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Abstract: The decision to choose between onsite and offsite construction is important in the effort
toward sustainable construction. Offsite construction is often promoted as an environmentally
friendly approach to construction operations. However, previous studies have shown that there is
a lack of clarity on the environmental trade-offs between onsite and offsite construction. Factors that
can affect the decision to build onsite or offsite include the availability of a local offsite
manufacturing facility, the distance of the offsite factory to the final place of use, the proximity of
the site to the local supply of material and labor, etc. This study provides a framework to apply the
system dynamic modeling technique to evaluate how various factors can affect the environmental
impact of the building construction phase (for onsite or offsite construction methods). The system
dynamic model (using Vensim software) that was developed provides a platform that allows users
to input variables such as the distance that is expected for transportation of labor, material, and
equipment to both the onsite facility and the offsite construction location, factors associated with
the use of equipment for construction, the distance needed for transportation of building panels or
modules from the offsite facility to the final site, etc. Among other things, the model showed that
an increase in the distance from the offsite yard to the final construction site increases the total
impacts of transportation of completed modules. An increase in the number of trips for the
transportation of material to the onsite construction location increases the total impact of onsite
construction. In terms of the environmental impact of construction, none of the two methods of
construction gives an absolute superiority over the other. The environmental performance of offsite
and onsite depends on various associated factors. It is recommended that building practitioners
review various factors that are peculiar to their projects to make an informed decision on the best
construction methods.

Keywords: Onsite Construction; Offsite Construction; System Dynamics; Environmental Impact;
Life Cycle Analysis (LCA); GHG/CO: Emissions; Modeling

1. Introduction

The construction industry touches the daily lives of everyone as the quality of life is
strongly influenced by the built environment that surrounds people [1]. There is an
enormous demand for the construction of infrastructures and buildings to accommodate
the growing population of the world [2, 3]. Meanwhile, concerns about the environmental
impacts of construction in various places give rise to the need to continuously evaluate
various methods of construction to ensure that the best method of construction is applied
in various scenarios. Construction-related energy issues are a worldwide concern because
of the intensive construction that is involved in the urbanization process [4]. Various
methods of building construction include traditional onsite construction and offsite
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construction. 3D printing of buildings onsite is also an evolving method of construction.
However, material printability, buildability, and open time are the most cited challenges
for 3D printing in construction [5]. In communities where wood structures are the
desirable material for construction, 3D printing will not be applicable. This will be
classified under material printability and buildability issues. Open time in 3D printing is
the period of time in which the cementitious material is dispensed continuously through
the nozzle without stopping or clogging. After the open time limit, it is expected that the
material is not extrudable [6]. On-site construction refers to site-built construction; it is
also called conventional, traditional, and stick-built construction [3]. Onsite construction
has been around for ages. The construction of shelters using local materials has also been
in practice for ages. The prefabricated building system is one of the methods of
construction that is an alternative to traditional on-site stick-built construction [7]. Some
scholars [8] defined offsite construction (also known as offsite fabrication, offsite
production, pre-assembly, and fabrication) as the manufacture and pre-assembly of
components, elements, or modules before installation into their final location. Offsite
construction is commonly used interchangeably with terms such as industrialized
building systems, modern methods of construction, prefabrication, industrialized
building, and industrial construction [9]. Panelized and modular wood building systems
are part of an expanding domain that is called "off-site construction” [7]. Among all other
offsite products, modular construction is the most complete in factory finish. It can be up
to 95% completed offsite in some cases [10]. Offsite construction has also been around for
many centuries. To reduce the weight of transportation, building blocks for Egyptian
pyramids were prefabricated at the quarry [9]. 1 Kings also preserved a long-detailed
description of the construction of a temple and palace in Jerusalem by King Solomon in
the 10th century BCE" [11]. In order to erect the magnificent temple [12] built during King
Solomon’s era, every portion was so carefully fabricated, far away from the construction
site, that the building could be completely erected in reverent silence. And the king
commanded, and they brought great stones, costly stones, and hewed stones, to lay the
foundation of the house" (1 Kings 5:17). In today’s terms, the construction method for the
temple built in Jerusalem during King Solomon’s reign will be described as offsite
prefabrication, and onsite assembly.

There have been various other descriptions of offsite construction. Britain has begun
the export of prefabricated timber cottages as early as 1624 [13]. In 1908, in the United
States, Sears Roebuck & Company began to sell kit homes through its popular catalog [14].
The global modular construction market was USD $72.11 billion in 2020. This was
projected to grow from USD 75.89 billion in 2021 to USD 114.78 billion in 2028 at a
compound annual growth rate, CAGR of 6.1% for the 2021 - 2028 period [15]. Both onsite
and offsite construction has advantages and disadvantages.

Pros and cons of onsite construction
Advantages of onsite construction
e  Onsite construction does not require the need for transportation logistics
to move bulky modules from the factory to the site.
¢ Insome instances, onsite construction may be more suitable where there is
a need for some special customization or where there are space constraints
for panel/module delivery.
e Those who enjoy working outdoors may be more in favor of onsite
construction.
Disadvantages of onsite construction
e  Multiple trips for material delivery may be needed, depending on the
storage space that is available on site.
e  Onsite construction may require the need for security for a longer period
of time.
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o  Workers in onsite construction are more exposed to weather elements and
hazardous conditions that may be associated with ‘trips and falls” on wet
or slippery surfaces.

Pros and cons of off-site construction
Advantages of offsite construction

e  Some scholars [16] reported that prefabrication can show advantages in
terms of time and material efficiency.

e  Typically, the construction waste for a prefabricated building is less than
that of conventional construction largely because of efficient procurement
processes, the ability for offsite facilities to conveniently reuse some waste
material in the next project going down the line, and the convenience of
recycling from one facility in contrast with the difficulties that are involved
with separation of recyclables at on-site construction locations [17].

Disadvantages of offsite construction

e  Transportation restrictions could limit module and panel size in addition,
spans and configurations of designs are restricted to an extent

e  There is a lack of transparency in overhead and profit margin. [10].

e  Prefabrication allows for the disassembly of the entire building, enabling
the reuse of module components, relocation of the whole building, or
separation of materials that can be recycled or reused [16].

Given the above pros and cons for onsite and offsite construction, the decision to
choose between these two construction methods may be challenging in some instances.
From a sustainability point of view, this decision will be viewed through the three pillars
of sustainability (Social, economic and environmental impacts). Sustainable construction
also includes the evaluation of technical factors that are associated with the construction
(in addition to the triple bottom-line evaluation for sustainability). Given the lack of clarity
on the environmental trade-offs between onsite and offsite construction as mentioned in
previous work [16], this study provides a framework on how to apply system dynamics’
principles and life cycle analysis, LCA in the choice between offsite and onsite
construction.

2. Literature review
2.1. Life cycle analysis in building construction

Life cycle analysis (LCA) is a scientific technique that is used to quantify the
environmental impact of various production or construction processes. The goal of LCA
is to assess the environmental impact of a system or product [18]. Life cycle impact
assessment (LCIA) uses quantifiable indicators to show the potential environmental
impacts of products and materials [7]. Life cycle assessment (LCA) is recognized as a
powerful method for the evaluation of environmental burdens. Four major stages in LCA
include goal and scope definition, inventory analysis, life cycle impact assessment, and
interpretation [19, 20, 25-27]. In the first stage of LCA, the goals and scope are defined.
The level of detail and the system boundary is dependent on the subject and purpose of
the study [20]. Lifecycle inventory involves the compilation of all the input and output
flows that are associated with the goal and scope that is defined [21]. Life cycle inventory
(LCI) quantifies all the raw materials, diesel, electricity, and other similar resources that
are needed to make the final goods [22]. Life cycle impact assessment is meant to provide
additional information for the assessment of the results of the life cycle impacts in order
to better understand their environmental significance [20]. Life cycle impact assessment
involves the use of the result of the inventory analysis to quantify the energy and
environmental impacts of the building [21]. However, to be robust and accurate, LCA
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must be performed with close-to-reality inputs [23]. Interpretation in LCA involves
explaining and presenting the result in a way that can be easily understood. In the
interpretation phase, the results of LCI, LCIA, or both are discussed and summarized to
form a basis for conclusions, recommendations, and decision-making in line with the
scope and defined goals [20]. This study attempts to expand on the LCA inputs in model
development for the comparison of the environmental impacts of onsite and offsite
construction. Development of a complete life cycle assessment can be time-consuming,
difficult, and particularly discouraging to non-experts [24]. A user-friendly model such as
a system dynamic model will help various stakeholders understand the rationale behind
the decision to choose a specific construction method. LCA is applicable for decision-
making in various fields. LCA is also a useful tool that can be used to evaluate the
environmental impacts of both onsite and offsite construction methods in various
municipalities. The stages in the LCA process for onsite and offsite construction have
some slight variations. The variations are between stages A3 and A5 of the LCA system
boundaries that are described in Figure 1 and Figure 2.

