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Abstract: A systematic analysis of green-house gases emission (carbon footprint) and primary
energy consumption (energy footprint) of prefabricated industrial buildings during their entire
life cycle is presented. The life cycle assessment (LCA) study was performed in a cradle-to grave
approach: site-specific data from an Italian company, directly involved in all the phases from
raw material manufacturing to in-situ assembly, were used to analyze the impacts as a function
of different design choices. Four buildings were analyzed and results were used to setup a
parameterized model that was used to study the impacts of industrial prefabricated buildings over
the input parameter space. The model vs. data agreement is within 4% for both carbon and energy
footprint. The functional unit is 1 m3 of prefabricated building, considering a 50-year lifetime.
The results of the four buildings decrease from 144.6 kgCOy.;/m® and 649.5 kWh/m? down to
123.5 kgCOs¢; / m? and 556.8 kWh/m? as the building floor area increases from 1048 m? to 21,910 m?.
The use phase accounts for the major impact (approximate 76%). It is found that the carbon footprint
is proportional to the energy footprint, the proportional factor being 0.222 kgCOs,;/kWh within
0.5% accuracy. Finally, a systematic study of the sensitivity of input parameters (insulation, lifetime,
foundation type) is presented.

Keywords: carbon footprint; energy footprint; industrial buildings; prefabricated buildings;
life cycle assessment (LCA)

1. Introduction

The effect of anthropic activities on the environment [1,2] is quickly guiding the international
community to find effective strategies to cope with global warming and to elaborate strategies for
climate change mitigation [3-5]. The worldwide effort to reduce the environmental impact associated
to the industrial sector is quickly producing an increasing feedback on national and international
decision makers [6,7]. It is estimated that up to 60% of the overall raw materials extracted from the
Earth is consumed by this sector, and that consequently roughly 50% of the green-house gas (GHG)
emissions in the atmosphere is attributable to their transformation into construction materials [8].
In this context, the analysis of lifecycle-based assessments on the main impact categories associated
to the pre-production, production, assembly, use, and end-of-life phases represents a strategic asset
towards a holistic interpretation of the footprint from industrial buildings [9], and to guide the design
phase towards the most energy and environmentally efficient option [10,11].
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The application of the lifecycle approach is fundamental to understand the real impact of the
construction sector on the environment, especially for industrial buildings [12,13], which represent
an important portion of the overall environmental impact, with still a few contributions investigating
their lifetime environmental behavior. Impacts can be assessed in different fields:

- Environment, focusing on siting, energy consumption, water usage, and material usage [14,15];

Economic, following the life-cycle costing scheme [16];
Social [17];
Safety and industrial risk prevention [18];

- Functionality [19];
- Aesthetics [20].

Carbon and energy footprints are gaining an increasing consideration among the scientific
community, governments, construction companies, and customers as key criteria in assessing the
sustainability performance of buildings [21-23]. Dedicated carbon footprint studies of residential
and commercial buildings in the U.S. [24] indicate that direct purchase of electricity (scope 2, [25])
accounts for 48%, representing the largest impact during the building lifecycle (scope 3 and scope 2
accounting for 32% and 20%, respectively). The construction supply chain is an important contributor
to the building carbon footprint with 6% share. Finally, the use phase are found to be the highest,
with 91% of the total emissions through all of the lifecycle. Embodied energy is also a useful
estimator of the environmental performance of different building technologies [26]. The choice of
materials may play an important role in the overall lifecycle greenhouse gas emissions and energy
analysis of prefabricated buildings. The use of reusable prefabricated modules, for example, can
reduce the material consumption up to 75% if compared to conventional concrete buildings. Even if
prefabricated steel buildings result in a significant increase (~50%) in embodied energy;, it is found
that reuse of prefabricated steel modules can contribute significantly to the improvement of the
environmental sustainability of the construction industry. Reuse of materials can save up to 81%
in embodied energy and produce 51% materials saving by mass.

The life cycle assessment (LCA) is a quantitative technique that allows the determination of
the environmental impact resulting from the entire life cycle of a given product (e.g., any good or
service) taking into account all the inputs (raw materials, use of resources, energy, etc.) and outputs
(waste, emissions, byproducts, etc.) [27]. An LCA study is a very powerful tool to identify the phases
where some of the most environmentally-critic processes take place, the subjects that are involved
(manufacturer, user, etc.), and the information needed to implement improvements and solutions [28].

The lifecycle analysis, or cradle-to-grave  analysis, methodology is an
internationally-standardized method that is considered one of the most effective management
tools for identifying and assessing the environmental impacts related with a product or service. LCA
studies can verify the impact on the environment during the entire life cycle [29,30].

