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Abstract: The objective of this paper is to apply the life cycle assessment methodology to assess
the environmental impacts of light steel framed buildings fabricated from cold formed steel (CFS)
sections. The assessment covers all phases over the life span of the building from material production,
construction, use, and the end of building life, in addition to loads and benefits from reuse/recycling
after building disposal. The life cycle inventory and environmental impact indicators are estimated
using the Athena Impact Estimator for Buildings. The input data related to the building materials
used are extracted from a building information model of the building while the operating energy in the
use phase is calculated using an energy simulation software. The Athena Impact Estimator calculates
the following mid-point environmental measures: global warming potential (GWP), acidification
potential, human health potential, ozone depletion potential, smog potential, eutrophication potential,
primary and non-renewable energy (PE) consumption, and fossil fuel consumption. The LCA
assessment was applied to a case study of a university building. Results of the case study related to
GWP and PE were as follows. The building foundations were responsible for 29% of the embodied
GWP and 20% of the embodied PE, while the CFS skeleton was responsible for 30% of the embodied
GWP and 49% of the embodied PE. The production stage was responsible for 90% of the embodied
GWP and embodied PE. When benefits associated with recycling/reuse were included in the analysis
according to Module D of EN 15978, the embodied GWP was reduced by 15.4% while the embodied
PE was reduced by 6.22%. Compared with conventional construction systems, the CFS framing
systems had much lower embodied GWP and PE.

Keywords: life cycle assessment; cold-formed steel buildings; Athena Impact Estimator;
global warming potential; primary energy

1. Introduction

The total life cycle energy consumed by a building is classified into embodied energy and
operational energy. 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 while operational energy is defined as the energy utilized in the use stage of the building.
Similarly, the embodied greenhouse gas (GHG) emissions are the embodied Carbon Dioxide equivalent
(CO2eq) of greenhouse gases (Carbon Dioxide (CO2), Methane (NH4), Nitric Oxide (N2O) and other
fluorinated gases), 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 buildings and construction sector accounted for 39% of energy and process-related greenhouse
gas (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
building construction and civil engineering projects, account for about 20% of the World’s energy
consumption and GHG emissions [3]. The world emitted 33 Gigatons of CO2eq in 2019 with an average
share of 4.3 tons CO2eq per capita [2]. As an example, at the national level, Egypt’s economic growth
and expanding urban population are contributing to fast rising GHG emissions. Its fossil fuel-based
power and transport sectors are among the most carbon intensive [4]. Egypt emitted 310 million tons
of CO2eq GHG emissions in 2016 with a share of 3.29 tons CO2eq per capita/year [5].

The increase in GHG emissions has so far caused a global warming of 1 ◦C above pre-industrial
levels. Under current policies, expected global warming is expected to reach the range 3.1–3.7 ◦C
above pre-industrial levels by 2050 since the world’s building stock is forecast 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 [6]. The Intergovernmental Panel on Climate Change (IPCC) stated that reaching that target
would require rapid, far-reaching, and unprecedented changes in all aspects of society [1]. 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”, and the need for
“an increased rate of energy refurbishment of existing buildings to 5% per annum in Organisation
for Economic Co-operation and Development (OECD) countries. An enhanced construction would
influence 42% of final energy consumption, about 35% of greenhouse gas emissions, and more than
50% of all extracted materials [7].

Therefore, Societies have therefore begun in recent years to re-evaluate their built environment
with the objective of achieving higher performance in terms of their compliance with the both the
economic and environmental aspects of sustainability. In the early 1990s, many nations began to
adopt plans to significantly reduce their emissions within 20–50 years [8]. Many building design
guidelines and rating systems were introduced in America, such as LEED, the Net Zero Energy Building
Certificate, and the Living Building Challenge. The building sector has seen a marked increase in
energy-efficient buildings in the past decade. For example, between 2008 and 2010, the percentage
of total buildings that were low-energy dwellings rose from 0.7 to 7.2% [9]. Many countries have
introduced sustainable building rating systems to rate the performance of buildings and promote
green economies. By March 2010, there were 382 registered building-rating tools for evaluating energy
efficiency, renewable energy, and buildings’ sustainability [10].

