. The percentage variation has been calculated relative to
upfront embodied carbon calculated using the IFC Indian construction material dataset presented in
Table 3.1. It can be observed from the figure that upfront embodied carbon varies from 0.04 to 5%.

(651

percentage variation from the
basecase

North East West South

Geographic locations

Figure 3.3: Variation in the embodied carbon of bricks by geographic location

3.2.3 Effect of Variations in Transportation Distance on Transport-Related Carbon Emission

A parametric analysis was conducted to examine the impact of varying transportation distances on
carbon emissions for stages A1-A3 (upfront embodied carbon) and A4 (transport-related carbon emission)
combined. For this analysis, a standard diesel fuel truck with a 10-tonne capacity and a fuel efficiency
of 3.5 km per litre was used to transport construction materials to the site. Figure 3.4 illustrates the
variations in emissions due to different transportation distances on upfront embodied carbon (A1-A3) and
transportation-related emissions stage (A4) combined.

It was observed that while transportation emissions increase proportionally with the distance travelled,
the combined carbon emissions of stages A1 to A4 do not increase at the same rate. For instance, a 100%
increase in travel distance results in only a 2% increase in the total carbon emissions of stages A1 to A4. This
demonstrates that the contribution of transportation-related emissions to the total carbon emission (of
stages A1-A4) is relatively small. This analysis highlights that while transportation emissions are important,
their overall impact on the life cycle embodied carbon of buildings is limited when compared to other
stages.
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Figure 3.4: Variation in the carbon emission of transport (A4) and upfront carbon emission (A1-A3) combined with respect
to distance travelled from gate to site

3.2.4 Effect of Different Building Design Life on the Use Phase Embodied Carbon Emission
of Case Study Building

The design life of buildings significantly impacts their life cycle embodied carbon emissions. A longer
lifespan reduces the need for new construction, thus lowering the associated carbon emissions from
construction activities. However, it also increases the use phase embodied carbon emissions corresponding
to stages B1 - B5. To assess the impact of different building design lifespans on use-phase embodied
carbon emissions, the embodied carbon associated with stages such as replacement, refurbishment,
repair, and maintenance has been estimated. This estimation is based on changes in the proportion of
construction materials used over a specific building design life, as identified in various studies. The table
showing the proportion of materials changed over certain periods and the associated change in use phase
embodied carbon emissions is presented in Appendix 1 (Table A.2).

Figure 3.5 illustrates that when the building lifespan is extended by 10 and 20 years from the base case
of 50 years, use phase embodied carbon emissions increase by approximately 2.5% and 5%, respectively.
However, instead of extending the building design life from the baseline, the building gets demolished
and a new building is constructed, then the embodied carbon emission would approximately double
compared to extending the building design life. For example, for the case study building if it gets
demolished after 50 years and considering the similar construction with same upfront embodied carbon
of materials, the total life cycle embodied carbon after 70 years will be two times more compared to
extending the design life of building by 20 years from the base design life of 50 years (analysis has been
presented as Table A.3 in appendix section). This indicates that extending the lifespan of buildings reduces
the need for new construction and consequently allows for the deferment of carbon emissions associated
with new construction.

To reduce the use phase embodied carbon emissions, construction materials with a longer lifespan should
be considered during the design stages. By selecting durable materials, the frequency of replacements
and maintenance can be reduced, ultimately lowering the use phase embodied carbon emission of the
building.
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Figure 3.5 Variation in use phase embodied carbon of the case study building with increasing life span

3.3 Summary of the Chapter

4

The chapter evaluates how various factors, such as material/product emissions intensity datasets,
transportation distances, building design life, and geopgrahic varations in manufacturing process-
related emissions influence the upfront embodied carbon emission, transport-related carbon
emission and use phase embodied carbon emission.