The quantification of GHG emissions associated to a given activity (e.g., any good or service,
operations of organizations and governments, efc.) is defined as carbon footprint (CF) [31,32].
The CF monitors the emission produced by a wide range of human activities, in terms of equivalent
CO; (COgy), which are the primary cause of global warming and climate change. The CF is generally
based on long-lived greenhouse gases using a 100-year global warming potential as specified in
the Kyoto Protocol [33]. In addition to the CF, the consumption of primary energy associated
to the entire lifecycle of industrial prefabricated buildings was also evaluated. This indicator is
referred to as energy footprint (EF). The calculation in this study is made with the SimaPro 8.0
software (PRé Consultants bv, Amersfoort, The Netherlands) [34], featuring an optimized calculation
engine and including the newly-released ecoinvent 3.0 database [35], one of the most extensive
internationally-recognized LCI databases.
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The methodology for the evaluation of carbon and energy footprints and the modeling procedure
are presented in Section 2. In particular, four buildings were analyzed and a parameterized model
for prefabricated industrial buildings was elaborated. Section 3 contains the results of the study,
including data vs. model comparison and sensitivity analysis of design parameters. Conclusions are
given in Section 4.

2. Methodology

The goal of this study is to develop a methodology to assess the environmental performance of
different typologies of industrial prefabricated buildings. Similar layouts can be affected in different
ways due to different boundary conditions (e.g., location, usage, etc.). In this perspective, a tool that
is able to produce a reliable feedback about the impact of a given design choice can be considered as
an important support to guide the building project definition [13].

The analysis presented in this paper is a two-step procedure: (i) primary data were collected
for a sample of four prefabricated buildings (Section 2.1) including input materials, manufacturing
and building processes, transportation, energy consumption, and end-of-life, and an LCA analysis
was performed; (ii) an interpolation algorithm (i.e., modeling, Section 2.2) was setup to compute
the incidence of input materials, manufacturing and building, transportation, and end-of-life as a
function of a range of design parameters, and a systematic LCA analysis was performed using those
data. The modeling, rather than being performed on the LCA results of the four selected buildings,
was performed using the data computed with the modeling procedure. The result of the modeling
procedure are primary data which were used as input for the LCA assessments performed in the
second part of the work (Section 3.2). Since design requirements may vary within a large number of
options, depending mainly on the destination of use and the installation site of the prefabricated
building, particular attention was dedicated to the identification and the parameterization of the
characterizing features. The LCA approach is fundamental to understand, at the same time, the
overall impact in terms of carbon and energy footprint, and to spot, and possibly to suggest, effective
solutions to minimize the most impacting phases. Two main impact categories were chosen:

- Carbon footprint, which quantifies the sum of direct and indirect emission of GHGs associated
to the prefabricated building lifecycle; and

- Energy footprint, which similarly quantifies the primary energy required during the
entire lifecycle.

Both impact categories (CF and EF) were assessed based on an LCA approach, including the
end-of-life stage (i.e., cradle-to-grave study). For each category, the impact was divided according to
five main phases:

- Plant production, including raw material acquisition, transportation to the production facility,
and manufacturing of prefabricated modules;

- On-site assembly, including site preparation, on-site building of foundations, and assembly of
prefabricated modules;

- Transport, including prefabricated modules, raw materials, and machinery to/from the
assembly site;

- Use, including heat, electricity, and other specific power requirements;

- End-of-life, including dismantling of the above-ground structure and recycling of reinforcing
steel and concrete.

All the processing phases, inputs, and outputs were considered using 1% as a general cut-off rule.
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2.1. Studied Building and Analysis Boundaries

Primary data were collected from a large Italian company that manufactures and assembles
prefabricated buildings and covers the entire national territory with four main manufacturing
sites. The study was focused on industrial buildings recently built (as of 2014) and in
compliance with current national requirements. The availability, from one single subject, of all
the primary data required for the analysis (i.e., for every LCA phase of different building types)
ensures the homogeneity of the procedure and the robustness of the results, especially in a
comparative perspective.

With the aim of providing an overview of the environmental footprint as a function of the
typical design choices, a survey of processes and available construction options was performed. Four
buildings were selected with floor areas spanning from 1048 up to 21,910 m?. The roof-top height
is between 8.4 m and 9.7 m. The layout of the four selected buildings and their main properties are
shown in Table 1.

Table 1. Layout and main properties of the four selected buildings.

Window area

<11 Layout (not to Floor Aspect . Foundation
Building scale) area ratio Height pillars Walls Roof
m?  (length/width) (m) (No.) (m?) (m?)
No. 1 1048 1.7 8.4 12 132 12
No. 2 3000 24 9.7 28 0 208

9.5 76 2,170 662

8.6 102 840 300

2.2. Modeling

The four selected buildings were analyzed in detail with the aim of producing a toy prefabricated
building (i.e., the model), featuring average properties with respect to the four selected buildings.
The model was setup considering the incidence of raw materials, manufacturing, and assembly on
the four selected buildings as a function of the design choice: floor area, height, insulation level, and
foundation type. The consistency of the outputs of the modelling procedure was checked against the
four selected buildings and it was also verified by the technicians of the construction company that
provided the data used in this work.