In 2015, the international community adopted a set of 17 goals as a part of a new global agenda
for sustainable development [6]. Among these goals are: Goal 11- Building sustainable communities
and Goal 12- Achieving sustainable consumption and production. In order to achieve these goals;
the building construction industry must fully consider the importance of balancing the three pillars of
sustainability: economic, environmental, and social constraints when considering material selection,
building structural systems, and long-term function of the building. It has become essential to explore
the latest construction technologies and create innovative affordable building systems which are
flexible enough to suit local climate, site conditions, cultural and living habits, and spatial standards.
Innovative construction solutions also should reduce or eliminate errors due to the lack of skilled
personnel on the site, and ideally should be assembled with simple tools and be erectable with minimum
machinery. The light (cold-formed) steel framing system (CFS), shown in Figure 1, has emerged as an
innovative and cost-efficient solution, adhering to most of the criteria specified for new sustainable
buildings. The basic building elements of CFS systems are cold-formed C or U sections that are
fabricated off-site into panels and then transported to site ready for erection. CFS framing systems
have proven to be a worthy alternative to traditional systems using reinforced concrete framing
or structural steel framing. Potential advantages of such light steel framing systems include high
strength-to-weight ratio, high degree of dimensional exactness of the members, high recycled content,
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and ease of construction [11,12]. These qualities have led CFS construction systems to be an efficient
alternative to traditional construction systems. The structural design of CFS systems is covered in
North America by AISI [13] and in Europe by EN 1993 [14].
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An increasing focus on improving the environmental performance of human activities has led
to the rapid expansion in the number of techniques that are now available to assist with identifying
and quantifying environmental impacts [8]. These techniques include assessment tools, simulation
tools, checklists, and guidelines, ranging from the very simple to the much more complex, and rely on
different levels of data and professional input. As a response to the limitations of many of the tools
and techniques used for quantifying environmental impacts in the past, the use and development
of life cycle assessment (LCA) is now seen to be of critical importance. LCA aims to minimize the
limitations of past assessment methods and increase the range of assessment criteria and depth of
analysis. Due to its universality of application, it is considered the only valid method by which
to compare the environmental impacts resulting from the alternative building materials, products,
components, and services that are used within the built environment. LCA is a technique for analyzing
environmental performance of products or processes over their entire life cycle, including raw material
extraction, manufacturing, use and end-of-life disposal and recycling [16,17]. There are two types of
LCA [8]:

1. Base line LCA, when LCA is used to assess an individual product or project with the goal of
identifying areas of potential improvement in their environmental performance,

2. Comparative LCA, when LCA is used to compare environmental impacts of several
alternatives that perform the same function in order to select the alternative with the lowest
environmental impact.

LCA is typically performed during design development to determine whether an alternative
specification or scope of work is worthwhile. Ideally, this analysis should be carried out during the
early stages of scheme design when decisions on the primary construction system are made [18]. At this
stage it is unlikely that any detailed design work will have been undertaken beyond initial feasibility
studies. Therefore, the analysis will be carried out using benchmark data and broad assessment of
environmental impacts. Since the economic system does not fully account for external environmental
effects, environmental resources may be used inefficiently. LCA is suited to complement economic
information on buildings with information on their environmental impacts [3] and helps to take
measures and action to increase the resource efficiency of buildings and construction.
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Available studies on life cycle environmental analysis focus on traditional construction material
and systems such as timber, reinforced concrete, and hot-rolled steel. Extensive reviews of life
cycle assessment in the building industry are provided by Anand and Amor [19], Chau et al. [20],
Geng et al. [21] and Nwodo and Anumbab [22].

