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Abstract: This paper develops a life cycle assessment framework for embodied environmental
impacts of building construction systems. The framework is intended to be used early in the design
stage to assist decision making in identifying sources of higher embodied impacts and in selecting
sustainable design alternatives. The framework covers commonly used building construction systems
such as reinforced concrete construction (RCC), hot-rolled steel construction (HRS), and light steel
construction (LSC). The system boundary is defined for the framework from cradle-to-grave plus
recycling and reuse possibilities. Building Information Modeling (BIM) and life cycle assessment
are integrated in the developed framework to evaluate life cycle embodied energy and embodied
greenhouse emissions of design options. The life cycle inventory data used to develop the framework
were extracted from BIM models for the building material quantities, verified Environmental Product
Declarations (EPD) for the material production stage, and the design of construction operations for
the construction and end-of-life stages. Application of the developed framework to a case study of a
university building revealed the following results. The material production stage had the highest
contribution to embodied impacts, reaching about 90%. Compared with the conventional RCC
construction system, the HRS construction system had 41% more life cycle embodied energy, while
the LSC construction system had 34% less life cycle embodied energy. When each system was
credited with the net benefits resulting from possible recycling/reuse beyond building life, the HRS
construction system had 10% less life cycle embodied energy, while the LSC construction system
had 68% less life cycle embodied energy. Similarly, the HRS construction system had 29% less life
cycle greenhouse gas (GHG) emissions, while the LSC construction system had 62% less life cycle
GHG emissions. Sustainability assessment results showed that the RCC construction system received
zero Leadership in Energy and Environmental Design (LEED) credit points, the HRS construction
system received three LEED credit points, while the LSC construction system received five LEED
credit points.

Keywords: embodied energy; embodied greenhouse gas emissions; life cycle environmental assess-
ment; building information modeling; building construction systems; sustainability assessment

1. Introduction

The total life cycle energy consumed by a building is classified into operational energy
and embodied energy. Operational energy is defined as the energy utilized in the use stage
of the building, while embodied energy is the total amount of non-renewable primary
energy required for all direct and indirect processes related to the construction of the
building, its maintenance and end of life. Similarly, the embodied greenhouse gas (GHG)
emissions are the embodied carbon dioxide equivalent of greenhouse gases (carbon dioxide
(CO2), methane (NH4), nitric oxide (N2O)), which are emitted over the life cycle of the
building. The Global Warming Potential (GWP) is defined by The Intergovernmental Panel
on Climate Change (IPCC) [1] as a relative measure of how much a given mass of GHG is
estimated to contribute to global warming over a time scale of 100 years.
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The construction industry accounted for 39% of energy and process-related GHG
emissions in 2018, 11% of which resulted from manufacturing building materials and
products such as steel, cement, and glass [2]. Embodied energy and GHG emissions
originating from buildings and construction account for nearly 20% of the world’s energy
consumption and GHG emissions [3]. The world emitted 33 gigatons of carbon dioxide
equivalent (CO2eq) in 2019 with an average share of 4.3 t CO2eq per capita [2]. On the
national level, Egypt’s economic development and increasing population are contributing
to increased GHG emissions. Its fossil fuel-based power and transport sectors are among
the most carbon intensive [4]. Egypt emitted 310 million t of CO2eq GHG emissions in
2016 with a share of 3.29 t CO2eq per capita/year [5]. The increase in GHG emissions
has so far caused a global warming of 1 ◦C above pre-industrial levels [6]. Under current
policies, global warming is expected to reach a range of 3.1–3.7 ◦C above pre-industrial
levels by 2050, since the world’s building stock is forecasted to double in size to house
a global population of 11 billion. The United Nation’s Conference of Parties adopted
in 2015 the Paris Agreement to take all necessary measures to limit global warming to
1.5 ◦C above pre-industrial levels [7]. The IPCC [8] stated that reaching that target would
require rapid, far-reaching, and unprecedented changes in all aspects of society. The IPCC
recommended that the “1.5 ◦C-consistent pathways require building GHG emissions to
be reduced by 80–90% by 2050, new construction to be fossil-free and near-zero energy by
2020”. The IPCC also highlighted the need for “an increased rate of energy refurbishment
of existing buildings to 5% per annum in OECD countries”. An enhanced construction
would influence 42% of final energy consumption, about 35% of GHG emissions, and more
than 50% of all extracted materials [6]. The goals adopted by the United Nation in the
new 2030 global agenda for sustainable development ([9] include achieving sustainable
consumption and production and building sustainable communities).

Therefore, the construction industry must minimize the consumption of both embod-
ied and operational energies to achieve a sustainable built environment. Efforts to reduce
building energy and GHG emissions have so far concentrated on reducing operational
energy consumption and increasing the use of renewable energy resources. As operational
energy consumption is reduced, embodied energy and GHG emissions will contribute
significantly to the effort to reduce the environmental impact of buildings and accomplish
the target set by the IPCC and the United Nation. Therefore, societies have started to
re-assess the construction industry in order to achieve more environmentally efficient build-
ings by considering the important balancing act between the three pillars of sustainability:
economic, environmental, and social constraints in the selection of building materials
and building structural systems. On the economic level, building designers must explore
new construction methodologies and create innovative building construction systems that
have the potential to produce more efficient buildings. On the environmental level, these
systems must also be environmentally friendly in terms of material use, embodied energy,
and embodied GHG emissions.