2.2.1. Floor Area

Raw materials were then classified within two groups: surface-scaling materials (used for
foundations, floor, and roof), and perimeter-scaling materials (used for walls). Their incidence is
reported in Table 2.
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Table 2. Properties of the four selected buildings and values used for the model, grouped as surface-
and perimeter-scaling quantities.

Building No. 1 No. 2 No. 3 No. 4 Model
Surface (m?) 1048 3000 12,720 21,910  1000-25,000
Concrete (m3/m?) 0.0672 0.0685  0.0330  0.0331 0.0504
Foundation Steel (kg/m?) 9.70 8.77 4.64 5.43 7.13
Pillars (no./m?) 0.0115 0.0093  0.0060  0.0047 0.00785
Excavation 3, 2 0.253 0206 0132  0.103 0.173
volume
Floor Concrete (m3/m?) 0.165 0.184 0.168 0.172 0.172
Steel (kg/m?) 0.183 0.204 0.187 0.191 0.191
Concrete (m3/m?) 0.0922 0.177  0.0719  0.0684 0.102
Steel (kg/m?) 16.5 20.3 12.1 12.0 15.2
Roof * Pillars (No./m?) 0.0115 0.00933  0.00597 0.00466  0.00785
Window (m2/m?) 0.126 0 0171  0.0382 0.0837
Insulation (kg/m?) 4.034 4538 4102 2.263 3.73
Perimeter (m) 132 245 456 637 -
Concrete (m3/m) 0.863 0.212 0.784 1.27 0.781
Walls * Steel (kg/m) 85.8 33.5 56.4 97.7 68.4
Window (m?/m) 0.106 0.899 1.47 0.482 0.740
Aspect ratio (length/width) 1.87 2.40 2.04 2.64 2.24

(*) values normalized to a reference height of 10 m (roof-top).

In particular, it can be noted that the incidence of raw materials used for foundation in
buildings 1 and 2 is sensibly different from buildings 3 and 4. This is because buildings 1 and
2 were designed for a soil requiring deeper foundations that buildings 3 and 4. According
to the manufacturer’s advice, the average value is to be considered as representative for a
typical application.

After the first step of the parameterization procedure, the incidence of raw materials can be
computed for a building model having a floor area between 1000 m? and 25,000 m?, a roof-top
height of 10 m (corresponding to a maximum indoor clearance of 8.65 m), standard insulation, and
standard foundations.

2.2.2. Height, Insulation, and Foundations

The second step of the parameterization procedure was dedicated to include height, insulation
level, and foundation type as input parameters for the model. The incidence of wall materials
(perimeter-scaling quantities) and roof pillars (surface-scaling quantity) depends on the building
height. For roof-top heights between 7 m and 12 m (which cover most of the building manufactured
by the company), walls and pillars have the same stratigraphy: the incidence of materials is directly
proportional to the height of the building.

Two different types of insulation were also taken into account. Wall and roof panels are a
sandwich of precast concrete and expanded polystyrene foam (EPS). The stratigraphy is shown in
Figure 1. A standard insulation level was considered as a reference scenario for the model. In this
case the wall panels are 20 cm thick and 11-cm EPS80 panels are encapsulated within the concrete
shell. The average EPS80 incidence is 0.087 m3/m? of panel area. The roof panels are insulated
with a layer of 3-cm EPS80 foam (0.024 m3®/m?). As a result, the average U value for the building
approximate 1 W/m? /K. According to the national energy classification [36], the standard insulation
corresponds to the energy class C (approximate 10 kWh/m?3/year for a 10-m-high building with a
floor area of 1000 m? located in the city of Perugia, Italy).
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Figure 1. Top-view section of the wall panels (a,c) and front-view section of the roof panels (b,d) for
standard insulation (a,b) and enhanced insulation (c,d).

An enhanced insulation option (in fulfillment with requirements from [37], was also included in
the model. In this case wall panels are 30 cm thick, and the higher insulation is guaranteed by 14-cm
EPS80 panel enclosed in the concrete shell, plus and an additional 5-cm EPS80 layer that crosses the
entire panel to minimize the thermal bridge. The incidence of EPS80 is 0.153 m3/m?. Roof panels
have a 4-cm EPS120 layer (0.035 m3/ mz) and a 4- to 28-cm EPS80 layer (0.132 m3/ mz). As a result,
the average U value for the building approximate 0.5 W/m?/K). The enhanced insulation features an
increased width of EPS within the panel and it is able to reach the energy class A level (approximate
5 kWh/m3/year for the same building). In both cases aluminum-frame windows with a U value of
1.6 W/m? /K are considered.

Finally, two options for the foundation type (with and without foundation pillars) are included
in the model. The enhanced foundation type increases the incidence of concrete and steel during the
on-site-assembly phase of approximate 18% and 59%, respectively, for a 1000 m? building.