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 [23] presented a review
of research on embodied energy of buildings using 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 [24] 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 assessment procedure of embodied energy calculations.
De Wolf et al. [25] 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. [26] 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. [27] presented a review
of current procedures for calculating 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. [28]
analyzed more than 650 LCA case studies to investigate the global trends of life cycle GHG emissions.
The analysis revealed an increase in 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. [29] presented the findings from a major five-year IEA research project which
investigated the reduction of embodied energy and GHG emissions over the whole life of buildings.
Annex 57 of the project titled “Evaluation of embodied energy and CO2eqfor building construction,”
collected and analyzed over 80 detailed quantitative and qualitative building case studies from the
contributing countries. Simonen et al. [30] developed a database of building embodied carbon which
contains over one thousand buildings. The study concluded that the initial embodied carbon of low-rise
residential building’s structure, foundation and enclosure is normally less than 500 kg CO2eq/m2.
Gervasio et al. [31] proposed a framework for the quantification of benchmarks for the environmental
impacts of buildings. Based on the developed framework, 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. [32]
evaluated the embodied carbon and energy of an industrial building in Portugal. Their results showed
an embodied carbon of 508.57 kg CO2/m2 and an embodied energy of 4908.68 MJ/m2.

On the other-hand, there is an absence of detailed scientific research or case studies dealing with
the potential environmental benefits of off-site construction associated with light steel CFS framed
systems, particularly the reduced environmental impact resulting from the improved efficiency of
material usage and waste reduction. The objective of the study is to calculate and quantify the life cycle
environmental impacts of the CFS building construction system used in low and mid-rise residential
and office buildings.

2. LCA Methodology

The general methodology for LCA in all sectors follows the four-stage framework recommended
by ISO 14040 [16] and ISO 14044 [17]. The methodology consists of: (i) goals and scope definition,
(ii) life cycle inventory (LCI), (iii) life cycle analysis, and (iv) interpretation. The specific methodology
for LCA in construction works is detailed in the European standard EN 15978 [33], 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 [34] for LCA at the product level. These standards introduced a modular concept for the
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definition of the system boundaries as shown in Figure 2. The potential environmental impacts over
the building life cycle are allocated to the stage in which they occur thus enabling full transparency of
the results. The information included in each module is as follows:

1. Product stage (Modules A1 to A3): includes the production of building materials from raw
material supply until the gate of the factory.

2. Construction stage (Modules A4 and A5): includes transportation of building materials to the
construction site and the construction process.

3. Use stage (Modules B1 to B7): includes all data related to use, repair, replacement, refurbishment,
and operation use of energy and water.

4. End-of-life stage (Modules C1 to C4): includes data related to the building demolition/dismantling.
5. An additional module D which allocates the net benefits due to possible reuse or recycling of

materials beyond building life cycle (BBL).
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2.1. Goal and Scope

This phase defines purpose, objectives, functional and system boundary of the analysis. The goal
of LCA in this research is a baseline life cycle analysis to calculate the environmental impacts of CFS
building construction system and identify areas of potential improvements in the environmental
performance. The scope of the study covers the whole building over its design life.

In order to compare LCA results over a much wider range of project types and geometry, the results
are normalized with respect to some defined unit. EN15789 defines a “functional equivalent” to denote
the technical characteristics and functionalities of the building that is being assessed. On the other
hand, EN 15804 defines a “functional unit” to be used for the quantification of identified functions or
performance characteristics of a product. The functional unit used in this research in the context of
EN 15789 definition is one square meter of the building area per year. The system boundary follows
the guidelines stated in EN 15978 from cradle to grave. The boundary is divided into production
stage (A1 to A3), construction stage (A4 and A5), use stage (B1 to B7) and end-of-life stage (C1 to C4).
An additional stage beyond the system boundary (Module D) is included to cover benefits due to
possible reuse or recycling.

2.2. Life Cycle Inventory (LCI)

This phase consists of collecting all data related to inputs, processes, emissions, etc. of the whole
life cycle:
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1. In the production and construction phases, this involves raw material extraction, processing,
manufacturing, and transportation to the site and building construction.

2. In the use phase, it involves the operating energy consumption associated with the building use,
repair, and maintenance. The design life is usually assumed in the range of 40 to 60 years [35].
The present study is based on a design life of 50 years as suggested by the European design code
EN 1990 [36].

3. In the end-of-life phase, it involves building demolition, recycling, and possible re-use. Different
building components have different end of life scenarios according to their reuse/recycle potentials.
These scenarios vary from complete demolition to reuse/resale of part or all the building.