The construction systems commonly used in buildings are reinforced concrete con-
struction (RCC) (Figure 1a) or hot-rolled steel construction (HRS) (Figure 1b). In both
cases, floors are composed of cast-in-situ reinforced concrete slabs, and the walls are built
from bricks. Recently, light (cold-formed) steel construction systems (LSC) (Figure 1c)
have proven to be an efficient alternative to conventional building construction systems
for low and medium-rise buildings used in residential, office, and commercial applica-
tions [10–12]. Timber construction systems may also be used in some countries where their
cost is inexpensive.
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Figure 1. Commonly used construction systems: (a) Reinforced concrete construction, (b) Hot-
rolled steel construction, and (c) Light steel construction. 
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Figure 1. Commonly used construction systems: (a) Reinforced concrete construction, (b) Hot-rolled
steel construction, and (c) Light steel construction.

Investigating the environmental impacts of alternative building construction systems
is best performed using life cycle assessment (LCA) methodology. LCA is a versatile
tool that can be used at a single product level to quantify the energy consumption and
environmental impacts resulting from the product over its entire life cycle from cradle
to grave, or at the whole building level to assess the environmental impacts of several
alternate designs in order to select the design with the best environmental impact. LCA is
best used to complement economic building data with measures on their environmental
impacts [13] and to help take necessary actions to increase the resource efficiency of the
building construction industry.

The general methodology for LCA in all sectors follows the four-stage framework
recommended by ISO 14040 [14] and ISO 14044 [15]. The four stages are (i) goals and
scope definition, (ii) life cycle inventory (LCI), (iii) life cycle assessment (LCA), and (iv)
interpretation. The specific methodology for LCA in construction works is detailed in the
European standard EN 15978 [16], which covers the environmental, economic, and social
aspects of sustainability. Environmental assessment is performed according to a modular
framework recommended by EN 15978 for LCA at the whole building level and by EN
15804 [17] for LCA at the product level. These standards introduced a modular concept for
the definition of the system boundaries as shown in Figure 2.
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2. Preliminary Research Analysis

The Energy in Building and Communities Program (EBC) [3] presented a study of
the assessment of embodied energy and CO2eq for building construction that covered
the present status of embodied energy and GHG emissions in addition to reviews of their
calculation procedures and theoretical basis. Zeng and Chini [18] presented a review of
research on embodied energy of buildings using a bibliometric analysis of 398 papers
published from 1996 to 2015. The review pointed out the major three research areas for
embodied energy to be LCA, building design, and GHG emissions. Dixit [19] presented a
literature review of life cycle embodied energy in residential buildings. The inconsistencies
of reported embodied energy values pointed out a need to standardize the present assess-
ment procedure of embodied energy calculations. De Wolf et al. [20] presented a review
of current industry practice related to measuring embodied CO2eq of buildings using
multiple data sources to determine the difficulties in measuring and reducing embodied
GHG emissions in practice. The paper pointed out the need for improved data quality and
transparent LCA procedures. Chastas et al. [21] analyzed the results of 95 case studies to
identify the range of embodied carbon emissions of residential buildings and concluded
that the large scatter of results confirms a need for standardization in LCA methodology.
Fenner et al. [22] presented a review of current procedures for calculating the carbon
footprint. They concluded that there was a need for a clear, accessible, and consistent
procedure to assess the carbon emission from buildings. Rock et al. [23] analyzed more
than 650 LCA case studies to investigate the global trends of life cycle GHG emissions.
The analysis revealed an increase in the relative and absolute contributions of embodied
GHG emissions and emphasized the necessity to reduce GHG emissions by reducing
both embodied and operational impacts. Birgisdottir et al. [24] presented the findings
from a major five-year research project sponsored by the International Energy Agency
(IEA). The project investigated the reduction of embodied energy and GHG emissions
over the whole life of buildings. Annex 57 of the project collected and analyzed over 80
detailed quantitative and qualitative building case studies from the contributing countries.
Simonen et al. [25] developed a database of building embodied carbon that contains over
one thousand buildings. The study concluded that the initial embodied carbon of the
low-rise residential building’s structure, foundation, and enclosure is normally less than
500 kgCO2eq/m2. Gervasio et al. [26] proposed a framework for the quantification of
benchmarks for the environmental impacts of buildings. Based on the developed frame-
work, the life cycle GHG emissions is equal to 5–12 kg CO2/m2.yr, while the total primary
energy is equal to 68–186 MJ/m2.yr. Rodrigues et al. [27] evaluated the embodied carbon
and energy of an industrial building in Portugal. Their results showed an embodied carbon
of 508.57 kgCO2/m2 and an embodied energy of 4908.68 MJ/m2.

However, the current situation of LCA of embodied impacts reveals that calculation
procedures greatly vary depending on the country or researcher; accordingly, the results
also differ widely [3]. Nwodo and Anumba [28] identified the major challenges in building
LCA to be (a) data intensity and quality, (b) subjectivity in environmental impact charac-
terization and valuation, (c) inadequate definition of functional units, (d) assumptions for
building life span and service life, (e) lack of procedures for system boundaries, (f) lack of
uncertainty analysis, and (g) limitation as a decision-making tool.