2.2.3. Site, Use, and Lifetime

Other specific inputs can also be specified to complete the life-cycle modeling of the building.
Impacts from transportation of prefabricated materials and machinery from the production facility
depend on the construction site. The construction site also affects the energy requirements because of
the specific climate conditions. The use phase was modeled considering minimum space heating and
lighting requirements. Energy for space heating is computed according to the specified energy class
of building (see Section 2.2.2), which depends on the building layout and location [36]. Heat-pumps
with a reference coefficient of performance equal to 4 are considered. Hot-water production and
summer cooling are not considered. A minimum lighting level (300 lux provided with fluorescent
lamps) are also included in the use phase. Other energy consumption for the specific industrial
activity taking place during the building lifetime (natural gas and/or electricity) could be added
according to the specific use of the buildings. This extra energy, however, was not considered in the
impacts assessment.
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2.2.4. The reference Scenario

For comparative analyses, a reference scenario was setup considering a prototype building
characterized by basic properties. The reference scenario includes all the five LCA phases evaluated
using the following design conditions:

- Enhanced insulation;

- Minimum energy consumption during the use phase;

- Meteorological conditions as the city of Perugia, Italy;

- Distance of the production facility from the construction site: 100 km;
- Foundations with pillars;

- Height (roof-top):10 m;

- Lifetime: 50 years.

3. Results

In this section, results of the carbon and energy footprint of prefabricated industrial buildings,
based on a cradle-to-grave approach, are presented. The reference functional unit in this study is a
unit volume of prefabricated buildings (1 m®) during the entire life cycle (50 years). However, for
completeness and a better interpretation of the results, impacts are also shown for the entire building
and per unit surface (1 m?). In particular, a detailed discussion of the four selected buildings, the data
vs. model comparison, and the model validation are shown in Section 3.1. A systematic study of the
impacts as a function of different design parameters, using the parameterized model, is presented in
Section 3.2. Finally, sensitivity to input parameters is discussed in Section 3.3.

3.1. Carbon Footprint (CF) and Energy Footprint (EF) of the Four Selected Buildings

The carbon and energy footprint of the four selected buildings in the reference scenario
(Section 2.2.4) are shown in Table 3. Figures 2 and 3 show the contribution of the five phases to
the carbon and energy footprints, respectively, including the average values. The major impact is
relative to the use phase (75.1% and 77.3% for CF and EF, respectively), the second contribution is
given by the plant production phase (25.6% and 23.0%), which includes raw materials production
and processing. Other phases account for less than 2%.

Table 3. Carbon and Energy Footprint of the four selected buildings for the reference scenario.

Building No. 1 No. 2 No. 3 No. 4
Floor area (m?) 1048 3000 12,720 21,910
Carbon Footprint (CF) (tCOx)
1. Plant production 478.2 1040 4216 5370
2. On-site assembly 3.035 7.215 25.59 41.54
3. Transportation 9.974 21.64 61.32 109.0
4. Use 1,049 3,004 12,735 21,936
5. End-of-life —24.77 -51.87 -179.9 —367.8
Total 1516 4021 16,858 27,089
Energy Footprint (EF) (MWh)
1. Plant production 1963 4121 17,793 20,950
2. On-site assembly 12.44 29.57 104.9 170.2
3. Transportation 44.83 97.42 276.3 491.3
4. Use 4862 13,918 59,012 101,647
5. End-of-life —75.76 —161.8 —596.0 —1268
Total 6807 18,004 76,591 121,991

12691



Energies 2015, 8, 12685-12701
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Figure 2. Contributions of the five life cycle assessment (LCA) phases to the carbon footprint of the
four selected buildings.

Energy Footprint
100%

90%
= W
70%
60%
50%
40%
30%
20%
10%

0% —_— —_—

-10%

No. 1 No. 2 No. 3 No. 4 Average

& 1. Plant production  28.85% 22.89% 23.23% 17.17% 23.03%
& 2. On-site assembly  0.18% 0.16% 0.14% 0.14% 0.16%
3. Transportation 0.66% 0.54% 0.36% 0.40% 0.49%
4. Use 71.43% 77.30% 77.05% 83.32% 77.28%
5. End-of-life -1.11% -0.90% -0.78% -1.04% -0.96%

Figure 3. Contributions of the five LCA phases to the energy footprint of the four selected buildings.

