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Abstract: Construction accounts for a considerable number of environmental impacts, especially
in countries with rapid urbanization. A predictive environmental assessment method enables a
comparison of alternatives in construction operations to mitigate these environmental impacts.
Process-based life cycle assessment (pLCA), which is the most widely applied environmental
assessment method, requires lots of detailed process information to evaluate. However, a construction
project usually operates in uncertain and dynamic project environments, and capturing such process
information represents a critical challenge for pLCA. Discrete event simulation (DES) provides
an opportunity to include uncertainty and capture the dynamic environments of construction
operations. This study proposes a predictive assessment method that integrates DES and pLCA
(DES-pLCA) to evaluate the environmental impact of on-site construction operations and supply
chains. The DES feeds pLCA with process information that considers the uncertain and dynamic
environments of construction, while pLCA guides the comprehensive procedure of environmental
assessment. A DES-pLCA prototype was developed and implemented in a case study of an
18-storey building in Northeast China. The results showed that the biggest impact variations on the
global warming potential (GWP), acidification potential (AP), eutrophication (EP), photochemical
ozone creation potential (POCP), abiotic depletion potential (ADP), and human toxicity potential
(HTP) were 5.1%, 4.1%, 4.1%, 4.7%, 0.3%, and 5.9%, respectively, due to uncertain and dynamic
factors. Based on the proposed method, an average impact reduction can be achieved for these
six indictors of 2.5%, 21.7%, 8.2%, 4.8%, 32.5%, and 0.9%, respectively. The method also revealed
that the material wastage rate of formwork installation was the most crucial managing factor that
influences global warming performance. The method can support contractors in the development
and management of environmentally friendly construction operations that consider the effects of
uncertainty and dynamics.

Keywords: environmental impacts; construction process simulation; process-based life cycle assessment;
construction operations; supply chain
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1. Introduction

Construction causes intensive environmental pollution in short periods and at concentrated
locations [1]. The environmental impact can be severe at aggregated levels [2], especially in countries
with rapid urbanization [3]. The environmental impacts that construction causes have motivated
project clients, such as the Swedish Transport Administration (STA), to set the goal of an emissions
reduction in infrastructure and building projects [4]. These demands will turn into criteria for contractor
selection and motivate project contractors to perform environmentally friendly construction.

Construction operations are performed in operational environments that change quickly
(i.e., dynamic environments) [5], such as altered on-site conditions, increasing equipment downtime,
and growing labour experience [6]. In addition, external factors, such as rush-hour or idle traffic
conditions, influence the transportation of material supplies to the site [7]. Construction operations
are also affected by high levels of uncertainty. Uncertainties can lead to process duration overruns [8],
task rework, and emissions fluctuations [9]. All of these uncertain and dynamic factors influence
construction productivity, energy use, and emissions, and thus need to be included in the assessment
of the environmental impact.

Process-based life cycle assessment (pLCA) is a commonly used method to assess the environmental
impact of construction [10]. However, Langston and Langston [11] claimed that pLCA has some
limitations in supporting environmental assessment in a construction context. Construction uncertainty
will affect the reliability of LCA methods [12]. A process-based LCA method that relies on static
inventory data cannot represent the influence of process uncertainty [13]. Additionally, dynamic
construction environments require a pLCA to analyse the related effects on environmental performance
momentarily and precisely. For these reasons, we need to complement pLCA with the ability to
capture uncertain and dynamic environments in the assessment of the environmental performance
of construction operations. Discrete event simulation (DES) is a promising technique with the ability
to capture the variability of events [14], and dynamic environments and uncertainty factors can be
simulated. Hence, DES could provide process data for pLCA that is influenced by the uncertainty
and dynamics of the environment in order to produce a construction-case-specific environmental
assessment. Nevertheless, a method that integrates DES and pLCA to conduct a comprehensive
environmental assessment of a construction operation and systematically considers uncertainty and
dynamics is still lacking.

This study aims to fill that gap by proposing an innovative method to integrate DES and pLCA to
make environmental performance assessments of construction operations in uncertain and dynamic
environments. The proposed method provides a predictive tool for contractors to evaluate and compare
the environmental performance of supply chains and on-site construction in the planning of operations.
The method can also reveal crucial managing factors that influence the environmental performance.
A prototype is developed and implemented in a case study of an 18-storey reinforced concrete building
to test the applicability of the integrated DES-pLCA method.

The remainder of the paper is structured as follows. Section 2 contains a literature review that
discusses construction uncertainty and dynamics as well as previous LCA and DES research. In Section 3,
the design of the integrated DES and pLCA method is described. In Section 4, the development and
application of the prototype in the case study building is presented. The discussion of the contribution,
possible applications, and future work on the proposed method is presented in Sections 5 and 6.

2. Literature Review

2.1. Uncertainty and Dynamics in Construction

Construction projects are performed under uncertain and dynamic conditions [8,15,16].
Love et al. [17] divided these conditions into intended and unintended dynamics. Intended dynamics
are initiated from planned activities that are designed to support the progress of the construction
works, while unintended dynamics come from internal and external uncertainties. Thus, intended
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dynamics are defined as dynamic factors in this study, which are variables with known relations with
changing conditions. Unintended dynamics are defined as uncertain factors in this study, which are
variables that have fluctuations within reasonable ranges.

Factors of uncertainty can originate from the task, the environment—such as unknown site
conditions—or in resource and material supply [15,18,19]. In a high-speed rail line project, Moret and
Einstein [8] found that uncertain factors, such as variability in the construction process, can cause large
increases in project cost and duration. Therefore, it is a challenge for contractors to make a realistic
project estimation without quantifying the effects of uncertainty. A method based on the Monte Carlo
simulation and construction model was proposed [8], and the results showed that the project cost
and duration overruns could reach 30–35% due to uncertain factors. In underground infrastructure
projects, the construction process is inherently affected by various sources of uncertainty, such as
not-fully-known geological conditions. To take account of uncertain factors in construction planning,
a probabilistic alignment optimization method based on a construction simulation and a simulated
annealing algorithm was proposed by Costa et al. [20]. In the implementation of an underground
tunnel project, the results showed that the average and variation in project cost could be reduced
by using the optimised construction planning provided by the method. Uncertainty within supply
chains also affects on-site operation [21]. Using a two-phase scheduling optimization method based
on a constraint programming and optimization model, in an example project, Liu and Lu [22] found
that the uncertainty in off-site material logistics led to 25% and 23% increases in project duration and
budget, respectively. Therefore, the previous studies show the significant effects of uncertain factors
on a construction operation.