Production stage: Use existing LCI database System Boundary for onsite construction method
Al A2 A3 AS
Extraction and Transportation " A4 Onsite
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Figure 1. LCA system boundary for the onsite construction method [Adapted from 27, 28].

While the LCA system boundary for the construction phase for onsite construction
includes only stages A4 and A5 (as shown in Figure 1), the LCA system boundary of the
construction phase for offsite construction includes phases, A3.2 (transportation of
materials to the offsite production facilities), A3.3 (offsite prefabrication of materials), A4
(transportation of completed modules or panels to the site), and A5 (Installation of panels
or building modules onsite and completion of the onsite portion of the work).

System Boundary for offsite construction method
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Figure 2. LCA system boundary for the offsite construction method (Adapted from 27, 28].
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2.2. How LCA has been used in previous works

The design of green buildings is a complex interrelationship between many factors.
However, LCA can be helpful in prioritizing and evaluating design options [29]. Some
scholars [30] conducted an LCA to determine the environmental impacts of the
production and construction stages of an average prefabricated timber house (including
the building elements: 1 m? roof element, 1 m? ceiling element, and 1m? inner/outer wall)
that is produced in Germany. Among other things, the authors reported that from an
environmental viewpoint, it is better to choose a house manufacturer that is closer to the
building site [30]. Some researchers [29] used life cycle assessment modeling to determine
top design priorities that can quantitatively inform sustainable design decision-making
for a prefabricated modular building. From a scenario analysis of lifecycle environmental
impacts of various energy, material design substitutions and a structural design change
of a case-study LCA for a 5000 square ft building in San Francisco, California, a previous
study [29] found that the top design priority is the minimization of operation energy
impacts (even for a highly energy-efficient modular building). However, as an energy-
efficient building approaches net zero energy, impacts from the manufacturing phase
become dominant generating a new set of design priorities. Some scholars [31]
investigated the life-cycle energy use of prefabricated components and its effect on the
total embodied energy use for some real building projects. Among other things, the report
indicated that apart from the reusability of precast construction, energy savings are also
achieved from waste reduction and high-quality control yielding a savings of 4 to 14% of
the total life cycle energy consumption. Some other scholars [32] used an integrated
method for process-based hybrid life cycle assessment and scenario-based energy
simulation methods to evaluate the life cycle energy performance of prefabricated
buildings. The results showed that prefabrication has better energy reduction potential
during the embodied phase. Due to improved thermal performance, prefabrication also
has environmental gains during the building operations phase.

2.3. Arguments on the move toward industrialized buildings

Challenges in the construction industry include productivity (declining
productivity), scarcity of labor, different building standards, conflicts of interest from
different stakeholders, carbon footprint, utilities (huge consumers of energy and water,
especially in the case of hotels), huge waste generation, lack of understanding [33]. The
concept of industrialization was introduced to address the issue of poor productivity rate
that has been seen in the construction industry (in comparison with other industries) in
the past century [34]. Due to its energy and environmental benefits, modular construction
has attracted increased attention [21]. In the modern-day context, prefabrication has been
shown to be an effective method of construction [35]. A previous work [36] investigates
whether a greater adoption of modern methods of construction (i.e., offsite construction)
can help to achieve the UK's 2025 four key targets (reduction in the duration of
construction projects, level of greenhouse gas emissions, operational cost, and
import/export trade gap). The authors used a questionnaire approach to solicit responses
from 134 professionals that are working in the Architectural, engineering, and
construction sectors in the UK. The majority of the respondents believe that the Modern
method of construction (MMC) could help in the achievement of the construction 2025
targets. According to the extent of prefabrication, off-site construction (OSC) can be
categorized into sub-assembly, non-volumetric pre-assembly, volumetric pre-assembly,
and modular construction [37]. Some scholars [35] noted that although much progress has
been made in the development of prefabricated steel, timber, and reinforced concrete
elements/structures, the prefabrication of masonry wall systems has not received a lot of
attention in the past. When compared to traditional masonry construction, prefabricated
masonry systems can have nearly 15% and 30% savings respectively as regards CO:



Adekunle Mofolasayo

6 of 31

emissions and energy savings [35]. The study noted that some of the benefits of
prefabrication include consistent quality at a competitive cost, speedy construction, and
high-volume output. The authors cited some other works that indicated that
prefabrication helps achieve environmental benefits like the reduction of construction
wastes and CO: emissions. Prefabrication also helps to achieve less constraint at the
construction site by minimizing onsite waste, dust, and noise.

Some researchers [38] noted that one step towards a more sustainable construction
industry during the production stage is the production of precast construction
components in manufacturing facilities but most precast facilities are not yet able to track
value losses like wastes from time and scrap. When it comes to material use and
environmental impacts prefabrication or offsite construction is seen as more sustainable
than traditional methods [39]. Another study [40] also reported that as a game-changing
technology with lots of economic, social, and environmental benefits, prefabricated
technology has attracted attention and has seen increasing adoption in the construction
industry. Although it has been reported that as an alternative construction method, offsite
construction (OSC) has a variety of benefits, there is a lack of critical review of the
performance of the offsite built facilities in terms of energy consumption and carbon
emissions [37]. Some scholars [41] analyzed the rationale for using prefabricated straw
bale construction (PSBC). The result indicated that for the regions that were evaluated,
when compared with conventional construction, PSBC helped to reduce both cooling and
heating energy uses and heating intensities in the severe cold and cold regions. When
compared to conventional construction, the advantages of modular construction include
greater certainty on building costs, times, and quality, less waste, and accelerated building
schedules [42]. Prefabrication involves the production of parts in an offsite factory or
workshop before onsite installation [43]. New technologies to suit modern world
prefabricated construction have been developed. New technologies are not only helping
owners and contractors get their buildings more economically and faster, but they also
help in the reduction of construction waste and they produce high-efficiency energy
buildings that bring long-term benefits to the project [43]. A previous study [44] reported
that by shifting some operations from onsite to offsite, the environmental impacts show
an average decrease ranging from 5 to 10. It is important to note that the level of
prefabrication alone is not the only factor that affects the environmental impacts of
construction. Other factors need to be considered too.

Citing some previous works some researchers [45] mentioned that the manufacturing
approach to building construction can harness economics of scale, improve workplace
safety, help achieve waste reduction, help achieve a reduced construction time, minimize
onsite operation and duration, help achieve higher product longevity, and facilitate
tighter management control. The authors also mentioned that manufactured buildings are
cheaper than conventional buildings. Substantial benefits of prefabrication include a
reduction in construction waste, material waste, labor demands, delivery time, and energy
use, and an improvement in the constructability of projects and cost certainty.
Improvement of the performance of prefabrication is necessary given the increasing
demand for sustainable development in the architecture, engineering, and construction
industries [46]. During the pandemic, modular construction became a preferred option for
the construction of medical and quarantine facilities [47]. Modular designs facilitate future
design and structure adaptations [48]. A scholar [49] investigated the effect of
prefabricated materials and equipment on the cost efficiency of a building. The author
reported that in addition to better quality, the use of prefabricated construction material
brings lots of financial and time advantages over conventional construction. Steel prefab
is specifically noted to be advantageous with respect to cost, recovery, time, and
operation. In terms of the cost efficiency of buildings in Ethiopia, the study shows why
the use of prefabricated construction is very advantageous over conventional
construction. A list of strengths, weaknesses, opportunities, and threats (SWOT) analysis
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of prefabricated construction in Ethiopia was presented. It was noted that without
question, there are economic benefits that are associated with prefab construction.
However, developers should carefully study the opportunities and challenges before
adoption.