The comparison of the four selected buildings results with the model under the reference
scenario hypotheses is shown in Table 4 in terms of total carbon and energy footprint (tCOy,; and
MW, respectively), carbon and energy footprint per unit surface (kgCOz;/ m? and kWh/m?), and
per unit volume (kgCOs;/ m? and kWh/m?). The modeling, performed according to the procedure
described in Section 2.2, is characterized by average features among the four selected buildings as
shown in Table 2. A good overall agreement (within 4%) is obtained between data and model for
both the carbon and energy footprints, despite the fact that only 4 buildings were considered. More
robust results, however, could be obtained with a larger sample. Figure 4 shows the data vs. model
comparison as a function of the floor area considering the entire building lifetime. The same results,
shown per unit volume, are given in Figure 5. It can be noticed that, as the floor area increases, both
the CF and EF decrease, up to —14.5%. This trend, in the quantities shown per unit volume, is driven
by the decrease of the plant production phase: while the use phase remains unchanged (same energy
requirements per unit volume), the plant production phase for building No. 4 is approximate 50%
smaller than building No. 1.
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Table 4. Carbon and Energy footprint comparison of the four selected buildings (data) vs. the model

for the reference scenario.

CF
. Floor area Model Data Model Data Model
Building "2y DaatCOx) 0,  kgCOy/m?)  (KgCOzy/m?)  (KgCOzy/m®)  (kgCOsy/m?)
No. 1 1048 1516 1502 1446 1433 1446 1433
No. 2 3000 4021 4065 1340 1355 134.0 1355
No. 3 12,720 16,858 16,497 1325 1297 1325 129.7
No. 4 21,910 27,089 28,129 1236 1284 123.6 128.4
EF
o qs Floor area Model Data Model Data Model
Building (m?) Data (MWh) (MWh) (KWh/m?) (KWh/m?) (KWh/m®) (KWh/m®)

No. 1 1048 6807 6790 6495 6479 649.5 647.9
No. 2 3000 18,004 18,321 6001 6107 600.1 610.7
No. 3 12,720 76,591 74,169 6021 5831 602.1 583.1
No. 4 21,910 121,991 126,396 5568 5769 556.8 576.9
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Figure 4. Carbon (blue) and Energy (red) footprint comparison of the four selected buildings (points)

vs. the model (lines) for the reference scenario.
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Figure 5. Carbon (blue) and Energy (red) footprint comparison of the four selected buildings (points)

vs. the model (lines) for the reference scenario per unit volume.
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3.2. CF and EF of Industrial Prefabricated Buildings

The carbon and energy footprints of model buildings (reference scenario) as a function of the
floor area are shown in Figures 6 and 7 respectively. The main contribution is from the use phase
(not shown), followed by the plant production phase. Other phases account for less than 2%.
The use phase is directly proportional to the building volume and accounts for 100.12 kgCOx; / m?
(CF) and 463.93 kWh/m? (EF). Both carbon and energy footprints, computed per unit volume, show
a decreasing trend as the floor area increases. In particular, the contribution of the use phase to
the total carbon footprint increases from 69.6% to 78.2% as the floor area increases (71.4% to 80.6%
for the energy footprint). On the other hand, the contribution of the plant production phase to the
total carbon footprint decreases from 31.1% to 22.5% as the floor area increase (28.9% to 19.8% for the
energy footprint). As a result, as the floor area increases from 1000 to 25,000 m?, the total CF decreases
from 143.78 kgCOx / m3 down to 128.12 kgCOs¢;/ m?3; the total EF decreases from 650.05 kWh/m?
down to 575.62 kWh/m?3. Detailed results are shown in Table 5. Percentages for each LCA phase are
shown in Table 6 (CF) and Table 7 (EF).

50
& 1. Plant production & 2. On-site assembly 3. Transportation ~ ® 5. End-of-life

[T

1,000 3,000 5,000 7,500 10,000 12,500 15,000 17,500 20,000 22,500 25,000
Floor area (m?)

kgCO,/m’

Figure 6. Carbon footprint (reference scenario) as a function of the floor area. The use phase (not
shown) is constant (100.12 kgCOx, / md).

} @ 1. Plant production & 2. On-site assembly 3. Transportation ™ 5. End-of-life
160
140
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4
5 E] = ] “ “ = ] £ ] » o -

-20
1,000 3,000 5,000 7,500 10,000 12,500 15,000 17,500 20,000 22,500 25,000
Floor area (m?)

kWh/m?
- D
® o
S <o

[ S =® [
S © ©o © O

Figure 7. EF (reference scenario) as a function of the floor area. The use phase (not shown) is constant
(463.93 kWh/m?).
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Table 5. Carbon and energy footprint results for the reference scenario.