Construction operations are also dynamic and evolve over time [23]. Examples of dynamic factors
that influence construction progress include a change in the number of available crew, variations in
site layout, and off-site traffic conditions, depending on the time of day and day of the week. In a
prefabricated building construction case, Alvanchi et al. [24] found that labour productivity is a crucial
on-site dynamic factor that will vary over time, time of day, work length, or in prolonged conditions.
A working-hour arrangement should consider this dynamic factor in order to ensure high productivity
during construction. An integrated system dynamics (SD) and DES method for estimating the labour
productivity of different working-hour arrangements was proposed [24]. The case study showed that
productivity could be improved by 6% when adjusting the original work schedule. Using a similar
integrated SD and DES method, Alzraiee et al. [25] proposed an approach for realistically estimating
the duration, productivity, and cost by considering the effects of dynamic environments in relation
to schedule pressure, work fatigue, overtime, and rework. It was verified in an industrial building
expansion case that a 32% longer duration would be caused by considering dynamic factors. The actual
duration, which contained a 40% delay, also validated the result. For a high-rise building construction
case in Singapore, Park [26] found that the entire construction’s progress was influenced by variations
in available resources, dynamic predecessor completeness, and labour productivity. However, it is a
challenge for contractors to determine the optimal resource coverage in a construction system without
fully understanding the influence of these dynamic factors. A model-based dynamic method based
on SD was applied in a case study to make a trade-off between acceptable resource coverage and
construction progress.

Previous studies have shown the significant influence of uncertain and dynamic factors on
construction operations. In addition, Zhang [9] found that both the uncertain and dynamic factors
caused fluctuating equipment emissions during construction operations. The construction uncertainty
factors follow a probability distribution during construction [27], while the dynamic factors change
with off-/on-site conditions throughout the construction process [24]. They should be taken into
account in order to develop a realistic environmental assessment method for construction operations.
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2.2. LCA and DES in Construction Applications

LCA has been widely adopted to assess the environmental impact that arises from building-related
activities in full or different phases of the life cycle. A full LCA method analyses a product
from materials extraction to final end-of-life (cradle-to-grave). On the other hand, a partial LCA
analyses certain parts of the life cycle, such as from materials extraction to manufacturing/operations
(cradle-to-gate), or one specific stage (gate-to-gate). A partial LCA method focuses especially on
a certain stage and has advantages for process assessment and optimization [28]. Examples of
such applications are the environmentally friendly selection of materials in the design phase [29],
environmental impact reduction in the construction phase [30], and quantitative evaluation of the
environmental performance of heating and ventilation systems during the building operation [31].
Therefore, an LCA with a gate-to-gate boundary that focuses on process comparison should be a
suitable assessment method for construction operations.

Many constructive suggestions and pathways for improving the environmental performances of
construction operations have been revealed by previous research using LCA methods [30,32,33].
Ortiz et al. [34] classified this LCA research into two different orientations. Building material
and component research focuses on the environmental performance of construction materials and
components; thus, it provides sustainable suggestions on materials and component production and
selection. On the other hand, whole building life cycle research focuses on assessing the full life cycle of
a building, thereby providing environmentally friendly suggestions for a building from building design
to final demolition. The study by Gámez-García et al. [35] can be regarded as belonging to the building
material and component research orientation, as it assesses and compares 20 external wall systems in
terms of environmental performance. The results showed that external walls with large-format pieces
and a controlled increase in the thickness of the thermal insulation is the environmentally optimal
selection. Similarly, De Lassio et al. [36] performed a study in which they assessed the environmental
impacts of building materials in a residential building, finding that ceramic materials account for a
high percentage of environmental impacts in a building. The research of Reza et al. [37] belongs to
the whole building life cycle research orientation, and proposed emergy as a unified and quantitative
environmental basis for the full life cycle of buildings. The results showed that the environmental
impact of multi-unit residential buildings was 2 to 3 times greater than that of single-family houses.

In all previous LCA studies, process-based and input/output-based LCA have been the most
frequently used inventory methods for LCA assessment [10]. Process-based LCA is the most widely
used assessment method [38], and is considered the most accurate within the defined system
boundaries [39]. However, process-based LCA requires significant efforts to identify and analyse every
impact source in the studied process [10]. Input/output-based LCA, by contrast, is easier to apply,
since the environmental data are linked to monetary input-output tables on an industry sector level that
have been produced by statistical agencies. The drawbacks include the assumptions of homogeneity,
proportionality, errors, and uncertainty in the economic data, and the aggregation and grouping of
sectors, which makes an assessment’s results less reliable for specific cases [10,40]. The process-based
LCA, which has advantages with respect to specific process assessment, could be improved when
efforts towards process analysis are reduced.

Discrete event simulation was developed in the late 1970s, and has become a common method
for the evaluation and prediction of system performance [14]. Ahmed and Nassar [41] used DES
to predict occupants’ movements in a building and to optimise the building’s design. Wang and
Abourizk [42] utilised DES to assess the duration of different material delivery strategies in industrial
construction projects. Chunna et al. [43] used DES to evaluate the cost and environmental performance
of dam construction, and Nassar and Al-Kaisy [44] evaluated sign occlusion in architectural spaces.
Aziz et al. [45] combined a DES and a value stream mapping method to explore different road
construction scenarios in order to achieve high construction productivity and minimum road
closure times.
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DES can capture the variability of events in complex systems, thereby increasing the reliability
of the evaluation [46]. For construction and environmental applications, several studies, including
Zhang [9,47], Li, Zhu, and Zhang [32], González and Echaveguren [48], and Golzarpoor et al. [49],
have demonstrated that DES produces a more reliable, accurate, and case-specific estimation of
construction-related pollutant emissions and energy consumption. The ability to analyse construction
activities at a micro level makes DES suitable for modelling the uncertainties and the dynamics of
construction operations in order to overcome the limitations of using industry-average input-output
data [9,14]. The advantages of DES and the challenges of using process-based LCA for construction
applications make the combination of DES and pLCA attractive to investigate. This study, thus,
investigates whether an integrated DES-pLCA method is a suitable environmental assessment method
in a construction context.

