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Abstract: This study aims to analyze the life-cycle primary energy and climate impacts of structural
frames, paying particular attention to the design and prefabrication of different structural materials.
The study considers an existing single-story office building with a composite concrete-steel structure
and compares it with two functionally equivalent structures, i.e., a conventional reinforced concrete
structure and a conventional steel structure. The existing building is located in San Felice sul
Panaro, Italy. This study integrates dynamic structural analysis and life-cycle assessment (LCA).
The study finds that the use of different materials can reduce the life-cycle primary energy use
and CO;.q emissions by up to 12%. Furthermore, the benefits derived from the recovery and

recycling of materials can reduce the primary energy use and CO,.q emissions by up to 47% and 36%,

-e
respectively. The prefabrication of structural elements can also rezluce the primary energy use and
COz.¢q emissions in the construction stage. A sensitivity analysis considers changes in the electricity
supply system and shows that the primary energy and CO;.q emissions due to prefabrication
decrease when assuming marginal electricity based on renewable energies. This analysis supports the
development of sustainable structural design to meet the standards concerning the whole-life-cycle

carbon emissions of buildings.

Keywords: building structures; structural materials; structural design; prefabrication; LCA

1. Introduction

In recent years, the building sector has progressively broadened its focus on energy
use and greenhouse gas emissions from the use stage to the production, construction
and end-of-life stages of buildings. As 82% of the greenhouse gas emissions generated
by buildings still come from the use phase [1], in Europe, energy efficiency regulations
developed in accordance with the Energy Performance Building Directive and its subse-
quent amendments [2] are projected to reduce such emissions by about 60% by 2030. In
addition, a growing body of scientific literature has shown that, as buildings become more
energy-efficient, the energy consumption associated with building materials is expected to
increase [3,4]. Consequently, the greenhouse gas emissions attributed to building materials
could constitute up to 90% of a building’s total greenhouse gas emissions [5]. Further-
more, several European countries, including Sweden, Denmark, France, Finland, and the
Netherlands, have recently implemented minimum carbon emission requirements, not only
for the operational stage but also for the production, construction, and, in certain cases,
end-of-life stages of new buildings [6].

Among all the building elements, structural frames typically have the most significant
environmental impact throughout the stages of the production, construction, and end-of-life
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of buildings [7]. Several building materials can be used for structures, with concrete being
one of the most widely used [7]. Greater attention concerning the relationship between
the structural and environmental performance of buildings can suggest alternative design
strategies, as well as a more efficient use (and post-use) of structural materials [8].

In the last two decades, a number of studies have investigated the environmental
impact of structural frames through life-cycle assessment [9]. Two main groups of studies
can be recognized: studies with a focus on structural materials and studies with a focus on
structural design, including prefabrication. Both groups show a few research gaps.

In the first group, studies have investigated the effect of using different structural ma-
terials on the environmental impact of buildings in various life-cycle stages. Adalberth [10]
and Junnila et al. [11] find that structural materials are the materials with the highest energy
use in the production stage, accounting for between 10% and 15% of the life-cycle energy
use of the buildings. Adalberth [3] and Jonsson et al. [12] also find that the construction and
demolition stages have a marginal impact. Hegeir et al. [13] compare the carbon emissions
due to the production of equivalent structural frames made of concrete, steel and timber,
respectively, finding significantly different results, with the steel frame having the highest
carbon emissions, followed by the concrete and timber frames. Alshamrani et al. [14] com-
pare several structural frames, showing that concrete frames have lower carbon emissions
than steel frames in the production stage. Small variations can be found in the impact
of the construction stage depending on the structural materials. Cole [15] analyses the
construction stage of concrete and steel structures, including the transportation of materials,
equipment, workers, and on-site construction activities, and finds that concrete structures
have about 20% higher energy use and 15% higher carbon emissions compared to steel
structures. Furthermore, Guggemos and Horvath [16] estimate that the construction energy
use accounts for about 10% of the life-cycle energy use for the concrete structure, and
only 4% for the steel structure. This result is consistent with the study by Junnila and
Horvath [11] and can be attributed to the formwork, higher material mass and longer
construction process of concrete structures. However, it is observed that the number of
studies considering the environmental impacts of structural frames in the construction
stage is still limited. This is identified as a gap. Further research should be undertaken to
fill this gap and to achieve a more comprehensive overview.

In the second group, a few studies have investigated the effect of using different
structural design approaches on the environmental impact of buildings in various life-cycle
stages. A recent study by Seyedabadi et al. [17] compares the carbon emissions of two
equivalent concrete and steel structures modeled according to different structural design
codes. They find that the European code leads to the highest carbon emissions for the steel
structures and average carbon emissions for concrete structures, and it results in a minor
difference between the steel and concrete structures. Fang et al. [18] confirm that structural
design approaches can influence the carbon emissions of structural frames, in some cases
leading to their significant reduction. Therefore, to ensure comparability among structural
frames made of different materials, the same structural design approach should be used.

Although the selection of structural materials can contribute to the reduction of the
environmental impacts of structural frames, alternative design strategies can be addition-
ally considered. A few studies have recently investigated the environmental impacts of
prefabrication, with particular attention paid to steel structures, followed by wood and
concrete structures [19]. The analysis of concrete structures, respectively, prefabricated
and constructed in situ, shows that prefabrication can reduce the carbon emissions in the
production and construction stages by between 8% [19] and 18% [20] due to decreased
material use and waste generation. The analyzed concrete structures are based on assump-
tions about the potential prefabrication of post, beam and slab elements. These results are
consistent with a study by Tian and Spatari [21], which estimates a reduction in carbon
emissions in the production and construction stages of 11% when comparing a conventional
concrete structure with a similar prefabricated concrete structure. Jayawardana et al. [19]
show a reduction in carbon emissions of 8% when using prefabricated concrete elements
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instead of conventional ones, though highlighting the need to limit the haul distance of
prefabricated elements in order to ensure the reduction of carbon emissions. In the case
where the prefabricated structure adopts structural materials with a lower environmental
impact, such as wood, prefabrication can reduce the environmental impacts by up to 65%
compared to a conventional structure [22]. Among the four aforementioned studies [19-22],
all consider the production stage, three studies also include the construction stage, and
only one study includes the end-of-life stage with the possible loads and benefits from
recycling. Furthermore, in only one study are data from the construction stage, including
prefabrication, collected on site and thoroughly described. Therefore, there is a need for a
more comprehensive life-cycle analysis of prefabricated structures.

Finally, some studies in the first and second groups also highlight the challenges
in comparing results from the literature due to the use of different methodological ap-
proaches or the absence of information regarding methodological choices in life-cycle
assessments. For example, studies analyzing the impact of structural frames in the end-
of-life stage [23,24] suggest that methodological assumptions concerning the disposal and
recycling processes of structural materials can significantly influence the calculation of
energy use and carbon emissions. Similarly, Moncaster et al. [25] emphasize the importance
of stating methodological assumptions, such as temporal boundaries and functional units,
when conducting a life-cycle assessment of structural frames. Marrone et al. [26] also
observe that several studies not only omit critical information on their methodological
assumptions but also compare structural frames with differing features (e.g., different
building layouts), which might reduce the comparability. Therefore, information on the
methodology is crucial for understanding the environmental impacts related to the use of
different structural materials and designs in buildings.