The input to the analysis is the bill of building materials used for construction and the
energy consumed during the use phase of the building. 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 [37]. The workflow for estimating the quantities of building materials proceeds according
to the following steps:

1. Develop 3D structural models for the building.
2. Utilize the structural analysis/design tool linked to the BIM software to perform the structural

design considering the appropriate geometric, loading, material, and design code requirements.
3. Utilize the BIM 5D tool link to calculate the required material quantities.

In the use stage, the operating energy can be calculated using an energy simulation software such
as eQuest [38]. The output of the analysis is a list containing the quantities of pollutants released to the
environment and the amount of primary energy consumed.

The environmental burdens associated with all these processes require accurate data covering a
wide spectrum of different production practices and geographical locations. Fortunately, there are many
databases that can be used to estimate the environmental impacts of different processes. Examples are:
ecoinvent [39] developed by the Swiss Center for life cycle inventories, Inventory for Carbon and Energy
(ICE) [40] and Tool for Reduction and Assessment of Chemicals and other Environmental Impact
(TRACI) [41] developed by the US Environmental Protection Agency EPA. In addition, most software
tools used for life cycle assessment LCA such as SimaPro [42] and Athena [43] contain their own
inventory data bases.

2.3. Life Cycle Assessment

In this phase the environmental impacts and input resources are quantified based on the inventory
analysis. This phase consists of three mandatory elements [20]:

(a) Selection of impact categories: EN 15,978 recommends 25 indicators for LCA. Due to the complex
nature of the many elements within the built environment, the impacts occurring throughout
a building’s life cycle cover a broad range of potential impact categories. Most of these are
attributable to the manufacture and eventual disposal of materials, but also relate to the resources
consumed during operation (such as energy and water. This complexity is one reason why
building LCAs are often simplified by using a more streamlined LCA approach [8]. A streamlined
LCA that chooses to assess only one environmental parameter may involve the consideration of
only one or two different impact categories. Due to their relative importance, the most common
indicators used in practice are the global warming potential (GWP) measured in weight of the
equivalent emission of CO2 and the amount of primary energy (PE) consumption.

(b) Assignment of LCI results (classification): which involves assigning the emissions, wastes and
resources used to the chosen impact categories.

(c) Modeling category indicators (characterization).
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The characterized results can then be normalized where necessary [8]. For a whole building
assessment, this is often useful on a per unit of floor area basis to enable a comparison across building
design options. The category indicator results for each impact category are divided by the total floor
area of the building, which then facilitates the comparison of environmental impacts between buildings
of varying size or characteristics. The results may be grouped according to the impact categories
assessed or by life cycle stage. This latter grouping can be beneficial for identifying which life cycle
stage of the building is responsible for the greatest environmental impacts so that environmental
improvement strategies can be targeted towards these areas. Weighting factors can then be used to
rank the importance of the different impact categories. This weighting will often be based on the
particular circumstances surrounding the significance of different issues in the specific geographic
location where these impacts are likely to occur.

There are several available computer programs that calculate the cradle-to-grave environmental
impacts such as SimaPro [42], Athena Impact Estimator for Buildings [43]. In this research, the Athena
Impact Estimator v5.04-0100 was used as detailed in section.

2.4. Sensitivity Analysis

LCA calculations described in the previous sections assume that all input values included in
the assessment are known with certainty. These calculations are usually performed at early design
stages and therefore use estimates of the input variables that are based on a minimum level of details.
Accordingly, uncertainty will be associated with the output results. In order to help the decision makers
benefit from LCA results, the uncertainty associated with the output results must be accounted for.
This uncertainty can be tackled through replacing deterministic input variables with probabilistic
ones and performing a sensitivity analysis [11]. Sensitivity analysis is a modeling technique best used
to describe how much the model output results are affected by changes in the model input values.
This analysis can also be very useful for the decision maker in deciding whether a more rigorous form
of risk analysis is worth undertaking, and, if so, which forecasted input variables are to be investigated
further. The present work, however, does not cover this aspect.