3. The DES-pLCA Framework

The overall DES-pLCA framework follows the procedure shown in Figure 1. Firstly, the goal
and scope of the environmental impact assessment should be defined. Based on the scope
assessment, process information, including supply chains, on-site construction, dynamic conditions,
and uncertainties in the construction operation, can be surveyed. Then, the DES model is produced
based on the scope assessment and the surveyed information, which is able to simulate the operation
from construction supply to on-site construction. The connection between DES and pLCA is reached
using an automatic data channel that can automatically extract and link the materials and equipment
data from the simulation to pLCA. The procedure for inventory analysis and life cycle impact
assessment using a connected simulation is shown in Algorithm 1. For each time period of inventory
analysis, the simulation will be repetitively run to return impact sources data with distributions.
Then, an impact assessment is performed to provide both average impacts and their variations.
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Figure 1. The overall framework of the discrete event simulation and process-based life cycle
assessment (DES-pLCA) method. LCI, life cycle impact; LCIA, life cycle impact assessment; CARS,
Component, Action, Resource, and Sequencing.
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After establishing connections, the impact sources are analysed to identify the significant
environmental contributors, which help to develop alternative scenarios on the significant contributors.
In addition, crucial factors can be identified from the sensitivity analysis by running DES-pLCA
factorial experiments. The proposed DES-pLCA integrated method utilises DES to provide pLCA with
case-specific data for the environmental impact assessment, which considers uncertain and dynamic
construction environments. The results from pLCA provide indications to be simulated for further
mitigation and management of environmental impacts.

Algorithm 1. Pseudocode for DES-pLCA automatic calculation procedure.

procedure DES-pLCA
while assessed scenario m < total feasible scenario M, do
LCI

while simulation replication n < minimum times N, do
run DES-based simulation
n<–n+1

return impact sources and quantities Qn of each replication with data channel
end

LCIA
pollutant emissions: En<–Qn×e (e is emission factor, automatically identifies related Q)
environmental indicator value: EIn<– En×c (c is characterization factor)
m<–m+1
return environmental indicator average value EIm<–∑EIn / m and variation
end

3.1. DES Model of Construction

DES is designed to work interactively with pLCA to take advantage of the simulation technique.
The off-site supply chains and on-site construction operations will be influenced by dynamic
environments [6], such as an increasing working height at the construction site and the traffic
conditions of a day. On the other hand, uncertainty also affects the construction operation according to
Construction Engineering Quotas (CEQs). Uncertainty, for example, in working productivity and the
materials wastage rate, varies according to associated probability distributions. The dynamics and
uncertainty in the construction operation will influence the environmental performances [9]. As DES
can include the dynamics of on-site operations and process uncertainty [48], it is utilised to provide
more realistic inventory data for the construction operation’s environmental assessment.

A specific procedure was established, as shown in Figure 2, in the development of the DES
model for the pLCA assessment. The concepts used in the development originate from the real world,
the conceptual world, and the simulated world [50]. An ontology-driven method was used to establish
the conceptual model that reflects the relationship between a process, a product, and a resource in the
real and the conceptual world. After that, the DES technique was employed to build the simulated
model based on the established conceptual model.

3.1.1. Identify the Simulation’s Purpose and Scope

The purpose is to simulate the construction operation correctly while providing usable and
realistic process data for the environmental impact assessment. A normal construction operation is
to transport construction materials from suppliers to the construction site, and assemble building
components onsite by in-situ cast or prefabrication. The perspective of the contractor defines the
simulation scope. In the most popular project delivery method, i.e., design/bid/build, the contractor
can only influence decisions regarding the selection of the offsite supplier and the onsite construction
scenario. Therefore, the scope of the simulation in this study includes related processes from materials
supply chains to onsite construction operations.
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3.1.2. Build the Conceptual Model

The conceptual model in this study was built using an ontology-driven method [52–54] where the
domain concepts process, product, and resource were adapted for the integration with pLCA.

Construction activities need to be broken down into unit processes before pLCA can be
performed [14]. A unit process can be defined as a process that is carried out by one type of professional
worker or one type of equipment [30]. Building components that are processed by unit processes
are defined as products. Construction-related equipment and construction materials that generate
environmental impacts directly or indirectly are defined as resources. The relationships between the
real world and the conceptual world are shown in Table 1.

Table 1. Relationships among concepts in the DES-pLCA simulation modelling.

Real World Conceptual World Simulated World

Material processing, offsite transportation, onsite construction Unit process Server, process
Building components Product Entity
Auxiliary materials, construction equipment Resource Resource

The conceptual model should also include the process logic of how construction activities are
organised. To reduce the possibility of making errors and omissions, the Component, Action, Resource,
and Sequencing model (“CARS”), proposed by Fischer et al. [55] and applied in simulation by Lu
and Olofsson [16], was adopted to detail the logics of construction in a systematic way for DES
model development (see Figure 3). The CARS model can collect all of the decentralized construction
information into a uniform conceptual model. As can be seen in Figure 3, Component represents the
constructed building components, such as stab, pillar, and wall; Action is the series of work actions
that is required to construct the components; Resource stands for the necessary materials, equipment,
and labour to construct the components; and Sequencing rules the construction activities by the
available working space and inherent working sequence.
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3.1.3. Build the Simulation Model

DES is utilised to transform the conceptual model into the simulated world. Entity, server, path,
process, resource, table, properties, and states are several elements used in DES to build the simulation
model. As can be seen in Table 1, an entity represents a construction product in the conceptual model,
server and process represent different types of construction operations, and resource evaluates the
availability and usage of a construction resource.

3.1.4. Validation

The developed DES model should be validated. Sample data from onsite observations can be
useful for validation purposes [56]. However, the construction project for predictive assessment is still
at the planning stage. Therefore, an input-output validation [57] is used to validate the established
DES model. As the purpose of the simulation is to correctly capture process data (equipment and
material) for an environmental assessment, the equipment and material output from the simulation
model are compared with a real Quantity Survey of the original project. The result of the simulation
model, considering the uncertainty of the input parameters, is considered valid if each simulation
item is in agreement with the real project. The testing method is a paired-sample t-test for a normally
distributed sample or the Wilcoxon signed-rank test for a non-normally distributed sample.

3.2. Process-Based LCA for Construction

Process-based LCA (pLCA) is used as the assessment framework for DES-pLCA. This section
describes how the environmental impact of the construction operation is assessed. The pLCA
follows a procedure that has four-stages, including goal and scope definition, life cycle inventory
analysis, life cycle impact assessment, and interpretation, which are standardized by the International
Organization for Standardization (ISO) [58].