The objective of this paper aims to develop a life cycle assessment framework for
embodied environmental impacts of building construction systems which overcomes these
shortcomings as follows:

(a) The framework is developed according to principles stated in international LCA
standards.

(b) The functional unit is selected to enable comparisons with other LCA results.
(c) The building life span and service life are selected based on structural design codes.
(d) The system boundaries are defined relative to the life cycle stages.



Sustainability 2021, 13, 461 5 of 21

The data used in the assessment are based on realistic data obtained from certified
Environmental Product Declarations in the material production stage and from the design
of construction operations for the construction and end-of-life stages.

The framework is intended to be used by decision makers and stakeholders early in
the design stage to select the design alternative with the most sustainable design alternative
that has the least embodied environmental impacts.

3. Methodology of LCA Framework
3.1. Goal and Scope of LCA

The goal of the present research is to develop a framework for the selection of building
construction systems based on life cycle embodied energy and GHG emissions. The
framework is intended to be used early in the design stage by designers, developers,
investors, decision makers, and any other stakeholders (product manufacturers, community
groups, etc.) to better inform them of the environmental impacts of different material
choices and construction system alternatives. The scope of the LCA framework is defined
by the system boundary which includes all life cycle from cradle to grave in addition to
benefits and loads due to possible reuse or recycling. The framework covers traditional
building construction systems used in residential, office, and commercial buildings with a
focus on low and mid-rise applications. The period of analysis for life cycle assessment is
assumed to be equal to 50 years, as suggested by the European design code EN 1990 [29].

3.2. Life Cycle Inventory

The life cycle inventory (LCI) phase involves the compilation and quantification of
materials and energy inputs and GHG emissions output throughout the building life
cycle. The developed framework uses a process-based LCI approach to calculate the
energy inputs and related GHG emissions associated with the different building processes.
Two sets of data are required to perform LCA; the first set contains input data related to
the required quantities of building materials, while the second set contains input data
related to the environmental impacts of building material and construction processes. Life
cycle analysis of construction materials and buildings suffers from the unavailability of
reliable and certifiable environmental information [26]. ISO 14044 suggests the following
requirements for the quality of data: (i) Time-related coverage; (ii) Geographical coverage;
(iii) Technological coverage; and (iv) Completeness.

The input data related to the quantities of building materials used over the building life
cycle can be quite intensive. Use of Building Information Modeling (BIM) can facilitate the
estimation of the required quantities for proposed design alternatives [30]. The workflow
for estimating the quantities of building materials follows the steps shown in Figure 3:

1. Develop 3D structural models for the construction of system alternatives.
2. Perform the structural analysis/design of the design alternatives using available tools

linked to the BIM software.
3. Utilize the BIM 5D tool link to calculate the required material quantities for each

design alternative.
4. Calculate the embodied energy and embodied GHG emissions for each design alter-

native using the relevant life cycle inventory data.



Sustainability 2021, 13, 461 6 of 21
Sustainability 2021, 13, x FOR PEER REVIEW 6 of 22 
 

 
Figure 3. Workflow for calculating building materials quantities [30]. 

(i) Generic LCI data in which the environmental data used in LCAs are based on typical 
material production data and construction procedures that are specific to the region 
where the building is to be constructed. Changes in any of these items can consider-
ably influence the results of the assessment. The generic data available in LCI data-
bases cannot be assumed to hold in other geographic regions where manufacturing 
and construction procedures may vary significantly. Generic LCI databases are usu-
ally developed by LCA consultancy companies, by academic institutions, or by in-
dustrial organizations (e.g., Worldsteel database of steel products [31]). 

(ii) Specific LCI data which are provided by manufactures and producers in the form En-
vironmental Product Declarations (EPDs). An EPD is an independently validated cer-
tificate that contains clear and comparable data about the life-cycle environmental 
impact of products. EPDs are constructed and registered according to ISO 14025 [32] 
in the framework of a program, such as the International EPD System [33]. All EPDs 
registered in the International EPD System are publicly available and free to down-
load from their website. The construction industry has widely adopted EPDs as a 
method of reporting and sharing environmental data.  
No specific data representing Egypt exist in any of the available generic LCI data-

bases. Using the world average values may lead to incorrect results, as they may not cor-
respond to the specific manufacturing procedures, energy mixes, building design, and 
construction practices employed in Egypt. In order to overcome this problem, the LCA 
framework in the present study was developed using specific LCI data related to different 
construction processes for different life cycle stages as follows: 
1. In the material production stage (Modules A1 to A3): Verified EPDs having similar 

production conditions to Egypt were used to calculate embodied energy and GHG 
emissions.  

2. In the construction stage (Modules A4 and A5) and end-of-life stage (Modules C1 to 
C4): embodied energy and GHG emissions were calculated based on the design of 
relevant construction operations. 

3.3. Life Cycle Impact Assessment 
This stage of LCA transforms the results of life cycle inventory into specific impact 

indicators that are selected according to the LCA goal. EN 15804 defines three main types 
of environmental indicators for LCA: (a) eight indicators related to environmental input 
flows such as renewable and non-renewable energy and fuels, (b) seven indicators focus-
ing on environmental impact categories using characterization factors, such as GWP and 
Ozone Depletion Potential, and (c) seven indicators focusing on output flows, such as 
waste flows and materials for recycling. According to the stated goals of the present LCA 
framework, the following impact indicators were used in the developed framework: 

Figure 3. Workflow for calculating building materials quantities [30].