2.4. Reduction of emissions in the construction industry

Some scholars [50] investigated current industry practices in managing emissions in
construction projects and found that despite growing awareness and commitment to the
development of low-carbon growth, emission management, and monitoring are still
underdeveloped. It was reported that the primary constraint to the adaptation of
emission-reduction strategies in the industry exists at the individual, organizational and
institutional levels. The authors proposed government support, capacity building, and
emission monitoring technologies and techniques that are important for minimizing
emissions. The authors mentioned key barriers to the implementation of emissions
management. Among others, this includes limited resources to invest in the
implementation of emission mitigation strategies, lack of information on the availability
of green technologies, alternative construction products, and materials in the market, lack
of tools and mechanisms to monitor the implementation of emissions management on
construction projects, etc. If emissions in the construction processes will be reduced, it is
important that the hotspots for emissions are identified during the planning phase, and
that applicable mitigation strategies are implemented during the construction phase. This
study attempts to bridge some of the gaps in ensuring that construction practitioners have
reasonable tools and techniques for the evaluation and applicable planning for emissions
management for construction operations.

The system boundary for the present study is the construction phase of the LCA for
onsite and offsite construction. Previous construction LCA research mostly focused on the
comparison of various structural systems with little emphasis on the contribution of
construction methods on the impacts [17]. Meanwhile, the environmental impacts are not
dependent only on the structural systems. The environmental impacts are also dependent
on various individual variables that are involved in the construction methods. Variations
in these factors/variables can affect the overall impact of the construction method. This
study provides a system dynamic framework to evaluate how variations in each
individual factor affect the overall environmental impacts of the selected construction
method. This model can provide a visual illustration of how a change in different variables
in the system can result in a change in the overall environmental impacts. Using
simulation methods, the model can allow for a visual illustration of areas for potential
improvement. The System dynamic model will also show the construction method with
minimal environmental impact. This is dependent on inputs that are specified by the user.

2.5. System dynamics modeling

"A model is a substitute for a real system. Models are used when it is easier to work
with a substitute than with the actual system" [51]. Dynamic models help to see the
interaction between multiple variables in a system. Dynamic simulation methods such as
system dynamics can be applied in planning and addressing issues that pose significant
challenges to resource planners and managers. These issues include new agenda items of
sustainability, multiple bottom lines, stakeholder participation, and efficient management
of scarce and contested water resources [52].

2.5.1. Why should we evaluate the environmental impacts of onsite and offsite
construction through a system dynamics approach?

System dynamics, systems thinking and soft operations research all aim at
understanding and improvement of systems [53]. Models should become part of a more
persuasive communication process that interacts with people's mental modes, unifies
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knowledge, and create new insights [54]. Various factors could result in communication
challenges with stakeholders: Understanding the way a resource system works sometimes
requires some technical knowledge that may not be common to all stakeholders.
Stakeholders in a resource management system may not have the same mental models
about how the system works leading to difficulty in reaching an acceptable solution.
System dynamics modeling is one approach that can help managers with communication
challenges with stakeholders. A system dynamics model can be used to explain the
dynamics of the resource system. It can also be used to illustrate the effects of strategies
that are suggested by forum participants or proposed by managers. An interactive system
dynamic model can help stimulate stakeholder interest in the structure of the system,
create more engagement from participants and increase stakeholder understanding of the
basis for the decisions that are made by management [55]. Indirectly, as regards the
decision between offsite and onsite construction, considering every constraint, a good
system dynamic model can be used to show transparency in decision-making.

Dynamic modeling starts with an advantage over purely statistical or empirical
modeling schema. It does not rely on historical or empirical modeling schema to show
relationships between input and output in industrial and biological processes [56]. This
study has developed an interactive model for the evaluation of the impacts of both offsite
and onsite construction works. Given the nature of system dynamics modeling, real-life
data is not required to show the relationship between variables, as various relationships
can be seen through the use of a wide range of numbers. However, for a direct comparison
of two scenarios, to obtain results that are within a reasonable degree of accuracy, there
will be a need to have the expected input parameters (that is within a reasonable degree
of accuracy) to feed the model. The relationships reported in this report were based on
variations of a wide range of numbers for some of the variables in the model. Further
study is recommended using ‘real data’ that shows the detail of works according to the
work breakdown structure for both onsite and offsite construction. This data can be an
aggregate of information that is collected from previous projects and reserved for a
forecast for future works. The data for modeling can also be based on expected variables
on the project, based on what exists at the time of evaluation. "In system dynamics,
description leads to equation of a model, simulation to understand the dynamic behavior,
evaluation of alternative policies, education and choice of a better policy, and
implementation” [53]. Some researchers [3] also reported that regardless of the different
advantages and disadvantages of onsite and offsite construction methods, the
environmental trade-offs between these construction methods are still not clear. This
study develops an interactive model that can help bring clarity to the environmental
trade-offs between the two construction methods.

2.5.2. Causal loop diagram

Causal loop diagrams in system dynamics show how different variables affect one
another. A "+" on the arrow that connects two variables shows that the variable at the
bottom of the arrow causes a change in the variable at the head of the arrow in the same
direction while a "-" on the arrow that connects two variables shows a change in the
opposite direction [55]. Sometimes interrelationships could be seen among the variables
and the illustration may reflect a (circular) loop. At other times, different variables may
have some independent contribution to the overall environmental impact of a process or
operation. Sometimes, this may not be a circular loop. Variables in Figure 3 can be further
broken down with the sub-variables in Table 2. A similar diagram to Figure 3 can also be
drawn for traditional onsite construction using the sub-variables in Table 2.
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Figure 3. Variables that contribute to the environmental impacts of offsite construction.

A previous study [57] noted that for new building construction, (based on the scope
definition for their study), the total energy consumption can be divided into four parts
(Energy consumption during raw material extraction and transportation, energy
consumption during manufacturing of materials, energy consumption during the
transportation of building materials, and energy consumption during the onsite
construction). It is crucial to have a holistic investigation of the energy requirement
involving the direct energy input from both the onsite production process and the indirect
energy consumption from the upstream process [4]. The present study expanded on these
factors to include energy use during worker transport to onsite and offsite construction
locations, energy used during equipment transport to the site, etc. A breakdown of the
variables included in the model is presented in Table 2.

2.6. Contentions on the method of construction with less environmental impact during
the construction phase and how the system dynamics modeling approach to LCA can
help bring clarity to the conflict of opinions

In terms of the environmental impacts of construction works, various contentions
exist about whether onsite construction is better than offsite construction and vice versa.
Some scholars [39] noted that when it comes to the use of energy resources and the
consequent environmental pollution, the literature mentioned that prefabrication can help
achieve savings in both energy and CO: emissions. However, the authors found that the
efficient use of energy resources in a construction project is more dependent on the design
approach, the amount and type of materials that are used, and whether the construction
is onsite or offsite. In current research, there is no clear conclusion on whether
prefabricated buildings reduce the environmental impacts of construction more than cast-
in-place buildings [58]. Prefabrication has been reported as more environmentally
friendly when compared with traditional cast-in-situ because of its advantages in
reducing environmental impact [59]. Prefabrication can be more advantageous in terms
of time and material efficiency, but the overall environmental and cost trade-offs between
conventional and prefabricated construction are not clear [16]. Another study [60]
mentioned that due to the need for the transportation of heavier components,
prefabrication was found to have more environmental impacts than conventional
buildings. A previous work [61] reported that as the rate of prefabrication increases, there
is a shift in carbon emission during the construction cycle toward manufacturing and
transportation. Some researchers [3] evaluated the environmental impacts of three
buildings (two prefabricated buildings and one conventional building) using eight
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environmental impact indicators from Athena LCA software. The indicators considered
include global warming potential, acidification potential, eutrophication potential, human
health effects, ozone depletion potential, fossil fuel consumption, eco-toxicity effect, and
smog potential. The results showed that the environmental impact of the conventional
building is better than one of the two modular buildings while the second modular
building has a better environmental impact than the conventional construction. The report
noted that modular construction is not always the most environmentally friendly choice.
This lack of consensus on which of the two methods of construction is better shows the
need for a more holistic review of the construction methods from a system's perspective.