All the aforementioned studies show a causal link between the choice of structural
materials or designs and the energy and carbon impacts of structural frames. Additional
studies have explored the influence of alternative design strategies to reduce energy use and
carbon emissions, such as the recirculation of structural materials and the prefabrication
of structural elements. However, such design strategies are often analyzed separately.
Furthermore, the prefabrication of structural elements is often based on design assumptions
rather than real design projects. Finally, the comparisons between the different types of
structural solutions are usually not conducted for the same structural performance.

This study proposes a comprehensive analysis of the primary energy and CO, equiv-
alent (COy.¢q) emission impacts of conventional and prefabricated structures, exploring
the influence of prefabrication and recirculation of structural elements based on a real
structural design and the same structural performance. To this end, this study will use a
case-study building located in San Felice sul Panaro, Italy.

Ultimately, this study contributes to understanding the energy and climate implica-
tions of different structural materials and structural designs, including prefabrication, in
relation to new standards concerning the whole-life-cycle carbon emissions of buildings.

2. Aim and Objectives

The present study aims to analyze the life-cycle primary energy use and CO; ¢q emis-
sions of three functionally equivalent frame structures using different structural materials
and different levels of prefabrication while maintaining the same structural performance.
The three frame structures consist of a composite concrete—steel structure, which is a real
structure, and also a conventional reinforced concrete structure and a conventional steel
structure, which have been modeled based on the real structure. The effects of prefabrication
on the life-cycle primary energy use and CO».¢q emissions are observed. As prefabrication
largely depends on electrical equipment, the effects of changes to the electricity supply
systems are also considered.

This study thus addresses the gaps that have previously been mentioned. First, it
proposes a comprehensive life-cycle assessment encompassing all the life-cycle stages,
including the construction stage, which is often neglected in the comparison between
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different structural materials. Second, this study provides a reliable comparison between
different structural frames by reproducing the same building layout, modeling the struc-
tural frames to exhibit the same structural performance, and designing them to meet the
same fire-resistance performance.

3. Methodology

Our methodological approach consists of the following steps: (i) identifying a real
case-study building; (ii) modeling functionally equivalent frame structures using different
materials; (iii) analyzing the primary energy use and CO;.¢q emissions of the alternative
frame structures; and (iv) analyzing the sensitivity of the calculated primary energy use
and CO,.q emissions to the electricity supply system. These steps are described below.

3.1. Identification of the Case-Study Building

A case-study building (Figure 1) is used to model the equivalent frame structures
analyzed and compared in this study. The case-study building is a single-story office
building, located in San Felice sul Panaro (latitude 44.84, longitude 11.14), a municipality
in the Emilia Romagna region, Italy. The building was built in 2013 to host the new
municipality offices, which moved to the present building after the earthquake in 2012. The
floor area is 1250 m?, with a floor size of 50.5 m x 24.6 m.
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Figure 1. The case-study building: the structure during the construction (left) and the design project
(plan and reference section, (right)).

The load-bearing structure consists of a composite steel-concrete structure. This
structure consists of steel tubular columns and U-shaped beams serving as a permanent
formwork filled with cast in situ reinforced concrete. The tubular columns have a diameter
of 508 mm and thickness of about 6 mm. The U-shaped beams have a cross-section
measuring between 300 and 400 mm in width and 300 and 400 mm in height and a span
of up to 12 m. The roof floor consists of a reinforced concrete slab over a corrugated
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steel sheet, with a maximum span of 2.65 m and an overall thickness of 55 mm. The
composite steel-concrete structure is designed as a self-supporting structure that does
not need any temporary support during the assembly stage. The structure complies with
the fire-resistance class of R60 without any additional fire treatment, according to the
Eurocode 4 [27]. The composite steel-concrete structure is calculated to have a service life
of 50 years and a design reference period for the seismic actions of 100 years.

3.2. Modeling of the Structural Frames
3.2.1. Design Criteria

Two conventional frame structures made of steel and reinforced concrete, respectively,
are designed to have equivalent structural performance, fire resistance and architectural
adaptability (i.e., internal layout and external envelope of the building) to the original
frame structure of the case-study building.

The design of the two conventional frame structures follows the most common current
design practice in Italy. All the structures are designed according to the Italian regula-
tions [28]. The following structural criteria are assumed:

category of occupancy IV [28];

structure designed to withstand lifesaving limit state (SLV) design earthquake while
maintaining substantially elastic behavior, to limit displacements and consequent
damage to within acceptable levels even for high-intensity earthquakes;

design: dynamic modal analysis with response spectrum;

behavior factor q = 1.5—no ductility.

3.2.2. Conventional Reinforced-Concrete Structure

The single-story building features a framed structure in both the main directions X and
Y (Figure 2). In the XZ plane (transversal), the frame is made up of four reinforced concrete
columns with respective cross-sections of 70 x 50 cm and 50 x 50 cm, connected by beams
of varying height depending on the free span to be covered. In the longitudinal direction,
the building consists of nine frames side by side, each with a span of light equal to 5.30 m,
except for the projecting parts that constitute its perimeter. The structure thus conceived
balances the vertical actions (due to its own weight, permanent loads, and operational
loads) through the mutual interaction between the transversal and longitudinal beams and
pillars. Conversely, from the point of view of dynamic seismic actions, the building does
not present that structural redundancy and exhibits the degree of hyperstatics necessary for
it to be ascribed to typically ‘framed’ behavior. Given this, the structure has been analyzed
with reference to the usual behavior of ‘inverted pendulum’ structures, for which a factor
q = 1.50 is defined.

Figure 2. The model of the conventional reinforced-concrete structure.
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3.2.3. Conventional Steel Structure

The single-story building features a framed structure in the transversal direction (i.e.,
in the XZ plane) and a “‘pendulum—rvertically braced” structure in the longitudinal direction
(Figure 3). In the plane of the frame, the structure consists of four HE300A uprights,
anchored at the base with a fixed joint around the axis of greater inertia, and hinged in the
plane of lesser inertia. The uprights support two IPE400 beams and are connected to them
through connections capable of mutually transmitting bending actions. The ridge joint
between the IPE400 elements is made with a ‘nominally hinged’ connection to reduce the
local stresses due to the possible transmission of the bending moment. In the longitudinal
direction, the structure exhibits pendular behavior, stabilized by a system of vertical bracing
arranged over four spans, located at the two ends of the building. The horizontal forces
due to wind and earthquake are transmitted to the vertical braces through a system of
ridge bracing designed to form a kind of ‘rigid” plane capable of redistributing the actions
uniformly over the various members.

Figure 3. The model of the conventional steel structure.