The goal of assessment in this study is to evaluate the construction-related environmental impacts.
According to a previous study by Wang et al. [30], construction operations cause environmental impacts
by equipment and auxiliary materials usage alongside the offsite materials supply chains and onsite
construction. These impact sources are within contractors’ area of decision-making, while other major
building materials are determined by the upstream design stage. Thus, a boundary for construction
that is, for the major part, based on construction products standard rules EN 15804:2012 + A1:2013 [59]
is applied, including (1) upstream auxiliary materials extraction, processing, and production; (2) offsite
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construction materials transportation (major and auxiliary materials); and (3) the onsite construction
operation process.

The developed DES model is used to estimate the quantity of emissions of different impact sources
(Q). The i-th emission (Ei) is evaluated from Equation (1):

Ei = Em + Ee = Qm emi + Qeeei, (1)

where Qm and Qe denote the quantity of impact sources from materials and equipment, respectively;
and emi and eei represent the emissions per unit quantity of impact sources (emission factor), which
can be obtained from public access and commercial LCA databases or previous local LCA studies.
The engines of construction transport and onsite equipment run on fossil fuel or electricity. According
to the U.S. Environmental Protection Agency (EPA) [60], the energy consumption using fossil fuel can
be calculated according to:

Qef = BSFC·EP·PD·LF (2)

where BSFC (lb·hp−1·h−1) is the brake-specific fuel consumption, which gives a measure of an engine’s
efficiency from the EPA database [60], EP is the engine power (hp), PD is the process duration
simulated by the simulation, and LF is the load factor that reflects the level of equipment use for
a specific operational scenario from the EPA database [61]. For electrically driven equipment on a
construction site, the use of electricity can be calculated using Equation (3):

Qee = Pe·PD, (3)

where Pe is the power rating of the electrical equipment. Different types of emissions will lead to
various global or regional environmental impacts. After emissions quantification, they are classified
using associated impact indicators. CML 2002 is a widely applied impact assessment method at the
midpoint level, which groups impacts into 11 types of indicator [62].

Finally, the different categories of environmental impacts are assessed using:

EIj = ∑I
i=1(Eicij), (4)

where EIj is the j-th environmental indicator of the environmental emissions from the construction
operation; and cij is the characterization factors from the i-th emission to the j-th environmental
indicator, which can be obtained from a characterization database, e.g., CML 2002 [62] or the IPCC’s
fifth assessment report [63].

3.3. DES and pLCA Integration for Decision Support

After establishing the DES model and the principles for the pLCA assessment of the construction
operations, the simulation and environmental assessment are integrated (see Figure 4). The customized
DES model will simulate the entire construction operation of a base scenario under the surveyed
dynamic environments and process uncertainties. The developed DES contains information on
the equipment operation and materials consumption in each unit process. Based on the simulated
data, the simulated total operational time of the equipment and related materials consumption in
construction operations are automatically extracted and connected with the inventory analysis and the
impact assessment of the pLCA. Specifically, all equipment operations and materials consumption
data are automatically collected from the simulation. They will work as impact sources for the
inventory analysis. The corresponding emission factors can identify the corresponding impact sources.
The emissions as well as the impacts are then assessed. The dynamics can include the daily variations
in traffic conditions and onsite working conditions. Process uncertainty can come from variations in
working productivity and material wastage rate.
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At the DES-pLCA decision support stage, the contribution of each impact source is simulated
on the base construction scenario. Then, alternative scenarios are developed based on the most
significant impact contributors and evaluated by a DES-pLCA run. Meanwhile, a sensitivity analysis
based on the factorial experiment proposed by Morris [57] is performed in order to identify the
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crucial environmental performance factors. Each factor is attributed a small variation ∆ that can be
chosen using a fixed value—its confidence interval length—according to Wit and Augenbroe [64].
The difference between the scenarios in average performance with and without ∆ is a measure of the
importance of the factors. In this way, the proposed DES-pLCA runs a factorial experiment to identify
crucial factors to support environmentally conscious onsite management.

4. Prototype and Application

A prototype of the proposed DES-pLCA integrated method was developed and applied in a
case study. Simio™ (Version 10) was used as the DES simulation platform due to its great ability for
external data exchange during discrete event simulation. Matlab(R) (Version R2017a) was used as an
assessment calculation and database management tool. Assessment-related data, e.g., emission factors,
characterization values, and equipment parameters, were stored in the database. An Application
Program Interface (API) framework, originally created by Dehghanimohammadabadi and Keyser [65],
was extended to automate the data exchange between the pLCA assessment and the simulation
platforms. An overview of the DES-pLCA prototype is shown in Figure 5.
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A hotel building that is located in Heilongjiang province (Northeast China) was selected as a
case study to validate the developed method. The collected data from the case study consisted of
design and construction documents and an interview with the project manager. The building is a
reinforced concrete frame structure with a 14-storey typical floor part, a 2-storey podium floor part,
and a 2-storey basement. The total floorage is approximately 36,000 m2, and the height of the building
was 80.95 m. The construction of the frame structure of the 14-storey typical floor part was selected to
test the developed DES-pLCA integrated method. The planned construction duration for the 14-storey
typical floor part was 93 days. This project is chosen as the case study because its reinforced concrete
frame structure is widely applied in buildings; so, this project could test the general applicability of
proposed method.

4.1. DES Model Production

The production of the simulation model follows the proposed procedure shown in Figure 2.
An interview with the project manager and a review of the design/construction documents were
carried out to meticulously collect information on the studied case. The conceptual model’s real world
representation is shown in Table 2, and the construction logic is shown in Figure 6.
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Figure 6. The construction process network of a typical floor (process ID refers to Table 2).

Table 2. The conceptual model’s real world representation.