3. Materials and Methods

The study methods include a literature review that allows for the identification of
various factors that contribute to the environmental impacts of onsite and offsite
construction. The goals and scope of the project are:

(1) Provide a framework for the application of system dynamics and LCA in the
evaluation of how different variables contribute to the environmental impacts of
onsite and offsite construction,

(2) Provide a framework to choose a method with lesser environmental impact
based on user-specified inputs from local conditions.

The project also includes site visits and discussions with some workers in the
construction industry to have more knowledge about the work process and more
knowledge about the life cycle inventory of some of the work processes. Model
development involves the development of mathematical models and the development of
the system dynamic model for the evaluation of the environmental impact of onsite and
offsite building construction using Vensim software. Simulation and model testing helps
to see how the model can work and how different variables can have an effect on the
environmental impact of the construction phase of the two construction methods.

Goal and scope
—< ]
Simulations and
model testing

Figure 4. Project methodology.

Various efforts have been made to improve the environmental impacts of
construction. Considering construction activities such as transportation and installation
of building materials, temporary works, construction machinery, waste management,
person-transport, and energy use, some scholars [62] aimed at presenting the main
challenges and opportunities from the construction phase of two near-zero emission
construction sites in Norway. Table 1 shows different variables that affect the LCA of a
building that was presented in some of the previous works.
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Table 1. Variables relating to the LCA of a building

Reference Year

Number

Notes on variables relating to LCA of building

3]

[18]

2019

2020

The data requirement for a cradle-to-gate analysis of conventional
versus traditional onsite construction includes raw materials,
workforce and material transportation, and energy sources.

The activities in the material production phase are categorized into:

1. Material extraction and process Al,

2. Material transportation.

The construction phase is categorized into

1. Construction and installation, A3, and

2. Product and worker transportation, A4.

For stages Al, and A2 of LCA for both conventional and Modular
construction, the data variable includes:

Materials and products (types and quantities).

In phase A3 for conventional construction, data variables include:

1. Onsite energy (heating, machinery, and cooling).

In phase A4 for conventional onsite construction, the data variable
includes

1. Worker transport (commute modes, number, workdays),

2. Material/product transport (transport modes, supplier-site
distances).

For modular construction stage A3, the data variables include

1. Offsite energy (machinery in the factory, cooling, and heating),

2. On-site energy (machinery for site work, cooling, and heating). For
phase A4 of the LCA for modular construction, the data variables
include:

1. Worker transport to the factory and worker transport to the site
(number, workdays, commute modes)

2. Material/product transport to the factory (transport modes,
supplier-factory distance), and

3. Module transport (transportation mode, factory-site distance.

The carbon footprint of precast concrete piles was divided into three sources
1. Material transportation

2. Construction equipment, and

3. Office area
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[23] 2020 For embodied impacts, the variables include:
1. Transport of materials,
2. Materials used for the construction, etc.,
For the operational impacts, the variables for energy demand include those for:
1. Heating,
2. Ventilation,
3. Lighting, etc.,
[57] 2019 The total energy consumption can be divided into four parts
1. Energy consumption during raw material extraction and transportation
2. Energy consumption during the manufacturing of materials,
3. Energy consumption during the transportation of building materials, and
4. Energy consumption during the onsite construction
[63] 2012 The data submitted for the project include:
1. Worker commuting information,
2. Utility bills,
3. Building materials,
4. Waste procedures,
5. Construction schedules,
6. Employee schedule and other relevant information
The environmental impacts that are evaluated in this study are the emissions.
Although the model presents an illustration using impact factors for greenhouse gas
GHG/CO: emissions, the model has the capability to be easily modified to evaluate other
environmental impacts such as acidification potential, ozone depletion potential,
eutrophication potential, etc. The impact per unit rate that was used for GHG emissions
from the electricity grid in the model is based on the GHG emission for the electricity grid
for a jurisdiction for the year 2020 [87]. The CO2 emission (per liter of diesel and gasoline)
used in the model is reported in previous work [68]. To convert to COze, this value was
divided by 0.994 with an assumption that the ratio of carbon emissions to the total
greenhouse gas emissions (including carbon dioxide, nitrous oxide, and methane, all
expressed as carbon dioxide equivalence) is 0.994. A previous work [69] indicated that in
2019, the ratio of carbon dioxide emissions to the total greenhouse gas emissions
(including methane, carbon dioxide, and nitrous oxide, all expressed as carbon dioxide
equivalents) for passenger vehicles was 0.994. Further study is recommended on the
amount of carbon dioxide equivalence that is emitted from various vehicles that are
manufactured in different years. This may be included in the information for model
expansion in the future.
Table 2. Model Parameters (Variables) - Offsite and Onsite Construction
Model parameters

(Main variables)

Sub-Variables

Impacts ~ from
transportation

completed modules

the 1. Energy use rate of the vehicle for transport of module and equipment
of 2. Impact per unit rate for the energy use for the transportation of

completed modules
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Impacts from material

transport

Impacts from employee

transport

Impacts of the use of

equipment

Impacts of building
maintenance
Impacts  from  the

loading of modules

3. Number of trips from the offsite yard to the final site

4. Round trip distance from offsite yard to site.

1. Number of trips during material transport

2. Roundtrip distance for material delivery to the offsite construction yard
3. Energy use rate of the vehicle for material transport

4. Impact per unit rate for the energy used in the transportation of

materials.

1. Number of employees

2. Energy use rate by the vehicle that is used for employee transport

3. Impact per unit rate for energy that is used by employee's vehicle

4. Average round trip distance for employees to the offsite construction
facility

5. Number of trips by employees to the offsite facility

—_

. Duration of use for the equipment at the offsite construction facility

N

. Energy use rate for the equipment

W

. Impact per unit rate for the energy that is used by the equipment

—_

. Area of the building

N

. Energy use per square area of the building

—_

. Number of loads

N

. Energy used for each load of building modules or panels

W

. Impact per unit rate for the energy that is used in loading operation.

Impacts for the onsite portion of work for the offsite construction project (includes foundation

construction and miscellaneous onsite works)

Impacts of the
construction of  the
foundation  for  the
building

1. Round trip distance for transportation of all equipment that are used
during the foundation work

2. Number of trips for transportation of equipment for the foundation
work on site

3. Energy use rate for the equipment for foundation works.

4. Impact per unit rate for the energy for the equipment that are used for
foundation work.

5. Energy use rate for the material transport for foundation works

6. Round trip distance for material transport for foundation works

7. Number of trips for material transport for foundation works

8. Impact per unit rate for energy used for material transport for

foundation works
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Impacts for assembly of
prefabricated

modules/panels onsite

Impacts from

miscellaneous onsite

portion of work for the

offsite construction
project.