Differently from the other structures, this structure would require fire protection to
meet the fire standard. Therefore, the covering of all the visible steel elements in the
building with a 3 cm layer of gypsum plasterboard has been assumed. The visible parts
have been deduced from the current layout of the case-study building.

3.3. Life-Cycle Assessment

A life-cycle assessment (LCA) is performed to calculate the primary energy use and
COz.¢q emissions of the three frame structures according to the standards EN 15978 [29]
and EN 15804 [30].

Each frame structure is assumed to be assembled at the current time and to have
a service life of 50 years. The LCA considers the entire frame structure as a functional
unit, encompassing auxiliary materials needed for construction operations as well as other
materials required to fulfil equivalent functions (e.g., protective materials ensuring the
structural elements meet the minimum fire-resistance standards).

The following life-cycle stages of the frame structures are considered: production
(modules A1-A3); construction (modules A4-Ab5); use, limited to maintenance (module B2);
and end-of-life (modules C1-C3), including the potential benefits and loads from recovery
and recycling (module D). The operational energy use for heating, cooling and ventilation
of the case-study building is excluded, as it is not relevant to the present study. The primary
energy and carbon benefits resulting from the recovery and recycling of materials after the
end-of-life stage are considered by extending the system boundary, as recommended by
the standard EN 15978 [29].

The impact assessment calculates the life-cycle primary energy use and CO;.q emis-
sions of the three structural frames, which are described through the indicators Cumulative
Energy Demand (CED), expressed in MWh, and Global Warming Potential (GWP), ex-
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pressed in tons CO,.q, respectively. The CED is the overall energy extracted from nature
to produce products, excluding the energy recoverable from wastes [31]. Therefore, it
covers both direct and indirect primary energy use, including electricity and fuels for the
production of energy and materials used throughout the life cycle of the frame structures.
The CED is calculated through the software SimaPro v. 9.1 [32] based on the Ecoinvent
database v. 3.6 [33]. The system model used is an Allocation, cut-off by classification,
system. The GWP is the potential contribution of a substance to the greenhouse effect. The
GWP is calculated based on the emission factors for energy production [34], including fossil
and biogenic carbon sources.

The life-cycle inventory, including the material inventory of the three structural frames,
is thoroughly described in the following sub-sections.

3.3.1. Material Inventory

The material quantities of the composite steel-concrete structure are calculated based
on the construction drawings of the original frame structure, while the material quantities
of the conventional concrete and steel structures are based on the construction drawings of
the modeled frame structures.

The finishing materials are considered. Specifically, in the conventional concrete
structure, a 3 cm layer of gypsum plasterboard has been considered for fire protection.
Plaster and paint, when appropriate and useful for fire protection, have been considered as
a finishing layer for the structural frames.

Auxiliary materials for construction operations (i.e., formworks for concreting, tem-
porary supporting structures) are considered and their primary energy use and carbon
impacts are allocated based on the number of uses derived from commercial data: 1 single
use for polyethylene formwork; 20 uses for timber formwork; 150 uses for steel supporting
structure (Table 1). Polyethylene formworks are used in both the composite steel-concrete
structure and conventional steel structure to seal potential gaps in the prefabricated struc-
ture, such as the edges of corrugated steel sheets, before pouring concrete for final casting
on site. Furthermore, in the conventional concrete structure, polyethylene elements are in-
tegrated in the prefabricated ‘predalles’ slabs used in the roof with the function of reducing
the weight of the roof floor.

Table 1. Auxiliary materials and number of uses per frame structure.

Frame Structure Auxiliary Material Number of Uses
. Timber formwork 20
Conventional concrete structure .
Steel supporting structure 150
Conventional steel structure Polyethylene foam 1
Composite steel-concrete structure Polyethylene foam 1
Conventional concrete structure Timber formwork 20

The material quantities take into account the wastage on the construction site, increas-
ing the weight of materials through the application of the following percentage values from
Blengini [24]: 7% for cast-in-place concrete, steel and reinforcing steel; 10% for gypsum
board, mortar and plaster; and 7% for wood and paint. Materials used in the prefabricated
elements are assumed to result in zero waste. The percentage values for the structural
materials were previously compared with the literature data [35-37]. Consistent data
were found for steel and reinforcing steel, whereas significant variations, up to 90% of the
assumed value, were found for cast in situ concrete.

3.3.2. Production Stage

The production stage covers all the operations needed for the extraction of raw materi-
als (module A1), the transportation to and between the manufacturing sites (module A2)
and the manufacturing of building products (module A3).
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Process data for each product are based from the Ecoinvent database [33], where
elementary flows along the materials’ supply chain are aggregated based on secondary data.
Process data refers to the European (RER) production system, if possible, or to European
countries. The allocated elementary flows from the manufacturing of infrastructure are
included, even though they are supposed to be marginal.

3.3.3. Construction Stage

The construction stage covers the transport of building materials between the man-
ufacturing and construction sites, including intermediate processing and distribution
(module A4), as well as all construction operations for the frame structures (module A5).

The transport primary energy use and CO,.¢q emissions are calculated based on the
following assumptions concerning the haul distances and means of transport. For materials
used in the composite steel-concrete structure, the haul distance values are calculated based
on the shipping documents provided by the construction company, complying with the
Italian regulation on shipping documents [38] and the standard EN 10204 [39]. Since the
manufacturing sites are mainly located in the European area, typical data for transportation
in Europe are adopted, assuming road transportation occurring by a diesel-fueled truck of
26 tons with a capacity of 50% with consuming 1.3 MJ/t-km and emitting 82 gCO5.¢q/t-km
based on the Network for Transport Measures” database [40]. The values of the energy
consumption and CO;.q emissions are given well-to-wheel (wtw) and include the entire
energy process, from the production of the primary fuel up to the combustion of the fuel in
the vehicle [40]. The transport of the concrete mix is assumed to occur by a mixer truck of
15 m3 consuming 45 L/100 km, based on information from the construction company. The
return trip of the empty truck is neglected. The transport primary energy use and CO».¢q
emissions of the conventional steel and concrete structures are calculated by multiplying
the weight of each material by the specific transport primary energy use (kWh/kg) and
COz.¢q emissions (kgCO,.¢q/kg) derived from the same materials as the composite steel-
concrete structure. For other building materials used in the conventional steel and concrete
structures (i.e., gypsum board, mortar, timber formwork and steel support posts), the
average distances between the manufacturing and construction sites are calculated based
on the current production system.