ID Unit Process Product Resources Quantity

1 S-offsite transportation Unprocessed steel bar Diesel trailer-25 t 3

2 S-straightening (HPB235) Processing steel bar Electric bar straightener 3

3 S-bending
(HRB335/HRB400) Processing steel bar Electric steel bar bender 8

4 S-cutting Processing steel bar Electric steel bar cutter 9

5 S-threading Processing steel bar Electric die head
threading machine 5

6 S-onsite transportation Processed steel bar Electric crane tower/lift 1/1

7 S-installation Steel bar in component Iron wire 3852.34 kg

8 F-offsite transportation Unprocessed plywood Plywood, 12 mm;
Diesel truck, 15 t

64.4 t
1

9 F-cutting Processing plywood Electric cutting machine 4

10 F-onsite transportation Processed plywood Electric crane tower/lift 1/1

11 F-installation Assemble
formwork system

Steel tube
Joint
Bolt

Iron wire
Batten

1695.57 kg
6758.46 kg
4959.22 kg

10,646.57 kg
149.46 m3

12 C-offsite transportation Premixed concrete Mixer truck, 7 m3 5

13 C-pumping Onsite concrete Electric concrete pump, 80 kW 4

14 C-vibration Onsite concrete Electric vibrator, 1.5 kW 20

15 C-curing Concrete component Water
PVC

6842.79 m3

514.32 kg

Note: C-, S-, and F- stand for concrete, steel, and formwork, respectively.

Table 3 shows the uncertainties and dynamic factors in the construction operations.
The distributions of work productivity for the construction operations were based on interviews.
According to the manger’s experience, a typical floor of the case study building will take 6 (±1) days
to complete, depending on, e.g., the workers’ learning curve and the requirement to meet the deadline
of the contract at the end of the project. Thus, this study uses a triangular distribution of (0.83, 1, 1.17)
to represent the minimum, most likely, and maximum work productivity probability according to the
variations in the construction time for a typical floor. Tam et al. [66] estimated the wastage rates for
steel and formwork-related materials to be 7.7% and 20%, respectively. Therefore, a Gaussian (normal)
distribution (7.7%, 0.0385) was applied for steel works, and a Gaussian (normal) distribution (20%,
0.10) was applied for formwork-related materials.
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Table 3. Uncertainties and dynamic environment factors.

Index Name Influenced
Process Details

D1 Traffic conditions C-offsite
transportation

Traffic busy: truck speed = 25 km/h, 0.2961 L/km
Traffic idle: truck speed = 30 km/h, 0.2468 L/km

D2 Height of working site S- and F-onsite
transportation Height = 4 × (complete floor) + 25

U1 WP of steel vertical
transportation

S-onsite
transportation

Crane: 1.5/(2 × Height/45 + 1.5 + 1 + 2.5) ×
Triangular (0.83, 1, 1.17); Lift: 4/(2 × Height/60 +
6) × Triangular (0.83, 1, 1.17)

U2 WP of steel installation S-installation 0.045 × Triangular (0.83, 1, 1.17)

U3 WP of formwork
vertical transportation

F-onsite
transportation

1.5/(2 × Height/45 + 1.5 + 1 + 2.5) × Triangular
(0.83, 1, 1.17); Lift: 4/(2 × Height/60 + 6) ×
Triangular (0.83, 1, 1.17)

U4 WP of formwork installation F-installation 0.36 × Triangular (0.83, 1, 1.17)

U5 WP of concrete pumping C-pumping Triangular (0.83, 1, 1.17) × 104/(7.5 + Height)

U6 WP of concrete vibration C-vibration 5 × Triangular (0.83, 1, 1.17)

U7 WR of steel installation S-installation Gaussian (7.7%, 0.0385) [66]

U8 WR of formwork installation F-installation Gaussian (20%, 0.1) [66]

Note: D and U denotes whether the factor is Dynamic or Uncertain; WP and WR stands for Working Productivity
and material Wastage Rate, respectively.

Premixed concrete and other construction materials are transported to the site to be further
processed and assembled. Thus, traffic conditions will influence the duration and fuel usage of
material transportation. For the studied case, premixed concrete was supplied from a ready-mixed
concrete supplier that was approximately 30 km away from the construction site. Since transportation
to the site can occur at any time of day or whenever construction progress requires it, the following
assumptions have been made. The average transportation speed is 25 km/h during busy traffic
conditions, i.e., between 08:00 and 18:00. During idle traffic conditions (00:00~8:00, 18:00~24:00)
the average transportation speed is 30 km/h. The working height is also increased as construction
progresses, which will influence the duration and energy use of vertical transports and concrete
pumping (see Table 3).

The developed DES model was to simulate the construction process and provide detailed process
data for environmental assessment. Therefore, the DES model can be validated by comparing the
simulated impact sources with the Quantity Survey of the real planned construction. After validating
the simulation model of the original planned scenario (base scenario), a DES-pLCA environmental
assessment can be performed and alternative scenarios can be analysed. In the construction simulation
model, some of the parameters follow a non-normal distribution. Thus, the nonparametric Wilcoxon
signed-rank test was used to compare the difference between the simulation and the real system.
The developed DES model was validated, and more details can be found in Appendix A. The number
of simulation replications, 50, was based on a trial-and-error method, proposed by Lorscheid et al. [67],
that determines the minimum number of replications that is required for a case project.

4.2. LCA Assessment

The process-based LCA assessment used Equations (1)–(4) to quantify the environmental impact.
Emission factors, collected from previous LCA research (see Table 4) and characterized by the CML
2002 method [62], were stored in a Matlab database to support the pLCA. Table 4 shows the calculated
environmental impact equivalents and data sources that were used in the case study.
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Table 4. The data sources for the assessment.

Impact Sources Unit Impact Equivalents a by CML 2002 Reference

Electricity kWh GWP: 1.096; AP: 0.0135; EP: 6.51 × 10−4;
POCP: 4.86 × 10−4; ADP: 0.176; HTP: 8.79 × 10−3 [68] b; [69,70] c

Diesel kg GWP: 0.818; AP: 0.0542; EP: 3.27 × 10−3;
POCP: 2.21 × 10−3; ADP: 2.195; HTP: 3.71 × 10−3 [69,71] c

Water m3 GWP: 0.213; AP: 2.70 × 10−3; EP: 1.30 × 10−4;
POCP: 8.20 × 10−5; ADP: 0; HTP: 1.92 × 10−4 [70] c

PVC kg GWP: 0.247; AP: 5.13 × 10−3; EP: 3.28 × 10−4;
POCP: 1.91 × 10−4; ADP: 1.08 × 10−5; HTP: 4.74 × 10−3 [72] c

Iron wire kg GWP: 7.442; AP: 0.0661; EP: 4.23 × 10−3;
POCP: 7.43 × 10−3; ADP: 1.56 × 10−3; HTP: 0.1056