3. Application

3.1. Building Description

The presented LCA methodology was applied to an office building built at Cairo University in
2017. The outer dimensions of the building are 16,000 mm× 16,000 mm in plan. The building is used for
administration occupancy and has five floors with height 3.5 m each as shown in Figure 3. Each floor
hosts an average of four administrative offices in addition to the building services. A CFS construction
system was selected over other conventional construction systems, e.g., reinforced concrete or structural
steel, because of the following reasons:

1. CFS system has the least life cycle cost [11,12].
2. CFS system has a much shorter erection time due to off-site construction so that it shall has the

least effect on the on-going activities on the university campus

The structural system of the building consists of the following elements:

1. Cold formed steel wall panels acting as bearing walls. Each panel is composed of CFS C-channel
with dimensions 140 × 70 × 20 × 1.6 and spaced at 600 mm center to center. The panels are
covered with 12 mm ferrocement boards mm from both sides.

2. Cold formed steel floor panels acting as floor beams. Each panel is composed of CFS C-joists with
dimensions 250 × 70 × 200 × 3 mm and spaced at 600 mm center to center.

3. Flooring slab composed of 50 mm light reinforced concrete slab cast on metal deck.
4. Reinforced concrete strip footing foundations under all bearing walls.
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The building is provided with the conventional building services in addition to a central HVAC
system. All electromechanical services use electricity as an energy source except for heating which
uses natural gas.

The goal of the present LCA is to evaluate the life cycle environmental impacts of the building.
The scope is defined by the system boundary covering the entire life cycle of the building from cradle
to grave (stages A to C according to EN 15978) in addition to possible benefits and loads from stage D
due to reuse or recycling.

The scope of study covers only building materials related to the building structural members
which include foundations, wall and floor framing, floor slabs and wall cladding. Remaining building
elements such as floor tiles, painting, doors, and windows are excluded from the analysis because they
are typically the same for all construction systems. Available studies [35] show that the environmental
impacts associated with these components are negligible compared to the total life cycle impacts.
The present LCA framework focuses on the structural components of the building and does not include
the building materials related to finishes. Therefore, the environmental impacts associated with these
components shall be neglected without any significant effect on the outcome of LCA.

3.2. Bill of Material

A 3D BIM model of the building was constructed based on the architectural design requirements.
The structural model was then imported to a structural analysis and design software to perform
the structural analysis and design. The resulting material quantities were extracted from the model
as shown in Table 1. The units of measurement (UOM) in the table were specifically selected to
match the definitions in the software. The energy consumption of the building was estimated using
the energy simulation software eQUEST. The model incorporates building location, orientation,
wall/floor construction, window properties, as well as HVAC systems, day-lighting and various
energy control strategies. The output of the program consists of the annual consumption of electricity
consumed annually as 144,632 Kwh and the amount of natural gas as 58.96 MMBtu.
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Table 1. Bill of Building Materials.

Material Name Quantity UOM

Plain Concrete Foundation 30 m3

Reinforced Concrete Foundation 66.24 m3

Slab on Grade Concrete 38.4 m3

Reinforcing bars 10.464 tons
Galvanized studs 46.08 tons

Galvanized decking 11.52 tons
Welded wire mesh 3.84 tons

Floor concrete 51.2 m3

Galvanized decking 2.88 tons
Welded wire mesh 0.96 tons

Roof concrete 12.8 m3

Fibercement siding 5700 m2

3.3. LCA Using Athena Impact Estimator

The Athena Impact Estimator for Buildings (IE4B) is a software tool developed by the Athena
Sustainable Materials Institute [43] for performing life cycle environmental assessment. The tool
focuses on the LCA of building assemblies such as floors and walls or whole building systems and
components. It incorporates a database that covers many of the commonly used building envelopes and
structure types. The software includes 16 typical regions which cover a wide range of climate conditions.
The user selects the region which best represents the location of the project. The database also covers
transportation, on-site construction including a construction waste factor, and demolition processes.
The methodology used in the software, see Figure 4, conforms to ISO 14040/14044 and EN15978.Sustainability 2020, 12, x FOR PEER REVIEW 10 of 18 
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The Athena software calculates the environmental impacts associated with the following life
cycle stages:

• Resource extraction (correspond to stages A1 and A2 in EN15978).
• Product manufacturing (correspond to stage A3 in EN15978).
• Construction of the building (correspond to stages A4 and A5 in EN15978). This stage covers the

environmental impacts associated with:

(i) Transportation of building material to construction site. The environmental impacts
depend on the transportation trucks and the transportation distances.