Life cycle inventory data related to environmental impacts of building materials and
construction processes are usually available under two main categories (Gervasio and
Dimova 2018):

(i) Generic LCI data in which the environmental data used in LCAs are based on typ-
ical material production data and construction procedures that are specific to the
region where the building is to be constructed. Changes in any of these items can
considerably influence the results of the assessment. The generic data available in
LCI databases cannot be assumed to hold in other geographic regions where manu-
facturing and construction procedures may vary significantly. Generic LCI databases
are usually developed by LCA consultancy companies, by academic institutions, or
by industrial organizations (e.g., Worldsteel database of steel products [31]).

(ii) Specific LCI data which are provided by manufactures and producers in the form
Environmental Product Declarations (EPDs). An EPD is an independently validated
certificate that contains clear and comparable data about the life-cycle environmental
impact of products. EPDs are constructed and registered according to ISO 14025 [32]
in the framework of a program, such as the International EPD System [33]. All EPDs
registered in the International EPD System are publicly available and free to download
from their website. The construction industry has widely adopted EPDs as a method
of reporting and sharing environmental data.

No specific data representing Egypt exist in any of the available generic LCI databases.
Using the world average values may lead to incorrect results, as they may not correspond
to the specific manufacturing procedures, energy mixes, building design, and construction
practices employed in Egypt. In order to overcome this problem, the LCA framework in
the present study was developed using specific LCI data related to different construction
processes for different life cycle stages as follows:

1. In the material production stage (Modules A1 to A3): Verified EPDs having similar
production conditions to Egypt were used to calculate embodied energy and GHG
emissions.

2. In the construction stage (Modules A4 and A5) and end-of-life stage (Modules C1 to
C4): embodied energy and GHG emissions were calculated based on the design of
relevant construction operations.

3.3. Life Cycle Impact Assessment

This stage of LCA transforms the results of life cycle inventory into specific impact
indicators that are selected according to the LCA goal. EN 15804 defines three main types of
environmental indicators for LCA: (a) eight indicators related to environmental input flows
such as renewable and non-renewable energy and fuels, (b) seven indicators focusing on
environmental impact categories using characterization factors, such as GWP and Ozone
Depletion Potential, and (c) seven indicators focusing on output flows, such as waste flows
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and materials for recycling. According to the stated goals of the present LCA framework,
the following impact indicators were used in the developed framework:

1. Use of non-renewable primary energy resources expressed in Mega Joules (MJ), net
calorific value.

2. GWP expressed in carbon dioxide equivalent expressed in kg CO2eq using the char-
acterization factors recommended by the IPCC [8].

4. LCA of Embodied Energy and GHG Emissions
4.1. LCA in Modules A1 to A3 (Material Production Stage)

Embodied energy and GHG emissions related to raw material extraction, production,
and transportation phases were collected from EPDs provided by manufacturers and
producers having production technologies and construction conditions similar to Egypt.
Items for which no similar EPDs exist were inventoried based on the available literature
with similar production conditions to Egypt. The results are shown in Table 1 for commonly
used building materials. The procedure used to obtain the shown values is illustrated next
for steel and concrete production, as they both represent the major contribution to material
usage and environmental impacts. Average values of available EPDs were used for other
building materials.

Table 1. Intensity of embodied energy and embodied greenhouse gas (GHG) emissions of building
materials (Modules A1 to A3).

Building Material Unit
Embodied Energy Embodied GHG Emissions

MJ/Unit kg CO2-eq

Concrete Class 20 MPa m3 1755 255
Concrete Class 30 MPa m3 2070 335

Cement Mortar m3 2240 341
Clay Brick m3 4061 287

Hot rolled steel sections ton 29,890 2710
Galvanized studs ton 29,170 2280

Galvanized decking ton 33,448 1689
Reinforcing Steel ton 12,000 891

Welded wire mesh ton 12,329 737

4.1.1. Steel Production

The process flow diagram for typical steel production is shown in Figure 4. Steel
sections are produced using some percentage of scrap steel which may vary from 0% to
100%. Steel is produced in Egypt using Electric Arc Furnace (EAF) technology with a
nearly 50% scrap ratio. Data from EPDs related to steel production cover a wide range
of production methodologies. Therefore, energy flows related to steel production were
extracted from available EPDs with similar production technologies and validated against
actual data collected from major steel production companies in Egypt. Egyptian steel
companies produce steel using 50% scrap, so the EPDs that use 50% scrap steel were
selected to represent steel production in Egypt. The amount of GHG emissions related to
electric energy consumption was adjusted to reflect the energy mix used in Egypt, which
is produced using 92% natural gas and 8% fuel [34]. The corresponding GHG emission
factor is 0.495 kg CO2eq/kWh. Additionally, structural steel needs to be fabricated to
the exact design requirements in a steel fabrication shop before being transported to the
construction site. Therefore, the energy and emission flow due to the fabrication of steel
members should also be included in the material production stage.
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Figure 4. Process flow diagram for production of steel members (stages A1–A3).