[73] c

Annealed iron wire kg GWP: 6.362; AP: 9.9 × 10−3; EP: 1.45 × 10−3

POCP: 6.03 × 10−3; ADP: 1.64 × 10−3; HTP: 0.1075
[73] c; [74]

Plywood kg GWP: 1.049; AP: 0.0128; EP: 7.14 × 10−4;
POCP: 4.73 × 10−4; ADP: 1.80 × 10−5; HTP: 0.0174

[75] c

Steel tube kg GWP: 3.589; AP: 0.0668; EP: 4.27 × 10−3;
POCP: 6.39 × 10−3; ADP: 1.57 × 10−3; HTP: 0.107

[73] c

Joint kg GWP: 3.589; AP: 0.0668; EP: 4.27 × 10−3;
POCP: 6.39 × 10−3; ADP: 1.57 × 10−3; HTP: 0.107

[73] c

Bolt kg GWP: 3.589; AP: 0.0668; EP: 4.27 × 10−3;
POCP: 6.39 × 10−3; ADP: 1.57 × 10−3; HTP: 0.107

[73] c

Batten kg GWP: 1.049; AP: 0.0128; EP: 7.14 × 10−4;
POCP: 4.73 × 10−4; ADP: 1.80 × 10−5; HTP: 0.0174

[75] c

Note: a all values are calculated by emissions multiplied by the characterization factors as in Equation (4);
b represents the Northeast China level; c represents the average level for China. GWP, global warming potential; AP,
acidification potential; EP, eutrophication; POCP, photochemical ozone creation potential; ADP, abiotic depletion
potential; HTP, human toxicity potential.

4.3. Application Results

4.3.1. The Base Scenario and Impact Sources Analysis

The base scenario—the original supply chain and construction scenario—was firstly evaluated
using 500 DES-pLCA runs. The environmental impact values are distributed rather than deterministic
(see Figure 7) due to the uncertainty in the working productivity and the materials wastage rates.
The variations in the environmental indicators were GWP = 312,003 + 14,895/−15,992, AP = 4977 +
188/−202, EP = 301 + 11/−12, POCP = 344 + 15/−16, ADP = 60,828 + 212/−208 and HTP = 5271
+ 285/−310 under the 500 DES-pLCA runs. According to Figure 8, the equipment with the greatest
impact on GWP includes the steel trailer, the concrete mixer truck, the crane tower, the concrete
pump, and the concrete vibrator. With regard to auxiliary materials, the use of iron wire had the
largest impact on GWP followed by plywood and steel-made joints. Besides this, in the base scenario,
Figure 8 also shows that the crane tower and vibrator operations contribute the highest lower and
upper variation among the equipment, respectively. Iron wire usage contributes both the highest lower
and upper variation among the materials. The DES-pLCA assessment also provides environmental
impacts as construction progresses. Figure 9a shows the GWP impact per unit of transport work
(kg-CO2-eq./tonne or m3 materials transport) and completed work per unit of time (tonne or m3

materials transport/hour) for the crane, lift, and concrete pump in a DES-pLCA run. While the unit of
work’s GWP impact is increasing, the unit of time’s complete transport work (productivity) decreases
as construction progresses. The accumulated GWP as a function of construction progress is shown in
Figure 9b for the crane, lift, and concrete pump. After an almost constant rate of increase, the GWP
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growth rate of the crane and the lift decreases after approximately 83% of construction progress
(576 working hours), while the growth rate of the pump stays steady during this time.
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Figure 8. The contribution of environmental impact sources and variations to construction: (a) equipment
and (b) materials.
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Figure 9. The real-time environmental impacts of equipment (a) per work unit’s impacts and per time
unit’s work; (b) accumulated GWP impacts.

4.3.2. Alternative Scenarios

The alternative scenarios are developed based on the significant contributors of the base scenario.
The feasibility and data regarding alternative scenarios in the supply chain and construction were
obtained from construction documents and discussions with the construction manager (see Table 5).
The different scenarios in Table 5 were then evaluated by the DES-pLCA prototype using 50 replications
to ensure that the output variance was stable [67,76]. The result of the different individual scenarios
(changing one at a time) is compared in terms of the impact categories (see Figure 10).
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Table 5. The feasible scenarios for the case study.

Scenario (SC.) Base and Feasible Scenarios Detail

base

C-supplier1 (30 km) with Mixer truck (7 m3) 180 hp
Steel trailer (25 t) 400 hp

Concrete pump (80 kW) 1 × 104/(7.5 + Height) m3/h
Crane ST60/15 41/4/8 kW, 45 m/min, 1.5 tonnes

Lift SCD200/200V 56 kW, 60 m/min, 4 tonnes
Crane has priority

Concrete vibrator (30 mm) 1.5 kW, 5 m3/h
Iron wire ϕ 0.7 mm 3.02 kg/km

Concrete supplier

2 C-supplier1 (30 km) with Mixer truck (6 m3) 130 hp
3 C-supplier1 (30 km) with Mixer truck (5 m3) 103 hp
4 C-supplier2 (18.5 km) with Mixer truck (7 m3) 180 hp
5 C-supplier2 (18.5 km) with Mixer truck (6 m3) 130 hp
6 C-supplier2 (18.5 km) with Mixer truck (5 m3) 103 hp

Steel transport vehicle

7 Steel truck (6 t) 160 hp

Type of concrete pump

8 Concrete pump (60 kW) 0.8 × 104/(10 + Height) m3/h
9 Concrete pump (45 kW) 0.8 × 104/(20 + Height) m3/h
10 Concrete pump (30 kW) 0.4 × 104/(20 + Height) m3/h

Type of crane tower

11 Crane XGT8039-25 90/26.1/15 kW, 37.6 m/min, 8 tonnes
12 Crane XGT8040-25 110/27/15 kW, 48.4 m/min, 7.6 tonnes

Type of construction lift

13 Lift SC200-200E 66 kW, 36 m/min, 4 tonnes
14 Lift SC200-200P 60 kW, 23 m/min, 4 tonnes

Vertical transport strategy

15 Lift has priority

Type of vibrator

16 Vibrator 50 mm 2.2 kW, 14 m3/h
17 Vibrator 80 mm 3.0 kW, 35 m3/h

Type of iron wire

18 Annealed iron wire ϕ 1.2 mm 8.88 kg/km

Based on the individual scenario comparison, the performance of a combination of the best
scenarios was simulated by DES-pLCA (see Table 6). The results show that the optimal construction
scenarios are different in terms of different indictors. For instance, the performance of the combination
of scenario 6 (concrete supplier), scenario base (type of steel transport vehicle), scenario 9 (type of
concrete pump), scenario 12 (type of crane tower), scenario base (type of construction lift), scenario 15
(lift priority strategy), scenario 16 (type of vibrator), and scenario base (type of iron wire) is better for
mitigating the GWP impact at the average level. However, in terms of AP impact, the 6-t steel truck,
30 kW concrete pump, XGT8039-25 crane, and annealed iron wire combination is better. Therefore,
the best option is dependent on the assessed environmental indicator.
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Table 6. The best scenario for different environmental indicators.