The construction of frame structure encompasses both off-site and on-site construction
activities. The off-site construction activities specifically concern the composite steel-
concrete and the conventional steel structures and consist of the prefabrication of steel
connections, as well as the pre-assembly of the steel elements in columns and beams. These
activities take place in the factory of the construction company and mainly require electricity.
The off-site final energy use is estimated to be 0.05 kWh/kg, according to a communication
from the construction company. The on-site construction activities include all the works
needed to assemble the frame structure on the building site, excluding earthworks and
the construction of the basement. The operation of equipment for workers (e.g., lighting
and heating systems) is also excluded. These activities concern all three structures and
entail the use of construction equipment, usually consuming electricity or diesel. Activities
performed through handheld tools are excluded. The on-site final energy use is calculated
based on the type and usage time of on-site equipment. The usage time of equipment
is taken from the construction daily reports of the composite steel-concrete structure
or, alternatively, from Grosso [41], estimating the average time duration of construction
activities by Italian contractors. The technical characteristics of the equipment are based
on the communication from the construction company. The construction CO;.q emissions
distinguish between electrical and diesel-fueled equipment.

3.3.4. Maintenance Stage

The use stage only covers the maintenance of worn-out materials, as required to
maintain the functional and technical performance of the frame structures throughout their
life cycle. Specifically, this stage includes the production, transport and construction of the
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new materials needed for the maintenance. The inventory of materials follows the method
already described in Section 3.3.1, while the inventory of processes in the production
and construction stages follows the methods described in Sections 3.3.2 and 3.3.3. The
maintenance activities only concern non-structural materials used for fire protection and
finishing, as the structural materials are assumed to have the same service life as the
case-study building.

The numbers of maintenance cycles of the building materials are calculated according
to the formula from EN 15978 [29], dividing the service life of the case-study building
by the standard service lives of the materials, rounded up to the higher integer value.
The standard service lives of materials are based on maintenance data for the Italian
building stock, reported by Molinari [42,43] (Table 2). The maintenance primary energy
use and CO;.¢q emissions are calculated by multiplying the primary energy use and CO».¢q
emissions to produce, transport and construct each building material by the estimated
number of maintenance cycles.

Table 2. Standard service lives of non-structural materials for the Italian building stock by level of
exposure (N = normal; E = exposed).

Service Life Exposure Level

Material [years] [N/E] Reference
Gypsum board 75 N [43]
40 E [43]
Mortar 70 N Average value from [42]
35 E Average value from [42]
Varnish 7 N [43]
2 E [43]

3.3.5. End-of-Life Stage and Potential Benefits from Recovery and Recycling

The end-of-life stage encompasses the demolition of the frame structure (module C1),
as well as the transport (module C2) and processing (module C3) of construction and
demolition waste (CDW). Landfilling is neglected.

Demolition and Sorting of CDW

The primary energy use and CO,.q emissions from the demolition and sorting of CDW
are calculated based on Ecoinvent data [33]. Based on standard practices, it is assumed
that both the composite concrete-steel and conventional concrete frame structures are
demolished and the mixed waste is sorted off-site, while the conventional steel structure is
disassembled, with the exception of the column base plates and the roof slabs, which are
demolished and sorted off-site as mixed waste. The CO, absorption due to the carbonation
of concrete during the demolition and sorting stage is estimated based on the calculation
approach reported by Dodoo et al. [44]. To consider the exposure level of the concrete
surfaces, the corrective factors from Pade and Guimaraes [45] are applied. An extended
time of 100 years is considered to estimate the CO, absorption from concrete, based on
EN 15978 [29].

Transportation of CDW

CDWs are transported from the building site to the processing plant or final disposal
site. The haul distances are calculated based on data from the Regional Agency for Preven-
tion, Environment and Energy of Emilia-Romagna [46], which studied the waste chain in
the Emilia Romagna region, where the case-study building is located. Processing plants not
listed in [46] (i.e., processing plant for concrete rubbles and gypsum board) are identified
based on the current waste management system (Table 3).
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Table 3. Haul distances by CDW category.

CDW Waste Destination Haul Distance

[km]
Concrete rubble Backfilling 65
Gypsum board Recycling of gypsum board 330
Steel scarp Recycling of metal scraps 225
Combustible waste Incineration 30
Other Landfilling 30

Benefits from Recovery and Recycling of CDW

The system boundary is extended to include the primary energy and CO;.q benefits
from energy recovery, backfilling and recycling of CDW, which are assumed to be equal
to the production primary energy use and CO;.¢q emissions of the substituted primary
materials and fossil fuels minus the primary energy use and CO,.q emissions due to the
waste processing, respectively. Process data for the waste processing of the substituted
primary materials are based on Ecoinvent data [33].

The CDW destinations are based on common waste management practices in Italy, as-
suming the maximization of recycling for concrete rubble, steel scraps and gypsum boards.
The reuse option is excluded because of uncertainties in the quality and performance of
building materials after the demolition works. The recovery rates of CDWs are based on
the current technology: 60% for concrete, 90% for gypsum board, 90% for steel.

3.4. Sensitivity Analysis

A sensitivity analysis is performed to evaluate the effects of changes in the production,
construction and disposal of materials throughout the life cycle of the frame structures.
Specifically, the effect of marginal changes in the electricity supply system are considered.
In Italy, natural gas currently dominates the fossil-based electricity production, while
coal shows a negative trend, as it has gradually been replaced by natural gas in the last
decade [34]. The electricity production from wind and solar energy sources shows an
increase by factors of two and twelve, respectively, since 2010 [34].

Marginal electricity is uncertain; therefore, three scenarios has been considered based
on standalone production with fossil coal, fossil gas or a mix of wind (45%) and solar
(55%), respectively, as a marginal source of electricity instead of the average electricity
supply mix. The primary energy use and CO;.q emissions are thus calculated assuming
marginal electricity produced in coal- or gas-fired power plants with conversion efficiency
corresponding to European average technology.

The electricity use is calculated based on adjusted Ecoinvent data in order to account
for marginal electricity. The primary energy use is estimated based on a calculation ap-
proach documented in Gustavsson et al. [47] for the first time. The conversion efficiency
of fossil coal- and gas-fired condensing plant is assumed to be 35% and 43%, respectively,
based on the average efficiency data for European plants [48]. The CO,..q emissions of
electricity production from fossil coal, fossil gas and combined wind-solar are based on
Ecoinvent carbon intensities equal to 0.38, 0.25 and 0.04 kg CO».¢q/kWh, respectively. Trans-
portation and construction activities based on fossil fuels are unchanged in this sensitivity
analysis.

4. Results
4.1. Material Quantities

The mass of materials used in the three structural frames, including auxiliary ma-
terials, is shown in Table 4. The total mass of the conventional concrete structure is the
highest (788 tons), followed by the composite steel-concrete structure (585 tons) and the
conventional steel structure (362 tons).
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Table 4. Mass (tons) of materials by building element of the conventional concrete, conventional steel
and composite steel-concrete frame structures.