4.1.2. Concrete Production

The process flow diagram for typical concrete production is shown in Figure 5. More
than one type of concrete is used depending on the required design strength class. The
most used strength classes are as follows. (1) Low-strength concrete has a compressive
strength of 20 MPa for plain concrete applications. The embodied energy values fall in
the range 1500–1910 MJ/m3 with an average of 1755 MJ/m3 while the embodied GHG
emissions fall in the range 249–257 Kg CO2eq with an average value of 255 Kg CO2eq.
(2) The higher strength class has a minimum compressive strength of 30 MPa used for
reinforced concrete applications. Energy for the concrete production is supplied by diesel
fuel and electricity. The embodied energy values fall in the range 1860–2490 MJ/m3 with an
average of 2070 MJ/m3, while the embodied GHG emissions fall in the range 307–341 Kg
CO2eq with an average value of 335 Kg CO2eq.
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Concrete production in Egypt follows the same process flow using local aggregates
and cement.

The associated environmental impacts were taken as the average values of similar
EPDs, as shown in Table 1.
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4.2. LCA in Modules A4 and A5 (Construction Stage)

This stage includes the construction energy and GHG emissions due to (i) transporta-
tion to the construction site (Module A4) and (ii) the construction process (Module A5).

4.2.1. Transportation to Construction Site (Module A4)

This module includes the transportation of building materials from the manufacturers
to the building site in addition to any excavated material to the landfills. The energy use
and related GHG emissions associated with this process depend on the energy consumption
of the transportation trucks and on the transportation distance. The transportation distance
used in calculations is usually doubled to take into consideration the return cycle of the
delivery trucks. The average fuel consumption of a typical 30-t transportation truck used in
Egypt is equal to 5 km/liter of diesel fuel. The energy due to fuel consumption is calculated
using the energy conversion factor 1 L of diesel fuel = 38.29 MJ. Then, the calculation of
GHG emissions is performed according to the procedure of IPCC as:

CO2 emission from road transport (kg CO2) = Fuel consumed (TJ) ∗ emission factor (kg/TJ).

The emission factor is equal to the carbon content of the fuel multiplied by 44/12 [35].
Typical values of emission factors for diesel trucks are 74,100 for CO2 and 3.9 for CH4 and
N2O [35]. The emission factor for GHG emissions is calculated from these values using
the GWP characterization factor recommended by IPCC as 1 for CO2, 25 for CH4, and 298
for N2O.

4.2.2. Construction Process (Module A5)

Embodied energy and GHG emissions arise in site construction processes from the use
of different construction equipment. The construction equipment needed to construct a spe-
cific building is determined based on the design of construction operations for the building.
Average fuel consumptions of different construction equipment used at the construction
site are shown in Table 2 based on a survey of building contractors in Egypt. The associated
energy and GHG emissions are calculated by applying the same conversion factors used
in Module A4. The number of hours required for each equipment is calculated from the
building material quantities of the related construction process and the productivity rate of
the equipment.

Table 2. Productivity, fuel consumption, energy, and GHG emissions of construction equipment.

Equipment Productivity/Hour

Fuel
Consumption

Embodied
Energy

Embodied
GHG Emissions

Liters/Hour GJ/Hour kg CO2eq/Hour

Excavator 21 m3 15 0.574 47.514
Wheel Loader 200 m3 15 0.574 47.514

Concrete Mix Truck 10 m3 40 m3 5 0.191 15.838
Concrete Pump 40 m3 5 0.191 15.838

Concrete Vibrator 40 m3 5 0.191 15.838
Mobile Crane 20 t 5 t 5 0.191 15.838

4.3. LCA in Modules B1 to B5 (Use Stage)

Modules B1 to B5 include all the data related to the maintenance, repair, and refur-
bishment of the building, which includes the usage of materials and equipment and the
management of the associated waste. Environmental data for these modules should be
based on the expected maintenance and repair scenarios considering the assumed design
life of each building. Building materials related to the structural components of the building
do not usually need to be repaired or replaced over the design life of the building. On the
other hand, building materials related to finishes such as doors, windows, tiles, and paints
need to be maintained over the design life of the building. Available studies [36] show
that the environmental impacts associated with these modules are negligible compared to
the life cycle impacts. The present LCA framework focuses on the structural components
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of the building and does not include the building materials related to finishes. Therefore,
the environmental impacts associated with these modules shall be neglected without any
significant effect on the outcome of LCA.

4.4. LCA in Modules C1 to C4 (End-of-Life Stage)

Module C1 covers all the processes in the demolition/dismantling of the building
at the end of its design life and includes energy consumed in the use of equipment, fuel
consumption, and related emissions. Detailed information on these processes does not
usually exist at the design stage. Approximate estimates are provided by The Athena Sus-
tainable Materials Institute [37] based on the analysis of demolition data of concrete, steel,
and wood buildings. The average energy consumed in demolition was found to be equal
to 0.07 MJ/kg for concrete buildings and 0.239 MJ/kg for steel buildings where recycling
is usually present. Module C2 covers the transportation of the demolished/dismantled
materials to landfills, waste treatment plants, or recycling plants. The environmental
impacts associated with this module can be estimated using the same energy and emission
factors stated in Module A4. Module C3 covers all the processes in the waste treatment
plant, while Module C4 covers the processes related to the final disposal of materials. The
developed LCA framework focuses on the structural components of the building for which
no waste treatment is expected, and therefore, no environmental impacts for Modules C3
and C4 are calculated.