Impacts from the
transportation of

equipment for module

installation to the site

9. Energy use rate for employee transport for foundation works

10. Roundtrip distance for employee transport for foundation works.
11. Number of trips for transportation of employees during foundation
works

12. Energy use rate for employee transport for foundation works.

13. Impact per unit rate for employee transport for foundation works.

1. Duration of module assembly
2. Energy use rate during the assembly process for modules onsite

3. Impact per unit rate for the energy that is used for module assembly.

1. Roundtrip distances for material transport for all miscellaneous
works

2. Number of trips for material transport for miscellaneous works

3. Energy use rate for material transport for miscellaneous works

4. Impact per unit rate for material transport for miscellaneous works.
5. Energy use rate for transportation of equipment for miscellaneous
works

6. Round trip distance for equipment transport for miscellaneous works
7. Number of trips for equipment transport for miscellaneous
construction works

8. Impact per unit rate for energy that is used for material transport.

9. Round trip distance for employee transport for miscellaneous
construction works

10. Number of trips for employee transport for miscellaneous
construction works

11. Impact per unit rate for the energy that is used for employee transport
for miscellaneous construction works.

12. Energy use rate for the vehicle that is used for employee transport for

miscellaneous construction activities

1. Round trip distance from the offsite construction yard to the site (while
transporting equipment for panel/module installation)

2. Number of trips for transportation of equipment for installation of
panels/modules on site.

3. Energy use rate for the vehicle to transport the equipment for
module/panel installation

4. Impact per unit rate for the energy that is used by the vehicle
transporting the module/panel installation equipment to the final site

location
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Onsite construction (Variables for the foundation works, superstructure works, and miscellaneous

construction activities)

1. Round trip distance for employee transport for the foundation,
superstructure, and miscellaneous finishes onsite.

2. Energy use rate for the vehicle for employee transportation for
foundation, superstructure, and miscellaneous construction works

3. Number of trips for employee transport for the foundation,
superstructure, and miscellaneous finishes

4. Impact per unit rate for energy that is used for employee transport for
the foundation, superstructure, and miscellaneous construction works.

5. Round trip distance for equipment transport for the foundation,
superstructure, and miscellaneous finishes on-site.

6. Energy use rate for the vehicle for the transportation of equipment for

foundation, superstructure, and miscellaneous construction works

Total impacts for onsite

construction

Number of trips for equipment transport for the foundation,
superstructure, and miscellaneous finishes
8. Impact per unit rate for energy that is used for equipment transport for
the foundation, superstructure, and miscellaneous construction works.
9. Round trip distance for material transport for the foundation,
superstructure, and miscellaneous finishes on the site.
10. Energy use rate for the vehicle for the transportation of materials for
the foundation, superstructure, and miscellaneous construction works
11. Number of trips for material transport for the foundation,
superstructure, and miscellaneous finishes
12. Impact per unit rate for energy that is used for transportation of
material for the foundation, superstructure, and miscellaneous

construction works.

The sub-variables for onsite construction in Table 2 can be further broken down into
smaller units. Ideally, for both onsite and offsite construction, the impact of the
construction methods can be evaluated in detail using each item on the work breakdown
structure, (WBS).

4. Results

4.1. Model equations
4.1.1. Model equations for offsite construction

It is important to assess the emissions and energy use of the building sector in order
to achieve energy security and carbon emission reduction [57]. The total impact for offsite
construction is the sum of the impacts from material transport, employee transport
(including any occasional inspector transport to the fabrication yard for code compliance),
equipment transport, use of equipment, building operation, module transport, and onsite
work for foundation construction, the final installation of modules, fencing, landscaping,
and other miscellaneous activities.
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Tlosc = losc + lons_osc 1)

Where:

Tlysc is the total impact of offsite construction.

Ions osc is the impact of the onsite portion of the offsite construction. This includes
the construction of the foundation onsite Irpy, the assembly of the modules or panels
onsite Iy,sp i.e., panel/module installation on site, and the other associated onsite works
like landscaping, fencing, connection to utilities, etc. Ijs¢

Ions osc = Irpn + Inase + Iuisc )

Ipsc is the impact of the offsite portion of the construction. This includes the impact
of the offsite facility’s building maintenance (/) ), round-trip material transportation to
the offsite construction factory (Iyr osc), all employee transportation (round-trips) to the
offsite facility (Igpr osc), the use of equipment in the offsite facility (Igoy osc), loading of
completed modules at the offsite factory (Ip), transportation of equipment for
module/panel installation to the site, Ior and transportation of completed modules to
the site (Ir¢cpy )-

losc = Igm + Iyt osc + Ieprosc + I + Irem + Iegor + Igqu_osc 3)

The energy for the offsite building maintenance, Epy and equipment use can be
obtained from the monthly energy bill. An alternative will be to record the individual
energy use rate of the equipment. Iy includes the energy used for the provision of
lightning for the offsite facility, the energy used for heating and cooling of the facility, and
the energy for general building maintenance. It can also be estimated by the energy
required for heating, cooling, lighting, and the energy for general building maintenance
per area of the building multiplied by the total area of the building.

Epy = Epc pa x Ap (4a)

Where

Eyc pa is the energy required for heating, cooling, lighting, and the energy for
general building maintenance per square area of the offsite construction facility.

Ap is the building area for the offsite construction facility.

Ipy = Eyc pa X Ap X Ly, (4b)

I

Uupm

building.

is the impact per unit for the energy type that is used for the maintenance of the

4.1.2. The impact of the round-trip material transportation to the offsite construction
factory

The impact of the round-trip material transportation to the offsite construction factory
(Iut osc) is a function of the distance between the offsite factory and the material supply
yard, the energy use rate by the vehicle for material transport, the number of trips for
material transport, and the impact per unit rate for the transportation of materials to the
offsite fabrication yard, I, . Ideally, this should also include the impact from the
material manufacturing production yard to the material supplier.

Iur os¢c = =1 DRMPOSC X Eyropgr X Ne X Ly )

Where

Drup g 1 the round-trip distance from the material production yard to the offsite
construction facility.

Eyrvy, 18 the energy use rate for the vehicle used for material transport

N, is the number of trips for materials for the building
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Iy, is the impact per unit for the energy type that is used for the transportation of

the materials.
4.1.3. The impacts from employee transportation (round-trips) to the offsite facility

The impacts from employee transportation (round-trips) to the offsite facility(Igpr), is a
function of the distance between the offsite factory and the residences for the employees,
the energy use rate of the vehicle that is used for employee transport, the number of trips
made by employees during the building construction, and the impact per unit rate for the
energy that is associated with each employee transport, I,.,.. This impact will be high
when employees have to travel a long distance to reach the offsite facility.

— n
Igpr osc = Xi=1 Deprosc X Eurvgpr X Ne X lypp, (6)

Where

Dgprysc 18 the average round-trip distance from employees” residences to the offsite
construction facility.

Eyrvppr 18 the energy use rate for the vehicle used by the employees

N, is the number of trips for employee transport for the duration of the building
construction.
lygpy is the impact per unit for the energy type that is used for employee
transportation to the offsite facility.

n is the number of employees involved in the building construction work.

Some scholars [39] mentioned that when compared with conventional methods,
offsite manufacturing has extra transportation and this could affect emissions. The
authors also mentioned that more investigation is needed to see how significant this may
be. However, contrary to this, it is important to note that the transportation impact for
both offsite and onsite construction is dependent on how the movement of material,
equipment, and manpower is planned and executed. Hence, proper planning and good
execution are needed. Further research is needed for optimal transportation requirements
to achieve minimum impact on worker, equipment, and material transport for both offsite
and onsite construction.

4.1.4. The impacts of loading the completed modules

The impact of loading the completed modules (I p) at the offsite yard is a function of the
energy use per load Eyp;, the number of loads N, for the building, and the impact per
unit for the energy type that is used for the loading of the materials, I, .