Conventional Conventional Composite Steel-Concrete
Concrete Structure Steel Structure Structure

Structural materials
Concrete 667 190 490
Beams 240 0 236
Posts/columns 120 1 70
Roof floor 307 189 184
Steel (reinforcing) 56 9 43
Beams 18 0 26
Posts/columns 13 3 12
Roof floor 25 7 5
Steel 0 100 50
Beams 0 62 21
Posts/columns 0 20 14
Roof floor 0 18 15
Finishing materials
Plaster 24 2 0
Beams 7 1 0
Posts/columns 5 0 0
Roof floor 12 1 0
Plasterboard 0 58 0
Beams 0 27 0
Posts/columns 0 6 0
Roof floor 0 25 0
Paint 0 2 0
Beams 0 1 0
Posts/columns 0 0 0
Roof floor 0 1 0
Auxiliary materials
Wood 20 0 0
Beams 14 0 0
Posts/columns 6 0 0
Roof floor 0 0 0
Steel 20 0 0
Beams 11 0 0
Posts/columns 9 0 0
Roof floor 0 0 0
Polystyrene 0 0 0
Beams 0 0 0
Posts/columns 0 0 0
Roof floor 0 0 0

Total 788 362 585

Concrete represents the highest share of structural materials in mass, accounting for 92,
84 and 64% in the conventional concrete, composite steel-concrete and conventional steel
structures, respectively, while steel accounts for the remainder. The conventional concrete
and composite steel-concrete frame structures show similar mass values of concrete in the
beams but significantly different mass values of concrete in the posts/columns and roof
floors, where the composite structure uses 40% less concrete. In addition, the composite
steel-concrete frame structure uses 47% more reinforcing steel in the beams but 10 and
80% less reinforcing steel in the columns and roof floor, respectively, compared to the
conventional concrete structure.

The mass of the finishing materials shows significant differences between the analyzed
frame structures due to different needs in terms of weathering and fire protection. Plaster
and plasterboard show significant mass values, achieving 3 and 16% of the total mass, in the
conventional concrete and conventional steel frame structures, respectively. The composite
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steel-concrete frame structure does not need any additional finishing materials, except
paint. Auxiliary materials only have significant mass values in the conventional concrete
frame structure, where they account for 5% of the total mass. The conventional steel
and composite steel-concrete frame structures exclusively use stay-in-place formworks or
disposable formworks made of polystyrene in the roof floors, with negligible mass.

4.2. Primary Energy Use

Table 5 shows the primary energy use of the three structural frames per material and
life-cycle stage. The results are also summarized in Figure 4.

Table 5. Primary energy use (MWh) of the three structural frames in different life-cycle stages
(modules): production (A1-3), construction (A4-5), maintenance (B2), end-of-life (C1-4) and benefits
from recovery and recycling (D).

Life-Cycle Modules

A1-3 Ad A5 B2 C1 C2 (C3 (4 D
Conventional concrete structure 659 38 40 28 25 18 15 15 —281
Concrete 69 27 37 0 11 13 14 13 -5
Steel 409 7 2 0 14 5 0 0 —276
Insulation 149 0 0 0 0 0 0 0 0
Finishing materials 25 3 0 28 0 0 1 1 0
Auxiliary materials 8 0 0 0 0 0 0 0 0
Conventional steel structure 883 50 25 69 29 19 5 5 —519
Concrete 18 5 12 0 3 4 4 4 -1
Steel 804 38 12 0 25 8 1 0 —508
Finishing materials 61 7 1 69 1 7 1 1 —10
Auxiliary materials 0 0 0 0 0 0 0 0 0
Composite concrete—steel structure 762 40 34 34 30 17 11 11  —443
Concrete 46 13 24 0 8 9 10 10 —4
Steel 712 27 11 0 22 7 1 0 —439
Finishing materials 1 0 0 34 0 0 0 0 0
Auxiliary materials 2 0 0 0 0 0 0 0 0
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Figure 4. Primary energy use (MWh) of the three structural frames in different life-cycle stages
(modules): production (A1-3), construction (A4-5), maintenance (B2), end-of-life (C1-4) and benefits
from recovery and recycling (D).
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The conventional steel structure, despite being the lightest structure, shows the highest
life-cycle primary energy use, with 1084 MWh, followed by the composite concrete—steel
structure, with 938 MWh, and the conventional concrete structure, with 838 MWh. If the
energy benefits from recovery and recycling (module D) are included, the net primary
energy use is the highest for the conventional steel structure and the lowest for the com-
posite concrete—steel structure. Overall, the production stage (modules A1-A3) accounts
for between 80% and 82% of the primary energy use for all three structures, followed by
the construction stage (module A4-A5) and the end-of-life stage (modules C1-C4). The
material associated with the highest primary energy use throughout the entire life cycle
is steel in the conventional steel and composite concrete—steel structures, accounting for
67% and 69% of the total primary energy, respectively, and concrete in the conventional
concrete structure, accounting for 32% of the total primary energy use.

The production primary energy is equal to 659 MWh, 762 MWh and 883 MWh for the
conventional concrete, composite steel-concrete and conventional steel structures, respec-
tively. In all the structural frames, steel (incl. reinforcing steel) accounts for the highest
share of the production primary energy use, equal to 408 MWh (62%), 803 MWh (91%)
and 712 MWh (93%) for the conventional concrete, composite steel-concrete structures
and conventional steel, respectively. In the conventional steel structure, the finishing ma-
terials represent the second highest share of primary energy with 61 MWh (7%). In the
conventional concrete structure, the remaining production primary energy use is from the
extruded polystyrene integrated in the ‘predalles’ slabs of the roof floor with 149 MWh
(23%), the concrete with 69 MWh (10%), and the finishing materials with 25 MWh (4%). In
the composite concrete-steel structure, the concrete accounts for 46 MWh (6%) and the rest
is for finishing and auxiliary materials.

In the transport stage (module A4), the conventional steel structure shows the highest
primary energy use (50 MWh), followed by the composite concrete—steel (40 MWh) and
conventional concrete (38 MWh) structures. Table 6 shows the primary energy use per
mass unit that has been calculated for the different materials based on the transport bills for
the composite concretesteel structure and commercial data. Steel elements typically show
higher primary energy use due to the higher haul distance compared to concrete elements.

Table 6. Specific primary energy use (kWh/kg) for transportation of materials.

Material kWh/kg
Cement 0.025
Concrete 0.015
Gravel 0.009
Steel (corrugated sheet) 0.080
Steel (plates) 0.219
Steel (post and beams) 0.140
Steel (reinforcing bars) 0.060

In the construction stage (module A5), the conventional concrete structure shows the
highest primary energy use, with 40 MWh against 34 MWh and 25 MWh for the composite
concrete-steel and conventional steel structures, respectively. For the conventional concrete
and composite concrete—steel structures, the construction of concrete elements is the most
energy-intensive, accounting for 37 MWh and 24 MWHh, equal to 94% and 68% of the
construction primary energy use, respectively. For conventional steel, the primary energy
use is more evenly distributed between the concrete and steel elements, both accounting for
about 12 MWh and 49% of the construction primary energy. For all the structural frames,
the energy consumed during the construction stage for auxiliary materials is negligible.
The energy for finishing materials is very low (2%) for the conventional steel structure or
negligible for conventional concrete and composite concrete-steel structure, as they are
mainly installed through handheld tools. Overall, the prefabrication of elements off-site
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accounts for 0%, 3% and 7% of the construction primary energy use in the conventional
concrete, composite concrete—steel and conventional steel structures, respectively.