Building elements have several end-of-life treatments depending on the possibilities of
recycling or reuse of the building material and the construction system used. For example,
brick walls, reinforced concrete slabs, beams, and columns are usually disposed from
building site to landfills with no re-use/recycle value. On the other hand, steel members
have a very high potential for reuse/recycle. The environmental and economic aspects of
sustainability require optimizing the resources and energy used in building construction.
For instance, The EU Waste Framework Directive [38] calls for taking all necessary measures
needed to (a) achieve a minimum of 70% of non-hazardous construction by 2020 and (b)
demolition waste to be prepared for re- recycling or reuse. The Worldsteel Association [31]
reports that 90% of steel section and 70% of reinforcing bars are usually recyclable. Table 3
shows the assumed end-of-life options of common building elements:

Table 3. End of life options for common building elements.

Building Element Demolition/Dismantling % Landfill % Recycle % Reuse

Concrete elements Demolition 100% 0 0
Steel reinforcement Dismantling 30% 70% 0

Hot rolled steel members Dismantling 10% 90% 0
Cold formed steel

members Dismantling 10% 90% 0

Brick wall Demolition 100% 0 0
Fiber cement wall boards Dismantling 30% 0 70%

4.5. LCA in Module D (Beyond System Boundary)

Recycled steel is mostly reused in steel making plants to produce new steel, as shown
in the allocation process flow diagram in Figure 6. In Module C1, the scrap steel with
Recycle Ratio (RR) is transported to the recycling plant, while the demolition waste (1-RR)
is transported to landfills. The scrap steel is combined with iron ore at the Electric Arc
Furnace (EAF) in the steel-making plant to produce new steel. The net environmental
impacts due to recycling or reuse are allocated to Module D according to EN 15804 [17]. The
net environmental impact is equal to the difference between the impacts due to the recycling
process that substitutes primary production and the impacts due to the production of the
avoided primary material. The net benefits related to material and energy resources is the
difference between the input and output of secondary material. The benefits and loads of
the scrap steel are accounted for in Module D in accordance with the global “value of scrap”
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life cycle model [31]. Depending on the Scrap Ratio (SR), Module D allocates only the net
benefit given by (RR-SR), which is the ratio of scrap used in the steel-making process.
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4.6. Sustainability Assessment

The results obtained from applying the developed framework to design alternatives
can be used to assess the sustainability of each alternative. The following Leadership
in Energy and Environmental Design (LEED) credit categories are associated with the
selection of the building construction system [39].

4.6.1. Materials and Resources: Building Life Cycle Impact Reduction

The main objective of this credit is to promote the adaptive reuse of building materials
and products to reduce demand for virgin materials. LEED assigns two, three, or five
credit points to building construction systems that display 25%, 50%, or 75% reduction in
building material use due to reuse, respectively.

4.6.2. Materials and Resources: Construction and Demolition Waste Management

The main objective of this credit is to decrease construction and demolition wastes
disposed to landfills by recovering, reusing, and recycling materials. LEED assigns one or
two LEED credit points to systems, which redirects 50% or 75% of three to four material
flows, respectively.

Using the end of life data presented in Sections 4.4 and 4.5, the developed framework
can be used to estimate the LEED credit points awarded to each design alternative from
those two categories, as demonstrated in the following application.

5. Case Study: Application
5.1. Description of Building

Use of the developed framework is illustrated through the following application
to a university student center, which was constructed at Cairo University in 2017. The
completed building is shown in Figure 7. The building built area is square in plan with size
equal to 35.86 m and it has an open square court with a side equal to 20.54 m. The building
height is 7 m and contains two floors. Each floor has an area of 864 m2. The building was
constructed using an LSC construction system with a light-reinforced concrete slab for
the floors and fiber cement boards for the walls. Two alternative designs shall be studied:
reinforced concrete construction system (RCC) and hot-rolled steel construction system
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(HRS). The framework developed in Section 3 was used to calculate the life cycle embodied
energy and embodied GHG emissions of the three alternative designs as follows.
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5.2. Quantities of Building Materials

Structural BIM models of the three alternative designs that fulfill the architectural
design requirements were constructed. Then, the structural models were imported to the
structural analysis and design software [40] to perform the structural analysis and design of
the three construction systems. The constructed structural models are shown in Figure 8a
for the RCC and HRS construction systems and in Figure 8b for the LCS construction
system. The resulting quantities of building material were obtained from the 5D BIM
model, as shown in Table 4.
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Table 4. Quantities of building materials for alternative construction systems.