A comparative analysis between embodied carbon calculations from One Click LCA and IFC's
Indian construction material dataset shows an approximate 17% variation in upfront embodied
carbon emissions. This variation is due to the use of emission factors from other countries, adjusted
with Indian grid emission factors. This underscores the need for a standardized embodied carbon
dataset for construction materials, rigorous data quality checks and periodic updates to capture
the improvements happening on the manufacturing side. The analysis of variation in transportation
distance and its impact on A1-A4 stages' emission shows that the impact of transport-related
emission with respect to A1-A4 stages is comparatively small.

Geographic variation in manufacturing-related emissions for bricks leads to a maximum 5%
variation in the upfront embodied carbon of materials from the base case which was calculated
using IFC dataset. This indicates that the brick manufacturing process corresponding to different
geographic locations led to relatively minor variations from the values calculated using the IFC
dataset, and hence, it can be used for different geographic locations.

The analysis of varying building design life and its relation to use phase embodied carbon
emissions suggests that as the building design life increases by 10 and 20 years, the use phase
embodied emissions increase by 2.5% and 5%, respectively. However, extending building design
life help in deferment of carbon emission due to new construction after demolishing the building.
This underscores the need for durable construction materials during the design phase to mitigate
the recurring embodied carbon emissions over the building's lifespan and also avoid the need for
new construction.
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The report provides a detailed analysis of the current state of LCA practices, standards and frameworks
followed globally as well as in India for buildings' life cycle energy and emission analysis.

The report begins by presenting the status quo of LCA in Indian contexts, identifying key challenges
hindering its adoption. These challenges include the lack of a standardized LCA framework, the
unavailability of India-specific datasets for embodied carbon in construction materials, absence of
LCA based compliance with existing codes and standards, and the absence of financial incentives
for disclosing building life cycle carbon emissions. However, the report also highlights ongoing
efforts to address these issues, such as the incorporation of an ISO-based LCA framework in the
ECSBC (currently in draft stage), BIS guidelines for calculating product carbon footprints based on
ISO standards, and initiatives by CEPT University to develop an India-specific construction material
embodied carbon dataset.

The literature review in the report highlights the variability in system boundaries across different studies
carried out globally as well as in India, driven by varying objectives related to emissions at different
life cycle stages of buildings and influencing design decisions. This variability is compounded by
the absence of a standardized LCA framework mandated by codes and standards across countries.
The review also underscores significant differences in embodied carbon datasets for construction
materials used in various studies. The lack of standardized datasets across the countries leads to
discrepancies in reported upfront embodied and life cycle carbon emissions. Additionally, the report
points out that differing system boundaries and functional units pose significant challenges for
bconsistent reporting of CA results and conducting comparative analyses of different studies.

The report quantifies various factors affecting embodied carbon emissions at different life cycle stages
of buildings using a case study from India. It highlights that the use of One Click LCA and IFC datasets,
frequently cited in Indian studies, results in a 17% variation in upfront embodied carbon emissions
of materials, underscoring the need for a standardized India-specific embodied carbon dataset.
Additionally, it quantifies the impact of variations in manufacturing process-related emissions by
geographic location, building design lifespan, and transportation distances. Geographical differences
in manufacturing process for bricks results in up to 5% variation. The impact of transportation-related
emissions is minor when combined with upfront embodied carbon. The analysis reveals that an
increase of 10 and 20 years from the base case of 50 years in building design lifespan results in a 2.5%
and 5% change in use-phase embodied carbon emissions, respectively, emphasizing the need for
durable construction materials to reduce use-phase embodied carbon emissions.

The report highlights several key challenges hindering the mainstreaming of LCA in the Indian building
sector:

» Lack of a standardized LCA framework
» Absence of an India-specific embodied carbon dataset
P Limited awareness among practitioners, policymakers, and implementing authorities

» Insufficient incentives
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To address the challenges, the report provides the following recommendations.

Delineation of Standard LCA Framework

The Bureau of Indian Standards (BIS) should establish a national LCA framework for calculating and
disclosing the life cycle embodied carbon data of construction materials and buildings. Having this
framework from BIS would facilitate its incorporation into the Indian building code for implementation.
BIS can either adopt an internationally established standard or develop an India-specific tailored LCA
framework. Additionally, BIS should set rules for reporting standards of upfront and life cycle embodied
carbon emissions to enable benchmarking of results across the country.