Indicator
Best Individual Scenario on Indictor

Combined Scenarios’
Performance on IndicatorConcrete

Supplier
Steel Transport

Vehicle
Concrete

Pump Type
Crane

Tower Type Lift Type Vertical Transport
Strategy

Vibrator
Type

Iron
Wire Type

GWP 6 base 9 12 base 15 16 base 305,604 + 14,258/−17,118 (−2.5%)
AP 6 7 10 11 base 15 16 18 3910 + 121/−135 (−21.7%)
EP 6 7 10 11, 12 base, 13 15 16 base 277 + 10/−10 (−8.2%)

POCP 6 7 10 11, 12 base 15 16 base 329 + 14/−14 (−4.8%)
ADP 6 7 base 11 base 15 17 base 41,045 + 1056/−811 (−32.5%)
HTP 6 base 10 12 base 15 16 base 5249 + 233/−221 (−0.9%)

Note: The scenario no. represents the supply chain and feasible onsite scenario in Table 5; the value in “()” is the reduction in impacts compared with the base scenario at the average level
for 50 runs.
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The tower crane and construction lift are two vertical transporters onsite. The strategy should
decide which transporter has priority to transport construction materials during the vertical transport’s
rush period. In this study, two possible strategies were compared (the base scenario and scenario 15).
The result indicates that giving priority to the construction lift (scenario 15) for the main materials will
improve all impact indicators.
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Figure 10. A comparison of the individual scenarios on (a) GWP (global warming potential); (b) AP
(acidification potential); (c) EP (eutrophication); (d) POCP (photochemical ozone creation potential);
(e) ADP (abiotic depletion potential); (f) HTP (human toxicity potential).

4.3.3. Sensitivity Analysis

A sensitivity analysis based on the DES-pLCA factorial experiment was conducted to identify
the environmentally crucial uncertainty factors that had the highest influence on the environmental
variation. In this case study, the importance of eight uncertainty factors in terms of GWP was analysed
and ranked. The ∆ was determined as the confidence interval length of each factor. For each factor,
10 independent samples (r = 10) were run on the GWP indicator. The average GWP value was
313,406 kg. In total, 80 DES-pLCA runs were performed to simulate the value difference with and
without ∆. The mean value differences are shown in Figure 11, and the importance ranking of the
uncertainty factors is shown in Table 7. According to the results, the material wastage rate of formwork
installation is the most important factor that influences the GWP performance. The productivity of
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the steel and formwork installations that are labour intensive has a very limited influence on the
GWP performance.
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Figure 11. The performance fluctuation in factors with the DES-pLCA factorial experiment.

Table 7. The importance ranking of the uncertainty factors.

Rank Index Uncertainty Factor

1 U8 material wastage rate of formwork installation
2 U5 work productivity of concrete pumping
3 U1 work productivity of steel vertical transportation
4 U6 work productivity of concrete vibration
5 U3 work productivity of formwork vertical transportation
6 U7 material wastage rate of steel installation
7 U4 work productivity of formwork installation
8 U2 work productivity of steel installation

5. Discussion

The proposed DES-pLCA method has two interactive modules: a construction simulation module
using DES and an environmental impact assessment module using process-based LCA. The developed
prototype, based on the proposed integration method, was used to study the environmental impact of
a hotel building’s construction. In the case study, the iron wire, plywood, and steel-related components
(Joint, Bolt, Steel tube) contributed the most to GWP among the auxiliary materials. Offsite transports
by trailers and trucks and the use of a crane tower for onsite transports have the highest GWP
impacts among the equipment. These results are consistent with findings from previous research by
Wang et al. [30], where iron wire, plywood, and steel components were found to contribute 81% of GWP
impacts; and by Bilec et al. [1], where transportation equipment was found to be a major emission
source both offsite and onsite. These results indicate that, among all of the construction-related
materials, iron wire, plywood, and steel components should attract the most attention due to their
high influence. Among all of the construction equipment, the offsite and onsite transport equipment
should attract the most consideration when choosing environmentally friendly equipment.

The effect of uncertainties in the construction operation is captured by the proposed DES-pLCA
method as shown in Figure 7. Due to the uncertainty, the greatest variation for the base scenario
in GWP, AP, EP, POCP, ADP, and HTP was 5.1%, 4.1%, 4.1%, 4.7%, 0.3%, and 5.9%, respectively.
The variations are lower than the result of a 16.0% increase in GWP by Krantz et al. [77]. It could be
that previous research has overestimated all construction processes to have a 20% different triangular
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distribution. In addition, it is also lower than the results in previous study by Lasvaux et al. [78]
that uncertainty comes from different LCA databases, Häfliger et al. [79] that uncertainty comes from
the LCA calculation method, and Hoxha et al. [80] that uncertainty comes, for the major part, from
building materials. Nevertheless, this study found that the uncertain factors that derive from the
construction processes also have non-negligible variations (highest for HTP, 5.9%) in environmental
impacts. Quantifying the effects of uncertainty provides information that is more comprehensive
for construction decision-making. On the contrary, it is challenging to represent fluctuations in the
environmental impacts with LCA, which is usually based on static inventory data.

Construction operations are performed in dynamic environments that will influence process
performances. This dynamic characteristic requires process analysis to capture the influence of
changing conditions on performance as construction progresses. The developed DES-pLCA method
can model dynamic operational environments. In this case, the dynamic effect of traffic conditions
(24-h a day) on the supply of materials to the site and the increased working height at the construction
operations site were modelled in DES. Figure 9a shows that the GWP impact per task by the crane tower,
the construction lift, and the concrete pump increases, and the working productivity decreases, with the
increase in height as construction progresses. Thus, the rate of accumulated GWP impact is affected
by the dynamic onsite conditions as shown in Figure 9b. The DES-pLCA method can describe more
precisely the effect of energy efficiency and working productivity on vertical transportation. In theory,
the DES-pLCA method can model construction operations more realistically for the assessment of the
environmental performance.