The maintenance stage (module B2) only involves finishing materials. The mainte-
nance primary energy use is the highest in the conventional steel structure (69 MWh) due
to the high quantity of materials” used, including gypsum plasterboard, gypsum plaster
and acrylic varnish. This is followed by the composite concrete-steel (34 MWh) and con-
ventional concrete (28 MWh) structures. The maintenance stage accounts for 12%, 7% and
5% of the total primary energy use of the conventional steel, composite concrete—steel and
conventional steel structure, respectively.

In the end-of-life stage, the demolition (module C1) shows the highest primary en-
ergy use. The demolition of steel elements is the most energy-intensive activity, with
25 MWh (86%) 22 MWh (73%) and 14 MWh (56% of demolition primary energy use) for the
conventional steel, composite concrete-steel, and conventional concrete structures, respec-
tively. The demolition of concrete is the second most relevant activity with 11 MWh (43%),
8 MWh (27%) and 3 MWh (10%) for the conventional concrete, composite concrete—steel
and conventional steel structures, respectively. The demolition of the other materials has
negligible primary energy use. The transport of CDW (module C2) is the second most
energy-intensive stage. For the conventional concrete and composite concrete-steel struc-
tures, transporting concrete accounts for the highest share of end-of-life primary energy use
with 13 MWh (72%) and 9 MWh (57%), respectively. For the same structures, the transport
of finishing materials is negligible. For the conventional steel, the transport of steel is the
most impactful with about 8 MWh (44%), followed by finishing materials with 7 MWh
(37%) and concrete with 4 MWh (19%). The transport of auxiliary materials for all the
structures is negligible

The benefits from recovery and recycling (module D) are the highest for steel recycling,
which makes up about 98% of the benefits for the conventional steel and composite concrete—
steel structures. The recycling of concrete (i.e., recycled aggregates) and finishing materials
also provides 2% of the benefits for the conventional concrete and conventional steel
structures, respectively. The primary energy use for the transport and sorting of CDW
(modules C2-C3) is lower than the benefits achievable by the recovery and recycling of
CDW (module D).

Finally, the primary energy use in the disposal stage (module C4) is the highest for
the conventional concrete structure (15 MWh), followed by the composite concrete—steel
structure (11 MWh) and the conventional steel structure (5 MWh). For all the structures,
the disposal of concrete accounts for the highest share, ranging between 81% and 96%.
Disposal of finishing materials is the second most impactful process for steel structures
with 14%. Other materials are less impactful and can be considered negligible.

4.3. COy.¢q Emissions

Table 7 shows the CO,.¢q emissions of the three structural frames per material and
life-cycle stage. The results are also summarized in Figure 5.

The conventional steel structure has the highest CO».¢q emissions (440 tCO5.¢q), fol-
lowed by the composite concrete-steel (384 tCO,.q) and conventional concrete (334 tCO2.q)
structures. If the CO,.¢q benefits (module D) are included, the net primary energy use is the
highest for the conventional steel and the lowest for the composite concrete—steel structure.

The production CO;.q emissions of the conventional concrete, conventional steel and
prefabricated steel-concrete structural systems are 290, 392 and 341 tCOz_eq, respectively.
The highest share of CO,.¢q emissions is accounted for by steel in all the structural frames,
ranging between 64% in the conventional concrete structure and about 93% in both the
conventional steel and composite concrete—steel structures. In particular, about half of the
production CO;.¢q emissions is represented by the beams. In the conventional concrete
and composite steel-concrete structures, reinforcing steel significantly contributes to the
production COy.¢q emissions. The CO;_¢q emissions required to produce finishing materials
are the highest in the conventional steel structure due to the use of gypsum board for fire
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protection. The allocated CO,.¢q emissions to produce auxiliary materials are negligible
in all the structural frames. The use of integrated steel formworks in the conventional
steel and prefabricated steel-concrete structural systems represents an advantage in terms
of the production COy.¢q emissions. The CO;.q emissions from the calcination reaction,
which are included in the Ecoinvent unit process of cement manufacturing, account for 41,
12 and 30 tons of CO,.q in the conventional concrete, conventional steel and composite
concrete-steel structures, thus accounting for 10%, 3% and 7% of the respective production
CO,-eq emissions.

Table 7. COjq emissions (tCO,.q) of the three structural frames in different life-cycle stages
(modules): production (A1-3), construction (A4-5), maintenance (B2), end-of-life (C1—4) and benefits
from recovery and recycling (D).

Life-Cycle Modules

Al1-3 Ad A5 B2 C1 C2 C3 (4 D
Conventional concrete structure 290 11 12 5 6 5 2 2 —88
Concrete 24 8 11 0 3 4 2 2 -1
Steel 186 2 1 0 3 1 0 0 —87
Insulation 69 0 0 0 0 0 0 1 0
Finishing materials 10 1 0 5 0 0 0 0 0
Auxiliary materials 1 0 0 0 0 0 0 0 0
Conventional steel structure 392 15 8 12 7 6 1 1 —162
Concrete 7 2 4 0 1 1 1 0 0
Steel 363 11 4 0 6 2 0 0 —161
Finishing materials 22 2 0 12 0 2 0 0 -2
Auxiliary materials 0 0 0 0 0 0 0 0 0
Composite concrete-steel structure 341 12 10 6 7 5 2 1 —139
Concrete 18 4 7 0 2 3 2 1 -1
Steel 321 8 3 0 5 2 0 0 —139
Finishing materials 1 0 0 6 0 0 0 0 0
Auxiliary materials 1 0 0 0 0 0 0 0 0
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Figure 5. COj.q emissions (tCO,.q) of the three structural frames in different life-cycle stages
(modules): production (A1-3), construction (A4-5), maintenance (B2), end-of-life (C1—4) and benefits
from recovery and recycling (D).
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The transport COy.¢q emissions range between 11 and 15 tons CO,.¢q, depending
on the haul distance and the mass of materials. Concrete accounts for about 70% of the
transport CO,.q emissions in the conventional concrete structure, and for 11% and 32% in
the conventional steel and composite concrete—steel structures, respectively. The respective
share for steel is equal to 19%, 75% and 68%. The transport of reinforcing steel is negligible
in the conventional steel structure. The CO».¢q emissions allocated to transport auxiliary
and finishing materials are also negligible.