Ip = Xi—1 EypL x Ny, x Ly p )
4.1.5. The impact from the transportation of completed modules to the site

The impact from the transportation of completed modules to the site (Ir¢y ) is a function of
the distance of the site to the offsite construction factory, the number of trips to the site,
and the impact per unit for the energy type that is used for the transportation of the
finished modules or panels to the site, Iy,,,-

ITCM = Z?:l DOSCST X EuTVTCM X Nt X IUTCM (8)

Where

Doscsp is the round-trip distance from the offsite construction facility to the site.
Eyrvpcy 18 the energy use rate for the vehicle used to transport the modules to the site
N, is the number of trips for module transport from the offsite location to the site.
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Note that during the evaluation of impacts for module transport, the associated
impact with equipment transport (for installation of the modules on site) will also be
considered as below.

4.1.6. The impacts from the transportation of equipment to install modules on the site

The impacts from the transportation of equipment to install modules on the site (Igor ) is

a function of the distance of the site to the offsite construction factory, the number of trips
to the site, and the impact per unit for the energy type that is used for the transportation
of the equipment for the installation of finished modules or panels to the site, Iy ;.

IEQTOSC = Z?:l DOSCST xEurvEQTXNt X IUEQT (9)

Where
Doscgp is the round-trip distance from the offsite construction facility to the site.
Eyrygor is the energy use rate for the vehicle used to transport the equipment for
module- installation to the site
N, is the number of trips for the equipment for module installation from the offsite

location to the site.
4.1.6.1. Case study: Illustrative example for module transport

A certain offsite construction facility supplies prefabricated buildings to
communities that are about 100 to 200 Km away (on average) from the offsite
manufacturing facility. A previous report indicated that the average fuel efficiency of
trucks is 39.5 liters / 100km (in 1999). This excludes fleets operating B trains that have a
substantially lower average fuel efficiency [64]. There are reports about improved fuel
efficiency in the trucking industry [65, 66]. The example given here assumes the average
roundtrip fuel efficiency for module transport is 39.5 liters/ 100 Km = 0.395 liters /km (for
illustrative purposes only).

As described by previous work [67], for simplicity, the fuel consumption for the trip
can be represented as

F. = R,xd, (10)

Where

R, is the rate of fuel use, and d; is the distance travelled.

If the roundtrip distance for a delivery is 200 km, and assuming historical records
indicate that the average fuel use is 0.395 liters/km for such journey. Assume a diesel-
powered truck is used for the module delivery, and no additional equipment was
transported for the module delivery.

The fuel usage for this aspect of the project can be estimated as:

liters
km

Note that this is just an illustrative example, the actual fuel usage can be obtained by
evaluation of the quantity of fuel that is required to refill the tank after the trip (If the trip
started with a full tank of fuel). The CO: emissions from the module delivery operation,
E. can be estimated as a product of the amount of fuel used and the CO: emissions per
liter of fuel. The CO: emission per liter of diesel as reported by previous work [68] is
2.7KgCOx/liter of diesel.

0.395 x 200km = 79 liters.

ie., E. = F.xE; (11)

where:
E; is the emissions per liter of fuel used, and F, is the amount of fuel consumed.
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For the illustration above, for the module delivery, the carbon dioxide emissions can
be estimated as:

KgCo,

E.= F.xE, = 79litersx 2.7 = 2133 KgCO0,

To use equation 8 above,

Ircm = 2i=q DOSCST X EurvTCM x Ny x IUTCM (8)

_ KgCo _ liters _
In the example above, Iy, = 2.7 —=, E, 0.395=—, Doscgp = 200km

) liter TVTCM T
Ny =1trip

Ircy = 200 k 0395“ters 1 27KgC02
rem mxu. km xixe liter

Note that the above estimation for the CO2 emissions does not include other GHG
such as N2O, CHy, etc. that may be emitted during a trip (The above result is not carbon
dioxide equivalent, CO2 eq). As earlier mentioned, in 2019, for passenger vehicles, the ratio
of carbon dioxide to total greenhouse gas emissions (including carbon dioxide [COz],
methane [CHa], and nitrous oxide [N20]), expressed as carbon dioxide equivalents for
passenger vehicles is 0.994." [69]. To convert the CO: emissions to carbon dioxide
equivalent CO: eq, (accounting for N2O and CHs that is emitted) for passenger vehicles,
the report [69] showed that COz emissions is divided by 0.994 to obtain the CO:z equivalent.

= 2133 KgCO0,

4.1.7. The impact of the use of equipment in the offsite facility

The impact of the use of equipment in the offsite facility (Igqy osc), is a function of the
duration of equipment use, the energy use rate of the equipment at the offsite construction
facility, and the impact per unit rate for the energy type that is associated with the use of
each equipment at the offsite construction facility I,

EQU
Igou_osc = Yie1 DREQUOSC x EurEQU x IuEQU (12)
Where
DRgqy . 1s the duration for the use of equipment at the offsite construction facility.
Eyr py is the energy use rate of the equipment

n is the number of such equipment
4.1.8. The impact from the assembly of modules or panels onsite

The impact from the assembly of modules or panels onsite (Iyasp), is a function of the
duration for the use of equipment, the energy use rate of the equipment during the onsite
assembly works, and the impact per unit rate for the energy type that is associated with

activities in module assembly, L,,, .,

Iyasp = Z?=1 DREQUMASB X EUTEQU_MASB x IuMASB (13)
Where

DRgqu,, 5 1s the duration of the equipment use during the module/panel assembly

on site.
Eur pouy masp 1S the energy use rate of the equipment that is used for module assembly
onsite.

n is the number of such equipment.
4.1.9. The impact of other miscellaneous activities onsite

The impact of other miscellaneous activities onsite (Iy;sc), is a function of the duration of
equipment use, the energy use rate of the equipment during those onsite activities, and
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the impact per unit rate for the energy type that is associated with the use of equipment

for those miscellaneous activities, I,,,..

Lyisc = Xi=1 DREQUMISC x EuTEQU,MISC X Lupgrse (14)

Where
DRgquy . is the duration of the use of equipment during those miscellaneous onsite

activities.

Evrpoy misc 18 the energy use rate of the equipment that is used for those
miscellaneous onsite activities.

n is the number of such equipment/activities.

Ipsc is subject to the impacts of the variables that are involved in the offsite portion
of the work and Iyys psc is subject to the impacts of the variables that are involved in the

onsite portion of the work.
4.2. Model equations for onsite construction

The total impact for onsite construction is the sum of the impacts from material
transport to the final site (Iyr ons), employee transport (Igpr ons) to the site (including
inspector transport to the site for code compliance), equipment transport to the site
(Igor_ons), the use of equipment for the building construction on site (Igy ons)- The total
impact for onsite construction can be summarized as the total impact for the construction
of the foundation, Irpy and the total impacts for all the superstructure work onsite,

Ispr).
Tlons = Ippy + Ispr (15)
TlIons = Iur_ons + Iepr_ons + Ieqr_ons + Iequ_ons (16)
Ieon = (Iuros * Ieprons + Isorons + I50uons) ppy (17)

4.2.1. The impact of the round-trip material transportation

The impact of the round-trip material transportation to the onsite construction location
(Iut ons) is a function of the distance between the onsite location and the material
manufacturing yard, the energy use rate of the vehicle for material transport, the number
of trips for material delivery, and the impact per unit rate for the energy that is associated
with the vehicle for material delivery, I,,,,. If the material supply yard is different from
the material manufacturing facility, the impact of the distance through the retailer should
be added.

Iyt ons = Yiq DRMPONS X EurvMT X N; x IuMT (18)

Where

Drupys 1S the round-trip distance from the material production yard to the building
construction site.

Eyrvy, is the energy use rate for the vehicle used for material transport

N, is the number of trips for materials for the building construction works.