The DES-pLCA integrated method can also be applied for impact mitigation planning. Based on
the results of the impact sources, the significant impact contributors have been identified (see Figure 8).
Mitigation construction scenarios can be developed that focus on those environmentally crucial aspects
that have a higher potential to be optimized. Furthermore, the sensitivity analysis can identify the most
important factors from the DES-pLCA factorial experiments, which provides construction management
key factors to follow-up with and manage in order to mitigate the environmental impact during a
construction operation. Among the eight studied uncertainty factors, the material wastage rate of
formwork installation and the work productivity of concrete pumping are the most crucial factors that
influence the GWP impact. Thus, the control and improvement of these factors should be the most
important construction management issues from a global warming perspective.

In addition, the integration method also makes environmental assessment and the comparison
of scenarios easier to perform. The specialized knowledge and time that are required to make a
traditional process-based LCA assessment in order to compare all construction scenarios are too
time-consuming to support contractors’ decision-making [30]. Based on the integrated simulation and
assessment framework, the effort of analysing the environmental performance of different scenarios
is greatly reduced. A new scenario can be assessed simply by changing the simulation parameters.
The required process data for the LCA assessment is automatically simulated, extracted, and imported.
The case study consisted of eight variables to represent eight decision aspects, which were assessed and
compared in terms of six environmental impact indicators. When taking GWP as an environmental
indicator, the highest reduction in GWP was 2.5% (313,406 − 305,604 = 7802), which was achieved
by concrete supplier 2 with a 5 m3 mixer truck (concrete supplier), a 25-t steel trailer (type of steel
transport vehicle), a 45-kW concrete pump (type of concrete pump), an XGT8040-25 crane (type of
crane tower), an SCD200/200 V lift (type of construction lift) where the lift has priority (vertical
transport strategy), a 50-mm concrete vibrator (type of vibrator), and ϕ 0.7-mm iron wire (type of
iron wire).

6. Conclusions

The demands of environmentally friendly construction projects motivate contractors to plan and
manage environmentally friendly construction operations. Construction operations are inherently
performed under dynamic and uncertain conditions [16,23]. This research proposed an innovative
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method that integrates DES with LCA in order to make predictive environmental assessments under
the uncertain and dynamic conditions that characterize construction projects.

The construction of a hotel building’s reinforced concrete frame was studied to test the proposed
method. Based on the results from the case study, the developed method was able to:

• Quantify variations in environmental indicators due to uncertain factors and dynamic effects.
• Assess the environmental impact of a base scenario for the identification of important

impact sources.
• Compare construction scenarios for the selection of the best options for impact reduction.
• Identify the most crucial factors for construction management from a sensitivity analysis.

A promising industry use for the DES-pLCA method is the assessment of construction plans
before the actual construction commences. Many feasible alternatives can be compared by DES-pLCA.
The impacts assessed can be considered as environmental performance predictions for construction
planning. The suggestions provided by DES-pLCA work as a pathway that supports the contractor in
the development of more environmentally friendly construction operations. The DES-pLCA can also
support the follow-up and control of a construction operation’s progress. The importance of different
management aspects of the environmental impacts can be ranked by DES-pLCA. In this application,
the identified key aspects are valuable for environmentally conscious project management.

Even though the proposed DES-pLCA was able to provide an environmental assessment that
considered process uncertainties and dynamic environments, there are limitations that will be
addressed in the future. The probability distributions of uncertainty and the information on dynamic
environments that were used in this study are based on data from experience and assumptions.
A sensor-based offsite and onsite information collection mechanism for construction operations,
e.g., Kanan et al. [81], will provide a source of input data for the proposed DES-pLCA method. Hence,
environmental predictions of construction operations based on real-time information can be provided
for informed environmentally friendly decisions. On the other side, the impact variations might also
have a relationship with other factors, such as the planned construction duration and the building
price. The proposed DES-pLCA method could quantify these influences when their relationships to the
construction process are properly defined. In the environment of fast-developing building information
modelling technology that contains building material quantities and schedules, we may expand the
ability of the proposed DES-pLCA method if we connect it to a building model. Thus, the optimal
decision could be made during the building’s design phase and based on the performance of the
construction operation.
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Appendix A. Simulation Model Validation

The DES model was validated by comparing the results of the base scenario between the
simulation and the real construction. All environmentally related items of the real construction
(base scenario) are based on Quantity Survey documents (see Table A1). It should be noted that the
simulation data consider uncertainty and dynamic factors, and the Quantity Survey material quantities
consider the static wastage rate.
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Table A1. Impact sources quantities from the simulation and the real construction.

Impact Sources Real Construction Quantity Survey
(Full Working Hours or Tonnes)

Simulation
(Full Working Hours or Tonnes)

Crane tower 14 13.04
Lift 1 0.46

Concrete pump 34 35.64
Vibrating screen 77 87.16

Trailer for steel HPB235 18 26.01
Trailer for steel HRB335/HRB400 805 827.38

Steel straightener 40 40.00
Steel bender 70 69.85
Steel cutter 106 105.66

Threading machine 64 64.24
Concrete mixer truck 1542 1672.00

Formwork cutter 66 66.15
Formwork truck 20 17.92

Plywood 77 75.45
Steel tube 2.035 1.976

Joint 8.110 7.876
Bolt 5.951 5.779

Iron wire 16.925 18.022
Batten 0.179 0.174
Water 8.211 6.590
PVC 0.617 0.827

According to a Wilcoxon signed-rank test, the Sig. value is 0.959 > 0.050 (see Table A2), which
means that the simulation and real data pairs have no statistical difference at the 95% confidence level.
This indicates that the raw data for assessment are statistically the same between the simulation and
the real construction. It thus validates the produced DES model.

Table A2. The difference test between the simulation and the real construction.

Null Hypothesis Test Sig. Decision

The median of differences between the real
construction and the simulation equals 0.

Related-samples Wilcoxon
signed-rank test 0.959 Retain the null

hypothesis.

Note: the significance level is 0.05.
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