The construction CO,.q emissions are equal to 18, 10 and 8 tons CO;.¢q in the conven-
tional concrete, composite concrete-steel and conventional steel structures, respectively.
In the conventional concrete structure, the CO,q emissions from mixing and pouring
concrete account for 60% of the construction COy.¢q emissions, while the remainder mainly
results from the preparation of reinforcing steel bars. The CO;.¢q emissions resulting from
the assembly and disassembly of the auxiliary materials (i.e., formworks) are negligible.
In the composite concrete-steel structure, the CO,.¢q emissions from mixing and pouring
concrete are slightly lower, about 50% of the construction CO;.¢q emissions, while the
CO;.¢q emissions from the assembly of steel and reinforcing steel account for about 20%
and 30%, respectively. The CO,.¢q emissions from the assembly and disassembly of the aux-
iliary materials are zero because the system uses the stay-in-place/integrated formworks or
polyethylene formwork to install and remove by hand. In the conventional steel structure,
steel represents about half of the construction CO,.q emissions, with the assembly of steel
elements accounting for about 70% of this share, while the remainder mainly results from
the construction of the joint between the basement and the columns. The construction
of the finishing materials (i.e., gypsum boards) is negligible, accounting for about 3% of
the construction CO;.¢q emissions. In the three frame structures, the construction of the
beams, including the assembly and disassembly of the formworks, represents the highest
share of construction CO,.q emissions, ranging between 42% and 45%, followed by the
construction of the roof, between 28 and 35%, and posts/columns, between 24 and 27%. The
construction activities linked to finishing materials such as plaster and paint are assumed to
occur through handheld tools and hence to have zero CO,.¢q emissions. The prefabrication
of elements off-site is included in the construction stage and it accounts for 1%, 4% and 9%
of the construction COz_eq emissions in the conventional concrete, composite concrete—steel
and conventional steel structures, respectively.

The maintenance CO,.¢q emissions are equal to 12, 6 and 5 tons CO,.q for the conven-
tional steel, conventional concrete and composite concrete—steel structures, respectively.
Maintenance activities include the replacement of plaster or gypsum plasterboards, as
well as the renovation of paints. The CO;.¢q emissions from paint are the most relevant in
the conventional concrete and composite concrete-steel structures, while the CO5 ¢q emis-
sions from plasterboard are significant in the conventional steel structure. However, the
maintenance CO,.oq emissions of the three frame structures are negligible compared to the
production COy.¢q emissions. This study only considers the maintenance of the finishing
materials, assuming the structural materials to have the same life span as the building.

The end-of-life CO;.q emissions of the conventional concrete, composite concrete—
steel, and conventional steel structures are 16, 15 and 14 tons COy.¢q, respectively. The
CO;.¢q emissions generated by the demolition account for the highest share, ranging
between 38% for the conventional concrete structure and 50% for the conventional steel
structure. The transport CO,q emissions of the three frame structures are similar, ranging
between 32% and 38%. The CO,..q emissions generated by the sorting and disposal of CDW
account for the remainder. In the conventional steel and composite concrete-steel structures,
the sorting of CDW generates more COy.¢q emissions compared to the disposal because the
share of CDW sorted before recycling is higher than that disposed of (i.e., landfilled).

The CO;.¢q benefits from energy recovery and recycling of CDW are equal to 162,
139, and 88 tons COy.¢q. for the conventional steel, conventional concrete, and composite
concrete—steel structures, respectively. In all the frame structures, the recycling of steel
scraps contributes the highest share of CO,.q benefits, equal to about 98% of the total
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COy.¢q benefits, while the contribution of other CDW is negligible. The recycling of concrete
rubbles accounts for about 1% of the CO,.¢q benefits in the conventional concrete structure.
Similar CO;q benefits are calculated for the energy recovery of the allocated timber
formworks and the recycling of gypsum board waste in the conventional steel structure.

Finally, the COy.¢q benefits due to the CO, absorption during the carbonation of
crushed concrete waste are estimated for the three structural frames. Such benefits have
not been considered in Table 7 and Figure 5. In the conventional steel structure, the CO,
absorption from concrete carbonation is equal to 9 tons of CO, and it is mainly due to
the crushed concrete of the roof floor. In the conventional concrete structure, the CO,
absorption from concrete carbonation generates the highest CO, benefits, with 20 tons of
CO; absorbed during the storage of crushed concrete and subsequent backfilling of recycled
concrete aggregates, and 14 tons CO, absorbed during the landfilling of crushed concrete
unsuitable for backfilling. In the composite concrete—steel structure, the respective values
of CO; absorption are 14 and 10 tons of CO,. Therefore, if considering the CO, absorption
due to the additional carbonation of crushed concrete waste, the total CO;.¢q benefits can
increase by 39%, 17% and 6% in the conventional concrete, composite concrete-steel and
conventional steel, respectively. The rate of increase in the conventional concrete structure
is higher compared to the other structures, as its CO,.q benefits from the energy recovery
and recycling of CDW are lower.

4.4. Sensitivity Analysis

The sensitivity analysis calculates the sensitivity of the primary energy and CO;.¢q
emission results to changes in the electricity supply system. Electricity is used in the
production, construction, maintenance and end-of-life stages of the three frame structures.

The total net primary energy use of the three frame structures recalculated based on the
marginal electricity from fossil coal, fossil gas and wind-solar is shown in Figure 6. The total
net primary energy use is equal to 627 MWh, 669 MWh and 572 MWh for the conventional
concrete, conventional steel and composite concrete—steel structures, respectively, when
assuming marginal electricity based on fossil coal. These results show higher primary
energy use for all three frame structures, albeit consistent values, compared to the baseline
calculation with average electricity mix. The primary energy use decreases to 94% for all
the frame structures when assuming marginal electricity based on fossil gas instead of
coal. The respective percentage when assuming marginal electricity based on combined
wind-solar is 84%, 81% and 79% for the conventional concrete, composite concrete—steel
and conventional steel structures, respectively.
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Figure 6. Total primary energy use (MWh) of the conventional concrete, conventional steel and com-
posite concrete—steel structures with marginal electricity based on fossil coal, fossil gas and wind-solar.



Sustainability 2024, 16, 4209

18 of 22

The total net CO,.q emissions recalculated based on the marginal electricity from
fossil coal, fossil gas and wind-solar are shown in Figure 7. The total net CO;.¢q emissions
are equal to 305 ton of CO;.¢q, 282 ton of COy.¢q, and 259 ton of CO;.¢q for the conventional
steel, conventional concrete and composite concrete—steel structures, respectively, when
assuming marginal electricity based on fossil coal. The CO,..q emissions decrease to
about 80% for all the structures when considering fossil coal, and to 71%, 68% and 66%
for the conventional concrete, composite concrete-steel and conventional steel structures,
respectively, when considering wind-solar marginal electricity. Therefore, the decrease in
COy.¢q emissions when changing the marginal electricity based on fossil coal into fossil gas
or wind-solar is more significant compared to the primary energy use.
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Figure 7. Total CO,.¢q emissions (ton CO,.q) of the conventional concrete, conventional steel and
composite concrete-steel structures with marginal electricity based on fossil coal, fossil gas and
wind-solar.

Without considering the primary energy and CO,.¢q benefits from recovery and re-
cycling (module D), the total primary energy use and CO;.¢q emissions of the composite
concrete—steel structures are still higher than for the conventional concrete structure.