The impact of employee transportation (round-trips) to the offsite facility(Igpr), is a
function of the distance between the offsite factory and the residences for the employees,
the number of trips for the employees to the building construction site, the energy use rate
for the vehicle that is used by the employee, the impact per unit rate for the energy that is
associated with employee transport I,,,., and the number of employees that travel alone
to site. This impact will be high when employees have to travel a long distance to reach

the offsite facility.
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Igpr ons = X1 DEPTONS X EuTvEPT XNy X lyppr (19)

Where

Dgproys 18 the average round-trip distance from employees’ residences to the
building construction site (onsite).
Eyrypr 18 the energy use rate for the vehicle used by the employees

N, is the number of trips for employee transport for the duration of the building
construction.

n is the number of employees that travel alone to the site. Those who travel together

(like in a carpool) can be counted as one.
4.2.2. The impact of equipment transportation (round-trips) to the onsite facility

The impact of equipment transportation (round-trips) to the onsite facility (Igor ons), is
a function of the distance between the equipment storage yard and the building
construction site, the energy use rate for the vehicle that transports the equipment to the
storage yard, number of trips for equipment transport, and the impact per unit rate for
the energy that is associated with round-trip transportation of equipment to the site I,,..
This impact will be high where the distance between the locations for equipment storage
is very far from the construction site.

Igor.ons = Xiz1Dror g X Eurvpgr X Ne X gy, (20)

Where
Dgqr . is the round-trip distance from equipment storage yard to the building

construction site.

Eyrygor is the energy use rate for the vehicle used by the vehicle that is used to
transport the equipment

N, is the number of trips for the transportation of the equipment to the building
construction site.

n is the number of equipment types that are to be transported to the building

construction site.

The above equation is with the assumption that the energy use rate is the same for
all the trips. The actual amount of fuel can be determined by the amount of fuel that is
needed to refill the tank after starting the trips with a full tank of fuel. When using
electricity, the actual rate of energy use can be determined by the amount of energy that
is required to cover a certain distance.

4.2.3. The impact of the onsite use of equipment

The impact of the use of equipment onsite (Iggy ons), i a function of the duration of
equipment use, the energy use rate of the equipment during those onsite activities and the
impact per unit rate for the energy that is associated with equipment use onsite.

Igqu ons = Xi=1DRequ e X Eurpoy ons * Tugqu (21)

Where
DRgqy . is the duration of the use of equipment during those onsite activities.

E

UrEQU_ONS
activities.
n is the number of such equipment/activities.

Lygqy is the impact per unit rate for the energy that is used by the equipment on the

is the energy use rate of the equipment that is used for those onsite

site.
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Depending on the available information, the impact of the use of equipment can also
be estimated by a product of the impact per unit for a task, and the number of tasks (for
both onsite and offsite construction).

The total impact for all the foundation works onsite, Ippy is the summation of the
individual impacts that are defined above

Ippn = (IMTONS +lerons t Ieerons + IEQUONS)FDN (22)

The total impacts for all the superstructure work onsite, Ispr is the summation of the
individual impacts that is defined above

Ispr = (IMTONS + IETONS + IEQTONS + IEQUONS)SPT (23)

The final selection for the system dynamic model that is presented in this study uses
a command function to choose the construction method with minimum environmental
impacts. Note that the multi-variable system dynamics model for the evaluation of the
environmental impacts of onsite and offsite construction that is presented in Figure 4 is
designed to compare the environmental impact of two construction methods (onsite and
offsite construction) for buildings with the same design and specifications. If it is desirable
to compare impacts for similar buildings with different floor areas, the model can be
modified to normalize the output to compare impacts per unit area of the building.
Interested readers can look up the user guide and tutorial for the Vensim system dynamic
modeling software on the applicable website [89].

In the model development, this study considered the environmental impacts of onsite
and offsite construction, using LCA criteria (in terms of GHG/CO: emissions). Further
research is recommended on the development of a system dynamic model that includes
social and economic criteria into a model for choosing between onsite and offsite
construction at various locations. The inclusion of social and economic factors in the
system dynamics model may require the inclusion of a weighting factor which may be
peculiar to each project. This study provided a framework for a user-friendly and
interactive system dynamic model for comparison of the environmental impact of onsite
and offsite construction. Further development of the model is welcomed by other
researchers and other stakeholders in the industry. Other areas for further contributions
and improvement includes the expansion of the variables that are labeled as
miscellaneous works for offsite and onsite construction, the inclusion of variables to
account for a reduction of the impact from employee transport when a company provides
a shuttle (ride share) for employees that reside in different parts of the city, a reduction in
transportation impacts if some employees travel with public transit, etc.
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Figure 5. Multi-variable system dynamics model for the evaluation of the environmental impacts of onsite and offsite construction.

The abbreviations in the model in Figure 5 includes transportation of completed
modules (TCM); material transport (MT); offsite construction (OSC); employee transport
(EPT); impact per unit rate (IMPR); round trip distance (RTD); equipment use (EQU);
foundation (FDN); equipment transport (EQT), miscellaneous works (MISC);
superstructure (SPT); onsite construction (ONS).

5. Other potential areas for future studies

5.1. Consideration for impacts beyond LCA review of the construction phase

Although a model like this can estimate the environmental impact during the
construction works, it is important to also consider the environmental impacts from other
phases of the building lifecycle. Prefabricated construction has been shown to come with
some good attributes such as air tightness that brings good benefits during the use phase
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of the building. This can be especially important in parts of the world where it is desirable
to keep the heat inside during the winter months. Some other researchers [39] mentioned
that with the present knowledge, it is not possible to claim that prefabrication is more
sustainable than traditional methods in all aspects as everything is dependent on the
choice of materials and how the building performs. The authors noted that a full LCEA be
done to be sure that both pollution and energy are minimized. Hence, further study is
recommended on the environmental impacts through the whole building life cycle for
both offsite and onsite construction.

5.2. Reducing the embodied impacts of building materials

More opportunities exist in the evaluation of embodied impacts of building
materials. Further study is recommended on how the embodied impacts of building
materials can be reduced in the effort to achieve net-zero emission buildings. Focusing on
embodied CO:, some scholars [70] attempt to look at the LCA of a specific magnesium
oxide structural insulated panel (MgO SIP) that was used for a home in North England.
In addition, the LCA compares six indicators including global warming, eutrophication,
acidification, primary energy, formation of ozone, and depletion of ozone. The result
showed that the product being reviewed does not have a higher score than the
conventional structural insulated panel as it is manufactured at a place that is far away
from the UK (Although it was assembled in the UK). The authors noted that if the product
had been manufactured locally, it could have received a higher score than the
conventional structural insulated panel. The authors also highlighted the potential of the
MgO SIP in attaining the objective of the UK's nearly Zero energy building. The authors
reported that the total embodied CO:ze of the MgO SIP house is 18KgCOz2e/m?/year but
this number could have been nearly zero if the material was sourced locally.

Some scholars noted that while the sustainability of wood as a building material is
complex as it is dependent on sustainable forestry and end-of-life treatment of the wood,
fast-growing bio-based materials are valuable alternatives for insulation of buildings as
the biogenic carbon can be stored in the built environment for relatively long time. If
extended on a large scale, the combination of sustainable bio-based building materials and
prefabrication could offer a lot of benefits at different levels [71]. Further evaluation of
how bio-based products (that would have otherwise been dumped at the landfill) could
be better applied to reduce the environmental impacts of construction will be beneficial
for both onsite and offsite construction. Opportunities exist in the evaluation of the type
of material that is most suitable for the construction of different components of building
in different jurisdictions. Many sectors are trying to capitalize on the renewability of wood
for the reduction of environmental impacts [72].