Development of India-specific embodied carbon dataset

The draft National Resource Efficiency Policy (NREP) aims to reduce embodied carbon through resource
efficiency and circularity, highlighting the need for urgent attention and action in this critical area. In the
absence of the NREP, the government can encourage the voluntary disclosure of embodied carbon data
using LCA methodology for products listed on the Government e-Marketplace and the national public
procurement platform. This is especially important for building materials with high embodied carbon, such
as concrete, steel, glass, and various walling materials. Establishing a national embodied carbon dataset
using standardized testing methods to disclose data for common and energy-intensive materials, such as
cement, steel, and bricks, would be a promising first step. Additionally, the manufactures of these energy
intensive materials should be encouraged to publish EPDs of their products which can be included in the
national dataset.

Develop reporting standards for different building typologies and construction
systems

A comprehensive life cycle carbon emission reporting standards for various building typologies should be
established by developing reference buildings, similar to the benchmarks already created for operational
carbon emissions and energy consumption in different types of commercial buildings in India. These
benchmarks will serve as a crucial criterion for incentivizing asset owners and developers to disclose the
life cycle emissions of their buildings.
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Appendix

Floorplan of the case study building
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Figure A.1: Floorplan of the case study building

Table A1 shows the BOQ information of the case study building

Table A.1: Materials' BOQ of case study building

Component Units Qty Weight of the material (kg)
Burnt clay Bricks Nos. 26404.5 66011.3
coarse sand Cum 74.2 118661.6
Fine river sand Cum 54 9064.1
OPC Cement Cum 45.8 65930.5
Aggregate Cum 1219 192647.8
Steel kg 16767.2 16767.2
Water Ltr 32186.4 32186.4
80X50mm Powder coated Aluminium Section Rmt 1951 1951
Double layer glass Sgm 63.4 NA

Paint Sgm 209.7 179.9
Putty Sgm 209.7 161.3
Admixture kg 585.4 585.4
Vitrified Tiles (10mm) kg 2789.8 2789.8
Ceiling Tiles (2x2) kg 4215 4215




Component Units

Adhesive kg

Qty
981.3

Weight of the material (kg)

981.3

Foam Concrete kg

1468.5

1468.5

Waterproofing chem kg

171

171

Wooden Flooring kg

1303.4

1303.4

Aluminium Skirting kg

148.9

148.9

POP kg

30921

30921

Gypsum Plaster kg

109.7

109.7

Gypsum Board kg

3507.6

3507.6

Gl Matel Section for Frame kg 945.4 945.4
50mm Glasswool Insulation kg 487.8 487.8
Gypsum Compound kg 621.2 621.2
Aluminim Doors & Glazing Frame kg 516.8 516.8
Aluminium Frames in doors & Glazing kg 182.9 182.9
12mm Laminated Modular Partitions In toilets kg 99.2 99.2

32mm Flush doors on toilets entry kg 249 249

Table A.2 shows the calculation of use phase embodied carbon emission of case study building

Table A.2: Use phase embodied carbon calculation for the case study building
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Table A.3 presents a comparative analysis of embodied carbon emissions for two scenarios; constructing
a new building after the original design life ends, versus extending the building's design life by 10 and 20
years beyond the baseline of 50 years.

Table A.3 comparative analysis of emissions for the cases: constructing a new building versus

Life cycle embodied carbon till 50
years (upfront embodied + Use phase

extending the building design life

Life cycle embodied carbon till 60 years Life cycle embodied carbon till 60 years
for the case of extending building design for the case of extending building design

embodied carbon) (kgCOM) life (upfront embodied + Use phase life (upfront embodied + Use phase
embodied carbon) (kgCOzeq.) embodied carbon) (kgCOzeq.)
193052.4 (10 years extension) 357889.7
167190.3
197754.9 (20 years extension) 362592.2
Percentage increase from the base case
15.5 (10 years extension) 1141
18.3 (20 years extension) 116.9
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