Building Material UOM RCC HRS LSC

Foundation
PC foundation concrete m3 76.904 48.328 29.956
RC foundation concrete m3 217.02 152.46 159.1

RC slab on grade concrete m3 172.8 172.8 172.8
Rebar foundation ton 38.982 32.526 33.91

Superstructure
RC floor concrete m3 230.1 230.1 86.4

Rebars floor ton 23.1 13.806 —
RC skeleton m3 211.7 — —

Re bars skeleton ton 21.17 — —
Welded wire mesh ton — — 4.838

Galvanized decking ton — 6.912 6.912
Hot rolled steel sections ton — 110.291 —

Galvanized studs ton — — 54.352
Wall clay brick m3 509.25 509.25 —

Wall mortar m3 81.48 81.48 —
Fibercement siding m2 — — 4074

5.3. Life Cycle Impact Assessment

The quantities of building materials presented in Section 5.2 and life cycle inventory
data presented in Section 4 were used to calculate the embodied energy and embodied GHG
emissions at the different life cycle modules from A to D. Details of the calculations are
presented in the online Supplementary Data File “Environmental impact calculations.xls.”
The total life cycle embodied impacts were obtained by summing up the individual contri-
butions of the different modules.

5.3.1. Life Cycle Embodied Energy

The embodied energy results for the different life cycle modules are summarized in
Figure 9. Detailed calculations of each life cycle module are provided in a Supplementary
Data File. Figure 9 shows the comparison of the embodied energy—normalized per square
meter of floor area—among the three systems arranged by contribution of life cycle stage
in Figure 10a and arranged by the contribution of building group in Figure 10b.

5.3.2. Life Cycle Embodied GHG Emissions

The calculations of GHG emissions for the different life cycle modules are summarized
in Figure 11. Figure 10 shows the comparison of the GHG emissions—normalized per
square meter of floor area—among the three systems arranged by contribution of life cycle
stage in Figure 12a and arranged by contribution of building group in Figure 12b.
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Figure 9. Life cycle embodied energy (GJ).
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Figure 11. Embodied GHG emissions (ton CO2eq).



Sustainability 2021, 13, 461 17 of 21Sustainability 2021, 13, x FOR PEER REVIEW 17 of 22 

(a) Comparison by life cycle stage.

(b) Comparison by building component.

Figure 12. Comparison of normalized life cycle GHG emissions for three construction systems. 

−0.30

−0.20

−0.10

0.00

0.10

0.20

0.30

0.40

0.50

0.60

RCC HRS LSCS

G
W

P 
to

n 
C

O
2 

eq
/m

2

D
C1–C2
A4–A5
A1–A3

−0.300

−0.200

−0.100

0.000

0.100

0.200

0.300

0.400

0.500

0.600

RCC HRS LSC

G
W

P 
to

n 
C

O
2e

q/
m

2

Superstructure (D)

Superstructure (A–C)

Foundations (D)

Foundations (A–C)

Foundations (D)

Superstructure (A–C)

Superstructure (D)

Foundations (A–C)

Figure 12. Comparison of normalized life cycle GHG emissions for three construction systems.



Sustainability 2021, 13, 461 18 of 21

6. Discussion of Results
6.1. Life Cycle Embodied Energy

(a) Comparison with benchmark results: The life cycle embodied energy (Modules A to C)
is equal to 3.32 GJ/m2 for the RCC system, 4.684 for the HRS system, and 2.198 GJ/m2

for the LSC system. Typical benchmark results are 5–11.6 GJ/m2 reported by [41]
based on analyzing 80 buildings all over the world and 9 GJ/m2 reported by Gervasio
et al. [42] based on analyzing 76 buildings in Europe.

(b) Comparison by construction system: Compared with the conventional RCC system,
the HRS system has 41% more life cycle embodied energy, while the LSC system has
34% less life cycle embodied energy.

(c) Embodied to operational energy: The operational energy over a 50-year design life of
the same building was calculated using energy simulation as detailed in Abouhamad
and Abu-Hamd [10]. The operational energy was found to be nearly the same for all
three building systems at 31.60 GJ/m2. The ratio of embodied energy to operational
energy is equal to 10.5% for the RCC system, 14.83% for the HRS system, and 6.96% for
the LSC system. Typical benchmark results are 6–20% reported by Chastas et al. [21]
based on an analysis of 90 residential buildings.

(d) Added benefits from Module D: The added net benefits from Module D reach 12.2%
for the RCC system, 44% for the HRS system, and 57.4% for the LSC system. When
each system is credited with these net benefits, the LSC system has the least whole
life cycle embodied energy followed by the HRS system and the RCC system. This
is attributed to the light-weight design of LSC systems in addition to the benefits
given to the system from Module D due to recycling of steel members and reuse of
ferrocement wall boards. These results show that material recycling/reuse reduced
the embodied energy by 12% for the RCC system, 44% for the HRS system, and 57%
for LSC framing.

(e) Comparison by life cycle stage:

• The material production stage (Modules A1 to A3) has the highest contribution
to embodied energy as it represents 89% for the RCC system, 93.5% for the HRS
system, and 92% for the LSC system.

• The contribution of the construction stage (Modules A4 and A5) is 5.5% for the
RCC system, 3.3% for the HRS system, and 4.8% for the LSC system.

• The contribution of the end-of-life stage (Modules C1 and C2) is 5.5% for the
RCC system, 3.2% for the HRS system, and 3.2% for the LSC system.

• The contribution of substructure (site work and foundations) to the life cycle
embodied energy is 30.7% for the RCC system, 17.8% for the HRS system, and
36.6% for the LSC system.