The variations in the decrease in the primary energy use depend on the share of
electricity used by the frame structures throughout the entire life cycle. Furthermore, when
assuming the marginal electricity to be less energy- and carbon-intensive, the benefits
from the recovery and recycling of CDW in the end-of-life stage reduce due to the lower
primary energy and CO,_q emissions avoided from the substitution of virgin materials or
electricity sources.

5. Discussion

Three frame structures, namely conventional concrete, conventional steel and compos-
ite concrete-steel structures, have been modeled according to structural design standards
to have the same structural performance. A real building with a composite concrete-steel
structure has been taken as a case study. The entire life cycle of the three frame structures
has been analyzed with the exception of the operation modules of the building (i.e., use,
repair, replacement, refurbishment, operational energy and water use).

The three frame structures show different levels of prefabrication. In the conventional
concrete structure, all the structural elements are typically constructed on-site, with the
exception of the ‘predalles’ slabs used in the roof. In the conventional steel structure,
the steel profiles and plates are premanufactured off-site and assembled on-site. In the
composite concrete—steel structure, the steel profiles, plates and reinforcing steel bars are
premanufactured and preassembled in posts and beams off-site and then poured with
concrete on-site.



Sustainability 2024, 16, 4209

19 of 22

The choice of structural materials is shown to be relevant for all the structural frames
and in most of the life-cycle stages. The conventional steel structure shows the highest
primary energy use and CO,q emissions, confirming the findings of previous literature
studies and consistent with the results from [17] about European building codes. The
production stage is the most relevant life-cycle stage, accounting for about 80% of the total
primary energy use and about 88% of the total CO;.¢q emissions in all the structural frames.
In this stage, structural materials account for the highest shares of primary energy use
and CO,.q emissions, both between 73% and 99%, while finishing and auxiliary materials
account for the remainder. Finishing materials usually have a minor impact, except for the
conventional steel structure where the gypsum plasterboard used for fire protection alone
accounts for about 7% of the primary energy use and CO,.q emissions. In the construction
stage, the impacts of transportation (module A4) are almost equivalent to the impacts of
construction operations (module A5) in the conventional concrete structure, but they are
higher in the composite concrete-steel and conventional steel structures. This is attributed
to the longer haul distances and higher number of intermediate distributions that typically
affect the steel supply chain compared to concrete. However, the transportation impacts
might differ significantly depending on the geographical context and the accessibility of
materials. In the end-of-life stage, the structural frames with the highest share of concrete
show a higher impact. This mainly can be attributed to the weight of concrete. Furthermore,
the conventional and composite concrete-steel structures generate the highest benefits
due to the recycling of steel, potentially reducing the total primary energy use and CO».¢q
emissions by 47% and 36%, respectively. The recycling of concrete into aggregates provides
lower benefits due to its lower recovery rate and recycling efficiency. Auxiliary materials,
such as formworks, have a minor impact as they can be reused multiple time.

Prefabrication especially affects the production and construction stages. Particularly,
the primary energy use and CO,..q emissions due to prefabrication are shifted from on- to
off-site. In this regard, a methodological issue has been observed. Some studies in the liter-
ature attribute the impacts of prefabrication to the production stage, while others attribute
them to the construction stage. In this study, the impacts of the prefabrication of structural
elements are included in the construction stage according to the standard EN 15978 [29].
This standard attributes all the construction processes, such as ‘in-situ construction, off-
site construction assembly of pre-fabricated products or any combination of these’, to the
construction stage (module A5). However, confusion might arise because, according to
the same standard, the boundaries of the production stage (modules A1-A3) cover the
‘cradle to gate’ processes for the materials and services. Therefore, it is unclear whether
prefabrication, which consists of off-site operations, should be included in the produc-
tion or construction stage. This methodological uncertainty can reduce the comparability
among studies.

In this study, most of the prefabrication activities are related to steel materials. For
example, the following activities have been considered off-site: cutting of steel elements,
and folding and welding of reinforcing bars. The primary energy use and CO;..q emissions
due to the energy use for the prefabrication of structural elements account for nearly zero
in the conventional concrete structure, 37% and 42% in the conventional steel structure,
and 21% and 25% in the composite concrete—steel structure, respectively. As prefabrication
activities depend on electricity, the sensitivity analyses show that, if assuming renewable
energies to provide electricity off-site, the primary energy use and CO,.q emissions due
to prefabrication can significantly decrease. However, the need for prefabrication could
increase the haul distance related to structural elements and, consequently, the primary
energy use and CO,.q emissions in the transportation stage (module A4). However, the
haul distance is influenced by the supply chain of prefabricated structural elements. Finally,
in the end-of-life stage, the quantity of waste generated from the prefabrication of structural
elements has been considered equal to zero, assuming the optimized use of materials.
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6. Conclusions

The present study analyzes the life-cycle primary energy use and CO;.¢q emissions of
three frame structures using different structural materials and different levels of prefabrica-
tion while maintaining the same structural performance.

A few points can be highlighted regarding the use of different structural materials:

e  The choice of structural materials has a strong influence on the primary energy use and
COz.¢q emissions in all the life-cycle stages and, especially, in the production stage.

e  The impact of finishing materials for fire protection is relevant, especially in the pro-
duction and maintenance stages; auxiliary materials (e.g., formworks) are negligible.

e  Analyzing structural frames with different materials but the same structural perfor-
mance and compliance with fire standards is key to achieving comparable results.

A few points can also be highlighted regarding prefabrication:

o  The prefabrication of structural elements can shift the primary energy use and CO,
emissions from on- to off-site.

e  As prefabrication mostly depends on electricity, the adoption of off-site renewable
energy technologies for the production of electricity can reduce the primary energy
use and CO,.¢q emissions due to prefabrication.

-eq

e  The prefabrication of structural elements can reduce the material wastage and increase
the recycling rate of residues off-site, increasing the primary energy and CO;.¢4 benefits.

e  Structural frames with lower levels of prefabrication, such as the analyzed conven-
tional concrete structure, show higher primary energy use and CO;.q emissions
related to on-site operations in the construction stage.

As a methodological note, this study shows that there are uncertainties as to whether
the impact of prefabrication should be included in the production or construction stage
based on the current literature. Following the standard EN 15978 [29], this study attributes
the impacts related to the prefabrication of structural elements to the construction stage.

Finally, this study has few limitations. First, the foundations of the three frame
structures have not been considered. Foundations could have an impact on the primary
energy use and COy.¢q emissions of the single structural frames but a limited impact on the
comparative results. Second, this study does not consider uncertainties as to the material
wastage in the production, construction and end-of-life stages. Further research could
investigate this aspect. Third, this study does not consider the structural behavior in
probable high-severity events. Further research could help understand the implications of
using different building materials in relation to extreme events throughout the structure’s
life cycle.

Analyzing the primary energy and carbon impacts of structural frames is important
for informing designers, leading to improved sustainability in structural design. It also
supports decision-makers in meeting new regulations that introduce the assessment of the
whole-life-cycle carbon emissions of buildings, including the carbon emissions from materials.
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