(ii) Construction Processes. Environmental impacts occur at site from the use of different
construction equipment.
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Average values accumulated in the database from similar existing projects are used for these items.

• Building occupancy and maintenance (correspond to stages B1 to B6 in EN15978). Environmental
data related to stages B1 to B5 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, environmental impacts related to stage B6 are calculated using
an energy analysis software.

• Building demolition/deconstruction/materials at end-of-life disposition (disposal or transfer for
recycling or reuse) (corresponds to stages C1 to C4 in EN15978). Detailed information on these
processes do not usually exist at the design stage. 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. Steel members in CFS construction systems have very high potential for
reuse/recycle while as other members made of concrete are mostly landfilled. Average estimates
of environmental impacts related to this stage are used by The Athena software based on the
analysis of demolition data of similar buildings.

• Beyond Building life impacts related to possible material recycling or reuse (correspond to Module
D in EN 15978). Recycled steel is mostly reused in steel making plants to produce new steel.

Inputs associated with any of the processes defined in EN15978 and not specifically defined
in Athena software can, however, be included in the analysis by specifying their contribution as
“Extra Basic Materials”.

IE4B calculates results for the following mid-point environmental measures in accordance with
the USA EPA TRACI methodology: global warming potential (GWP), acidification potential, human
health potential, ozone depletion potential, smog potential, eutrophication potential, primary and
non-renewable energy consumption, and fossil fuel consumption.

The software does not estimate the operational energy associated with the use stage over the
building life cycle. This input must be calculated externally using an energy simulation software such
as eQuest. The software uses this data to calculate the associated primary energy and primary GWP.
It should be noted that the energy simulation software calculates the delivered operating. IE4B converts
this delivered energy into primary energy using suitable conversion factor which depend on the energy
production method. Typical conversion factors are 3.4 for electricity and 1.4 for natural gas [8]. Finishes
and electro-mechanical equipment are not included in the analysis.

The environmental profiles of building materials and operating energy used in IE4B typically
reflect industry-average practice, i.e., not specific to any manufacturing plant or energy produced.
Additionally, all LCI data in the software data base is specific to the region where the building is
located. The benefits of possible recycling/reuse are reported “Beyond the Building Life Cycle (BBL)”
in Module (D) of EN 15978.

The IE4B draws on its internal databases to perform the following calculations:

a. Scenario databases to quantify all life cycle material and energy use.
b. The Athena LCI Database to calculate a life cycle inventory.
c. The TRACI methodology to perform life cycle impact assessment.

4. LCA Results

The bill of materials and annual energy consumption were used as input to the Athena Impact
Estimator. The design life was defined as 50 years. The software used this data to calculate the life
cycle inventory using the built-in LCI database and then performed a life cycle impact assessment
according to TRACI methodology. The results report includes the environmental impact indicators
stated in Section 2.3. The indicators are calculated for the entire building and reported for a functional
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unit of one square meter of building area. The calculated environmental impact measures are classified
by assembly group in Figure 5 and by life cycle stage in Figure 6.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 18 
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Figure 6. Environmental Impact Measures by Life Cycle Stage.

The two most commonly important environmental indicators are the Global Warming Potential
and the Primary Energy. The analysis results related to these two indicators are discussed next.