6.2. Life Cycle GHG Emissions

(a) Comparison with available benchmark results: The life cycle GHG emissions (Mod-
ules A to C) expressed in ton CO2eq/m2 is equal to 0.346 for the RCC system, 0.444
for the HRS system, and 0.219 for the LSC system. Typical benchmark results are
0.867 t CO2eq/m2 for office buildings and 0.337 t CO2eq/m2 for residential buildings
for a 50-year design life reported by Rock et al. [23] based on the analysis of more than
650 life cycle assessment case studies, 0.3–0.9 t CO2eq/m2 reported by the IEA [41]
based on analyzing 80 buildings all over the world, and 0.85 t CO2eq/m2 reported by
Gervasio et al. [42] based on analyzing 76 buildings in Europe.

(b) Comparison by construction system: Compared with the conventional RCC system,
the HRS system has 28% more life cycle GHG emissions, while the LSC system has
37% less life cycle GHG emissions.

(c) Added benefits from Module D: The added net benefits from Module D are equal to
8.7% for the RCC system, 40.2% for the HRS system, and 45.2% for the LSC system.
When each system is credited with these net benefits, the LSC system has the least
whole life cycle GHG emissions followed by the HRS system and RCC system. This
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is attributed to the light-weight design of LSC systems in addition to the benefits
given to the system from Module D due to the recycling of steel members and reuse
of ferrocement wall boards. These results show that material recycling/reuse reduced
the embodied GHG emissions by 9% for the RCC system, 49% for the HRS system,
and 44% for the LSC system.

(d) Comparison by life cycle stage:

• The material production stage (Modules A1 to A3) has the highest contribution
to GHG emissions as it represents 91.3% for the RCC system, 94.3% for the HRS
system, and 93.4% for the LSC system.

• The contribution of the construction stage (Modules A4 and A5) is 4.4% for the
RCC system, 2.9% for the HRS system, and 4.0% for the LSC system.

• The contribution of the end-of-life stage (Modules C1 and C2) is 4.3% for the
RCC system, 2.8% for the HRS system, and 2.65% for the LSC system.

• The contribution of substructure (site work and foundations) to the life cycle
GHG emissions is 35.7% for the RCC system, 22.7% for the HRS system, and
44.7% for the LSC system.

6.3. Sustainability Assessment
6.3.1. LEED Credit Points from Reduction of Building Life Cycle Impact

The benefits in Module D from recycle/reuse is 12.2% for the RCC construction system,
which results in no LEED credit points, 44% for the HRS construction system, which results
in two LEED credit points, and 57.2% for the LSC construction system, which results in
three LEED credit points.

6.3.2. LEED Credit Points from Construction and Demolition Waste Management

In the RCC construction system, only steel reinforcement can be diverted to be used
as scrap steel in recycling. The system does not get any credit points from this category
since the percentage of the completed project surface area reused is less than 25%. In the
HRS construction system, steel reinforcement, hot-rolled steel members, and metal decking
can be diverted for recycling (more than 50%), which is worth one credit point. In the LSC
construction system, steel reinforcement and light gauge steel are used as scrap steel in
recycling, while fiber cement wall boards can be diverted to be reused. These elements
represent more than 75%, which is worth two credit points.

The final sustainability assessment result is that the RCC construction system gets
zero LEED credit points, the HRS construction system gets three LEED credit points, while
the LSC construction system gets five LEED credit points.

7. Conclusions

An LCA framework for embodied energy and embodied GHG emissions of building
construction systems have been developed. The framework is intended to be used early
in the design stage to assist decision making in identifying sources of higher embodied
impacts and in selecting sustainable design alternatives. The framework is developed
in accordance with the relevant international LCA guidelines. The system boundary is
from cradle to grave in addition to net loads and benefits from possible recycling/reuse.
The life cycle inventory data used to develop the framework were extracted from BIM
models for the material quantities, from verified EPDs for the material production stage,
and from thedesign of construction operations for the construction and end-of-life stages.
Application of the developed framework to a university building revealed the following
results. The material production stage had the highest contribution to embodied impacts,
reaching about 90% for all three systems. Substructure building elements contributed
30.7–35.7%, 17.8–22.7%, and 36.6–44.7% of embodied impacts for the RCC system, HRS
system, and LSC system, respectively. The LSC system had the least embodied impacts,
followed by the RCC system and HRS system. Compared with the conventional RCC
system, the HRS system had 41% more life cycle embodied energy while the LSC system
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had 34% less life cycle embodied energy. When each system was credited with the net
benefits resulting from possible recycling/reuse in Module D, the LSC system had the
least whole life cycle embodied impacts followed by the RCC system and the HRS system.
With Module D included, the HRS system had 10–29% less life cycle embodied impact
than the RCC system, while the LSC system had 62–68% less life cycle embodied impact
than the RCC system. Material recycling/reuse reduced the embodied impacts by 9–12%
for the RCC system, 44–49% for the HRS system, and 44–57% for the LSC system. LCA
results obtained from the developed framework were used to assess the sustainability of
the design alternatives, which showed that RCC systems received zero LEED credit points,
HRS framing received three LEED credit points, while LSC framing received five LEED
credit points.

Supplementary Materials: The following is available online at https://www.mdpi.com/2071-1050/
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