Floor area (m?) 1000 3000 5000 7500 10,000 12,500 15,000 17,500 20,000 22,500 25,000
CF (kgCOZeq/mz' )
1. Plant production ~ 44.68 3632 33.74 3212 3115 3049 30.00 29.62 2932 29.07 28.85
i‘s g;illt; 0.2302 0.2302 0.2302 0.2302 0.2302 0.2302 0.2302 0.2302 0.2302 0.2302 0.2302
3. Transportation ~ 0.8592 0.6717 0.6172 0.5837 0.5640 05507 0.5409 0.5334 0.5273 0.5223 0.5181
4. Use 1001 100.1 100.1 100.1 100.1 100.1 100.1 100.1 100.1 100.1  100.1
5. End-of-life —2110 —1.840 —1.757 —1.705 —1.674 —1.652 —1.636 —1.624 —1.614 —1.606 —1.599
Total 1438 1355 133.0 131.3 1304 129.7 1293 1289 1286 1283 1281
EF (kWh/m?)
1. Plant production  187.8 1487 1367 129.1 1245 1215 1192 1174 1160 1148 113.8
i‘s ;Eillt; 0.9434 0.9434 09434 09434 09434 09434 0.9434 09434 09434 0.9434 0.9434
3. Transportation ~ 3.860 3.023 2779 2629 2541 2481 2437 2403 2376 2354 2335
4. Use 4639 4639 4639 4639 4639 4639 4639 4639 4639 4639 4639
5. End-of-life —6.446 —5.886 —5.714 —5.605 —5.540 —5.496 —5.463 —5.438 —5.417 —5400 —5.386
Total 650.0 610.7 5986 591.0 5864 5833 5810 5792 5778 576.6 5756

The total carbon and energy footprints are strictly correlated and, even if contributions from
single LCA phases may show an irregular behavior, the total CF is directly proportional to the total
EF (Figure 8) within 0.5%. The proportional constant is 0.222 kgCOz.; /kWh (i.e., 0.222 kgCOs; per
kWh of primary energy required during the building life cycle). If not taking into account the use
phase (four-phases LCA), an increasing trend is observed as the floor area increases. However, the

proportionality still holds within 5%: 0.246 kgCOz.;/kWh.

= 0.260
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Floor area (m?)

Figure 8. CF per unit primary energy. The four-phases LCA does not include the use phase.
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Table 6. CF: enhanced vs. standard insulation.

CF
Floor Area (m?) 1000 3000 5000 7500 10,000 12,500 15,000 17,500 20,000 22,500 25,000
Energy Class A
1. Plant production 31.08% 26.80% 25.38% 24.45% 23.89% 23.50% 23.21% 22.99% 22.80% 22.65% 22.52%
2. On-site assembly 0.16% 0.17% 0.17% 0.18% 0.18% 0.18% 0.18% 0.18% 0.18% 0.18% 0.18%
3. Transportation 0.60% 0.50% 0.46% 0.44% 0.43% 0.42% 0.42% 0.41% 0.41% 0.41% 0.40%
4. Use 69.63% 73.89% 75.30% 76.22% 76.78% 77.17% 77.46% 77.68% 77.86% 78.02% 78.15%
5. End-of-life —1.47% —1.36% —1.32% —1.30% —1.28% —1.27% —1.27% —1.26% —1.26% —1.25% —1.25%
Total (kgCOs¢q/m®) 143.8 135.5 133.0 1313 130.4 129.7 129.3 1289 128.6 128.3 128.1
Energy Class C
1. Plant production 22.13% 18.97% 17.94% 17.28% 16.89% 16.61% 16.41% 16.25% 16.12% 16.01% 15.92%
2. On-site assembly 0.14% 0.15% 0.15% 0.15% 0.15% 0.15% 0.15% 0.15% 0.15% 0.15% 0.15%
3. Transportation 0.47% 0.39% 0.37% 0.35% 0.34% 0.34% 0.33% 0.33% 0.33% 0.33% 0.32%
4. Use 78.32% 81.52% 82.56% 83.23% 83.63% 83.91% 84.12% 84.28% 84.41% 84.51% 84.60%
5. End-of-life —1.05% —1.03% —1.02% —1.01% —1.01% —1.01% —1.01% —1.00% —1.00% —1.00% —1.00%
Total (kgCOseq/m®) 164.9 158.4 156.4 155.2 154.4 153.9 153.5 153.2 153.0 152.8 152.6
Table 7. EF: enhanced vs. standard insulation.
EF
Floor Area (m?) 1000 3000 5000 7500 10,000 12,500 15,000 17,500 20,000 22,500 25,000
Energy Class A
1. Plant production 28.88% 24.35% 22.83% 21.84% 21.24% 20.82% 20.51% 20.27% 20.07% 19.91% 19.77%
2. On-site assembly 0.15% 0.15% 0.16% 0.16% 0.16% 0.16% 0.16% 0.16% 0.16% 0.16% 0.16%
3. Transportation 0.59% 0.50% 0.46% 0.44% 0.43% 0.43% 0.42% 0.41% 0.41% 0.41% 0.41%
4. Use 71.37% 75.97% 77.50% 78.50% 79.11% 79.53% 79.85% 80.09% 80.29% 80.46% 80.60%
5. End-of-life —0.99% —0.96% —0.95%  —0.95% —0.94% —0.94% —0.94% —094%  —0.94% —0.94% —0.94%
Total (kWh/m?3) 650.0 610.7 598.6 591.0 586.4 583.3 581.0 579.2 577.8 576.6 575.6
Energy Class C
1. Plant production 18.84% 15.53% 14.45% 13.75% 13.33% 13.04% 12.83% 12.66% 12.53% 12.41% 12.32%
2. On-site assembly 0.13% 0.13% 0.14% 0.14% 0.14% 0.14% 0.14% 0.14% 0.14% 0.14% 0.14%
3. Transportation 0.47% 0.39% 0.37% 0.36% 0.35% 0.34% 0.34% 0.33% 0.33% 0.33% 0.33%
4. Use 81.28% 84.69% 85.80% 86.51% 86.94% 87.24% 87.46% 87.63% 87.77% 87.88% 87.98%
5. End-of-life —0.72% —0.74% —0.75%  —0.75% —0.76% —0.76% —0.76% —0.76%  —0.76% —0.76% —0.77%
Total (kWh/m?) 734.0 704.5 695.4 689.6 686.2 683.9 682.2 680.8 679.8 678.9 678.1
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3.3. Sensitivity to Design Parameters