5. Discussion of Results

5.1. Embodied Versus Operational Environmental Impacts

The embodied and operational impacts presented in Table 2 show an embodied GWP of
180.41 kg CO2-eq/m2. Eaton and Amato [44] performed a study of the embodied CO2eq of steel,
composite, reinforced and precast concrete office buildings, with results varying between 200 and
350 kg CO2eq/m2 for the structure only and between 600 and 850 k CO2e/m2 for the whole building.
This comparison shows that the embodied GWP of CFS system associated with the whole building is
much lower than similar traditional construction systems due to the low material masses used in CFS
construction systems. Similarly, the embodied primary energy is equal to 2.27 GJ/m2. Typical benchmark
results for traditional building systems are: 5—11.6 GJ/m2 reported by IEA [45] based on analyzing
80 buildings all over the world and 9 GJ/m2 reported by Gervasio et al. [31] based on analyzing 76
buildings in Europe. Table 2 also shows that the percentages of embodied environmental impacts to the
total environmental impacts is 4.7% for GWP and 3.1% for Primary Energy. Typical benchmark results
are 6–20% reported by Chastas et al. [26] based on analysis of 90 residential buildings. This comparison
shows that the relative environmental impacts of CFS construction systems are considerably lower
than conventional construction systems.
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Table 2. Embodied and Operational Environmental Impact Indicators (A-C).

Global Warming Potential Primary Energy
kg CO2 eq/m2 GJ/m2

Embodied 180.41 2.27
Operational 4321.5 74.65

Total 4501.91 76.92

5.2. Life cycle Global Warming Potential

Life cycle global warming potential classified by the assembly group is shown in Figure 7 and
classified by life cycle stage in Figure 8. The percentage contribution of each assembly group is shown
in Figure 9. The building foundations have embodied GWP of 52 kg CO2 eq/m2 representing 29% of the
total embodied GWP while as the CFS skeleton is responsible for 54.84 kg CO2 eq/m2 corresponding to
30% of the embodied GWP. The remaining part is shared among walls (17%), floors (19%), and roof (5%).
On the other hand, classification by life cycle stage shows that the production stage is responsible
for about 90% of the embodied GWP with a total of 190.192 kg CO2 eq/m2. The end of life has the
least values of embodied GWP, with the construction stage averaging in values between production
and end of life stages. When the benefits associated with recycling/reuse are included in the analysis,
according to Module D of EN 15978, GWP is reduced by 32.83 kg CO2 eq/m2, equivalent to 15.4% of
overall embodied GWP.
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5.3. Life Cycle Primary Energy

Life cycle embodied energy classified by assembly group is shown in Figure 10 and classified
by life cycle stage in Figure 11. The percentage contribution of each assembly group is shown in
Figure 12. CFS members have the highest embodied energy, reaching 49% of the total embodied energy,
followed by footings and floors at 20% and 21%. The roof and walls have a smaller embodied energy
percentage of 5%. On the other hand, classification by life cycle stage shows that the production stage
is responsible for about 90% of the embodied energy with a total of 2.137 GJ/m2 while as the end of
life has the least values of primary energy, with the construction stage averaging in values between
production and end of life stages. When the benefits associated with recycling/reuse are included in the
analysis, according to Module D of EN 15978, the embodied primary energy is reduced by 0.150 GJ/m2,
equivalent to 6.22%.Sustainability 2020, 12, x FOR PEER REVIEW 14 of 18 
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Figure 10. Life cycle embodied energy by assembly group.
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6. Conclusions

In this research, the LCA methodology according to ISO 14040/ISO 14,044 was applied to calculate
and quantify the environmental life cycle impact of CFS construction systems commonly used for low
and mid-rise office and residential buildings. Using the building life cycle stages and system boundaries
for LCA according to EN15978, the analysis considered the material and energy inputs from cradle to
grave, based on a design life of 50 years and considering beyond boundary benefits (reuse/recycle).
The following conclusions can be drawn from the results based on the studied case study.

1. The building foundations are responsible for 29% of the embodied GWP and 20% of the embodied
energy while the CFS skeleton is responsible for 30% of the embodied GWP and 49% of the
embodied energy.
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2. The material production stage is responsible for 90% of the embodied GWP and embodied energy.
When benefits associated with recycling/reuse are included in the analysis according to Module D
of EN 15978, GWP is reduced by 15.4% while the embodied primary energy is reduced by 6.22%.

3. CFS framing systems have much lower embodied energy and global warming potential than
conventional construction systems.

These results show that the construction system selection decisions taken early on in the design
stage affect the expected environmental impacts of the building over its service life. Measuring and
quantifying the embodied energy and carbon emissions can lead to a reduction of energy consumption
and emissions, hopefully reaching the zero-energy and zero-emission state. The present work can be
extended to include sensitivity analysis and other life cycle stages not considered in the present analysis.
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