Since insulation plays a major role in the production phase, a sensitivity analysis was performed
in order to study the dependence on this parameter in the LCA approach. The comparison
between the enhanced- and standard-insulation projects is shown in Figure 9 (CF) and Figure 10
(EF). In this case a 10,000 m? building was modeled under the reference scenario with different
two different thermal performances: energy class A (approximate 5 kWh/m?/year) and energy
class C (approximate 10 kWh/m?3/year), respectively. The enhanced insulation option increases the
incidence of insulating material (EPS) in the walls of approximate 75%, and 7 times in the roof. As a
consequence, the average increase of the environmental impact associated to the insulation material,
is between 100% and 200%, as a function of other input parameters. Even if the enhanced-insulation
case produces a higher impact during the plant production phase, because of higher raw material and
processing requirements (+19.5% CF and +36.1% EF), the use phase has a lower impact (-22.5% CF
and —22.2% EF) with respect to the standard-insulation case, producing a net reduction, during the
entire lifecycle both in CF (—15.6%) and in EF (—14.5%). Detailed results for different floor areas are
shown in Table 6 (CF) and Table 7 (EF).

16,000 Carbon Footprint

14,000

tCO2eq

12,000
10,000
8,000
6,000
4,000
2,000 :
0 —4 —4 =4

-2,000

1. Plant 2. On-site 3. 4. Use 5. End-of- Total
productio assembly Transport life
n ation
Class A building 3,115 23.02 56.40 10,012 -167.3516 13,039
# Class C building 2,607 23.02 52.99 12,914 -155.9723 15,441

Figure 9. CF of a 10,000 m? building under the reference scenario (green); Results for an energy class
C building with standard insulation is also shown (blue).

70,000 Energy Footprint

60,000

MWh

50,000
40,000
30,000
20,000
10,000 b
0 —_— — __

-10,000 E
1. Plant 2. On-site 3 4. Use 5. End-of- Total

production = assembly  Transportati life
on
Class A building 12,454 94.34 254.0816 46,393 -554.0059 58,642
# Class C building 9,149 94.34 238.7182 59,660 -519.6613 68,623

Figure 10. EF of a 10,000 m? building under the reference scenario (green); Results for an energy class
C building with standard insulation is also shown (blue).

The 10,000 m? reference building was also used to assess the sensitivity of the model against
foundation type. Results are shown in Table 8. Shorter foundations (i.e., without pillars) produce
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smaller impacts from plant production (—6.05% CF, —3.77% EF), on-site assembly (—1.11% CF,
—1.14% EF), and transportation (—6.86% CF, —6.86% EF) phases. The resulting in a total CF is 1.48%
smaller than the reference building, energy footprint is 0.83% smaller.

Table 8. Carbon and energy footprint for a reference building (10,000 m?) in case of foundations
without pillars. The variation is shown with respect to the reference scenario (with pillars).

LCA phase CF EF
(kgCOzfgqlm3 ) (Variation) (kWh/m?) (Variation)

1. Plant production 29.26 —6.05% 119.9 —3.77%
2. On-site assembly 0.2277 —1.11% 0.9327 —1.14%
3. Transportation 0.5253 —6.86% 2.366 —6.86%

4. Use 100.1 0.00% 463.9 0.00%

5. End-of-life —1.674 0.00% —5.540 0.00%
Total 128.5 —1.48% 581.5 —0.83%

The model was finally tested against lifetime and insulation levels in a multidimensional
analysis. Results are shown for 50-year (Figure 11) and 20-year lifetime (Figure 12) and for energy
classes A (approximate 5 kWh/m3/year), B (approximate 7.5 kWh/m?/year), C (approximate
10 kWh/m?/year), and G (approximate 25 kWh/m?/year). Energy classes A and B are both
characterized by the same insulation level (enhanced): the different thermal performance simulates
different climatic conditions (e.g., latitude of the construction site). Similarly, classes C and G
(extreme conditions) have both a standard insulation. The minimum impact is produced with
enhanced insulation (Class A), longer lifetimes (50 years), and larger floor areas (25,000 m?):
2.562 kgCOn¢y/ m?3/year (CF) and 11.51 kWh/m?3/year (EF). For shorter lifetimes, the environmental
performance is less dependent from the use phase and the LCA results show very similar
values obtained with energy class C standard insulation and energy Class B enhanced insulation
(e.g., 2.898 and 3.088 kgCOy,, /m?>/year, respectively). In any other cases (.., longer lifetime and/or
larger energetic performance gaps) higher insulation levels produce a sensible reduction of both
carbon and energy footprints. When considering a maximum thermal performance gap (energy
Class G vs. A), longer lifetimes (50 years), and larger floor areas (25,000 m?), an overall reduction of
up to 48% is obtained.

If additional energy is needed for the industrial activity, the impacts associated to electric energy
and natural gas consumption can be added separately considering the appropriate emission factors.
As of 2013, national emission factors are 326.78 gCO,,;/kWh for electric energy taken from the grid
and 1953 gCOx,/ Nm?3 for combustion of natural gas [38].

Carbon footprint (50-yr lifetime) Carbon footprint (20-yr lifetime)

k5 6.4 5 64

£ 60 = (3,0

5.6 7 5.6

o 52 S 52

% 48 o 48
44 4.4
4.0 4.0
3.6 3.6
3.2 25,000 32 25,000
2.8 2.8
24

10,000 24 10,000
Class G

Class C Floor area (m2) Class C Floor area (m2)
Class B 1,000 Class B 1,000
Energy Class Class A Energy Class Class A
@ ()

Figure 11. CF as a function of floor area and insulation level under reference hypotheses. Results
(kgCOxeq/ m3/ year) are shown for 50-year lifetime (a) and 20-year lifetime (b).
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Energy footprint (50-yr lifetime) Energy footprint (20-yr lifetime)
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Figure 12. EF as a function of floor area and insulation level under reference hypotheses. Results
(kWh/m3/ year) are shown for 50-year lifetime (a) and 20-year lifetime (b).

4. Conclusions

A systematic study of the impacts associated to the entire lifecycle of industrial prefabricated
buildings is presented. The carbon and energy footprint assessment is divided in two steps. First,
a survey of construction, assembly, and dismantling processes was performed using site-specific
data from a large Italian construction company. Data from four selected buildings, with floor areas
between 1048 m?2 and 21,910 m2, were used to model five LCA phases: Plant production, On-site
assembly, Transport, Use, and End-of-life. Carbon and Energy footprint of the four selected buildings
were computed in a cradle-to-grave approach. Second, a model building, characterized by average
properties with respect to the four selected buildings, was elaborated. The impacts of the model
buildings were assessed as a function of sensible input parameters: floor area, height, foundation
type, insulation level, energy class, distance from production plant, lifetime. In this analysis, only
minimum space-heating and lighting were included in the use phase. Additional energy demand for
specific industrial activities should be considered separately.

The average carbon footprint of the four selected buildings, considering a reference
scenario (50-year lifetime, high energy performance, deep foundations) is 133.7 kgCOg/ m3
(33.95 kgCOo¢y/ m? not considering the use phase). The CF decreases as the floor area increases
(144.7 kgCOZEq/mg’ for 1048 m2, 123.6 kgCOzeq/m3 for 21,910 m?). The energy footprint is
602.1 kWh/m? (138.2 kWh/m3 without the use phase), and it shows the same behavior (649.5 to
556.8 kWh/m?). The use phase represents 75.11% of the total CF (77.28% of EF), in agreement with
literature results [11,24]; the plant production phase represents 25.56% of the total CF (23.03% of EF).

The analysis of modeled buildings show similar behavior for both CF and EFE. In particular,
it is found that the total carbon footprint is directly proportional to the total energy footprint:
0.222 kgCOzy/kWh with a 0.5% accuracy. When not including the use phase, the ratio is
0.246 kgCOy¢; /kWh with a 5% accuracy.

A detailed analysis of the sensibility to input parameters was performed. In particular,
it is found that buildings designed to have better thermal performance have a lower overall
impact: highly-insulated buildings are characterized by higher impacts from the production phase
(+19.5% CF and +36.1% EF). However, the smaller impact from the use phase (—22.5% CF and
—22.2% EF) produce an overall reduction of both CF (—15.6%) and EF (—14.5%). Foundation
type (with- or without pillars) changes the total CF and EF of 1.48% and 0.83%, respectively.
The carbon and energy footprints are more sensitive to the building lifetime. For a 10,000 m?
building, assuming 50- and 20-year lifetimes, the carbon footprint is 2.608 kgCOz¢q /m3/ year
and 3.516 kgCOqy/ m?3/year, respectively. The energy footprint is 11.73 kWh/m?/year and
15.40 kWh/m3 /year.
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