While wood is seen as an environmentally friendly material because of desirable
factors such as carbon sequestration, more trees can be planted through sustainable
forestry, a scholar [73] described some situations in which concrete may also be a
preferred choice, especially for structures in which moisture damage may be of concern.
Some scholars [74] noted that timber cannot completely replace other building materials
such as concrete and steel. However, by maximizing the use of timber with other materials
and components, the sustainability of future developments can be improved. In terms of
thermal behavior, a researcher [44] presented the results for a comparison of the timber-
framed wall, cross-laminated-timber wall, and masonry wall. It was reported that timber-
framed wall has the highest capacity to slow down the propagation of temperature waves
from the outer surface to the inner surface (time lag), the masonry wall performs best in
reducing the amplitude of temperature oscillation on the inner surface (decrement factor).
Relative to the other two walls, the CLT wall shows an intermediate value of both the
decrement factor and the time lag. Local availability of construction materials, equipment,
and labor, as well as local availability of offsite construction companies, is also a very
important factor to consider in the decision about the method of construction.
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5.3. Evaluation of the end-of-life impacts of the construction materials

More studies on how the materials can be put to good use at their end of life will be
beneficial. For permanent buildings, Architects keep designing in the same manner as
before. However, the concept of recyclable architecture at the beginning of the
construction project is very necessary to address the need for more buildings to
accommodate new generations while reducing the use of natural resources and
minimizing the amount of materials that are wasted during construction [75]. When the
focus is on material substitution, other phases of the lifecycle of a product should be
accounted for, especially the reuse and recycling potential of the product after its useful
lifetimes [38]. A previous work [75] presented three building prototypes for new
recyclable architectural typologies i.e., (1) a demountable prototype that is characterized
by the entire demountability of the building, (2) a slab prototype that is designed as a shelf
structure in which wooden housing modules can be plugged in and out, (3) a tower
prototype that allows for an easy change of layout and uses for different floors. The
prototypes combine flexibility, modularity, and disassembling to address the increasing
demands for reusable multi-use and resource-efficient constructions.

In line with the circular economy framework, designing modular buildings for
disassembly and reuse can help decrease waste production and material depletion [76].

5.4. Design for manufacture and ease of assembly

The design phase is of great significance for ensuring construction quality, low
environmental impact, and economic efficiency [77]. A previous work [78] presented a
review of design for manufacture and assembly and their application in manufacturing
and prefabrication. In design for manufacture and assembly projects, components of the
building are manufactured in the factory and delivered to the project site for installation
[78]. Offsite manufacturing can be structured in such a way that facilitates the ease of
assembly of building components. This can be especially beneficial in places where there
is an accommodation crisis, or where there is a need for urgent housing situations in an
effort to respond to the impacts of natural disasters. Such housing modules should be
designed in a way that the building can be easily assembled by a few people with few
instructions. The assembly instructions can be supplemented with pictures to ensure that
even those who are not literate can follow the pictorial instructions to assemble the
building. Design for manufacture is an important part of the construction industry's
future, due to the promise of the speed of project delivery, worker safety, quality control,
and onsite waste minimization through purposeful design for manufacture and assembly
[79]. While millions of people are displaced by disasters, billions of people globally are
believed to lack adequate housing. The adoption of economically and environmentally
sustainable practices for the construction industry is important [42]. Further study on how
to adequately implement design for ease of manufacturing, ease of assembly, and ease of
disassembly of building components for reuse and recycling is recommended.

5.5. Consideration for other sustainability factors that are not often accounted for in
building LCA

Sustainability is often approached from a three-dimensional perspective (covering
social, economic, and environmental factors). Adverse impacts of construction on the
environment typically include dust and gas emissions, waste generation, noise pollution,
air pollution, and water consumption [38]. Further study is recommended on how factors
such as noise disturbance to neighbors, dirt on the street, safety, availability of maneuver
space for equipment to lift modules, etc. may affect the choice of the method of
construction, especially for infill projects in residential neighborhoods. Some scholars, [47]
provided a focused review of modular medical quarantine facilities covering the
structural forms, equipment arrangement, and floor layout design. The construction
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management strategies were also highlighted. The scholars reported that disturbance of
neighboring buildings during the construction process was mitigated as most of the
buildings were constructed offsite, minimizing onsite work.

5.6. Addressing various factors that may affect the uptake of sustainable construction

Analysis of the environmental impacts of onsite and offsite construction alone is not
sufficient to change how construction will be done. The construction industry constantly
has a low score on sustainable development and innovation although the industry is one
of the biggest and long-standing industries [80]. Further study on how the construction
industry can become more flexible to good innovations is recommended. Some other
scholars [81] also noted that further research is needed in the integration of digital
construction technology, lean construction, integrated project delivery method, and issues
of sustainability of offsite construction. In a complex and fragmented construction
industry, the adoption of sustainable construction technology may not happen by chance.
Unless the situational context is provided, it is likely to be met with uptake problems [82].
There is a need for more education of construction stakeholders. More studies and
implementation of good strategies to ensure adequate uptake of sustainable construction
principles will be beneficial for the construction industry. BIM is considered an
information technology-enabled platform that can help to achieve the integration of inter-
disciplinary collaboration [83]. Some scholars [76] provided a design for the manufacture
and assembly DfMA framework that is aimed at achieving integration with BIM and
allowing for customer participation in the process. Further study is recommended on how
the BIM technology can be further adapted (with system dynamics principles) as one of
the visual means of education for construction stakeholders on the concept of sustainable
construction. The construction industry will have to learn new processes to become more
productive and efficient [45].

Some researchers [84] aimed at identifying the factors that affect the adoption of
industrialized building systems in Malaysia. The 14 factors identified include project
condition, procurement setup, decision-making style, economic conditions, management
approach, communication process, technology development, experience, government
involvement, sustainability feature, stakeholders’ participation, bounded rationality,
awareness, and attitude. The authors also mentioned that the intensity and influence of
the factors may be different from one country to the other as such there is a need for a
targeted approach in the effort to develop a strategy for the improvement of the adoption
of industrialized building systems. To promote modular construction, an important
aspect that must be addressed is the cultural mindset toward the method of construction
and a wider collaboration between all actors that are involved in the planning,
construction, maintenance, and refurbishment of a modular building [1]. The scholar
recommended education and training for skillsets that will be useful in modular
construction. Political strategies and incentives to boost modular construction were also
recommended.

Some scholars [79] reported that the reasons for the slow uptake of DIMA in Australia
include government regulations and incentives, community mindset, planning, and
building codes, finance and supply chain management, unionization, and business
politics. Further study on how government regulations and incentives can facilitate the
principles for design for manufacture, ease of assembly, and disassembly of building
components for reuse and recycling is recommended.

5.7. Compilation and sharing of knowledge on emission reduction strategies for the
construction industry

Some scholars [62] presented the emission reduction strategies for two Norwegian
low-emission construction sites and recommended further studies to have more
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information about emission reduction strategies from other building typologies. Further
study on the achievement of zero-emission construction sites is recommended.

5.8. Cost of buildings

From a sustainability perspective, economic factor such as the cost of buildings is
important. A researcher [86] developed a universal methodology for cost-optimal zero-
energy lightweight construction. Life cycle costing portrays the cost that will be incurred
for a project for its whole building life cycle [86]. Further study is recommended on how
to ensure that the cost of the building becomes affordable for all (toward the goal of
ensuring that adequate housing is an international human right [88]). In addition, to the
social and environmental aspects of building construction, more studies and continuous
improvement on the reduction of the life cycle cost of residential buildings are important.

5.9. Efficiency of onsite and offsite construction in waste minimization

Various studies have mentioned about enormous waste from construction
operations. Further study on how various methods of construction can help to achieve a
significant waste reduction is recommended. Potential reduction in the environmental
impact as a result of a reduction in construction waste can be included in the decision to
choose between methods of construction in the future.

6. Conclusions and recommendations

This study addressed the decision to use either offsite or onsite construction through
the lens of system dynamics, and LCA. Simplified model equations for the estimation of
environmental impacts of construction works were presented for the model development.
The model presented helps to bring more clarity to the environmental trade-offs in the
construction phase between the two construction methods (onsite and offsite
construction). The model equations can be useful for construction stakeholders (including
both onsite and offsite building contractors) to have a good knowledge of areas of hot
spots to have a significant reduction in the environmental impacts of construction works.
This study also presents various potential areas for future studies in the effort towards the
reduction of environmental impacts and achievement of more sustainable construction.
Among other things, the model showed that an increase in the number of trips for material
transport increases the total impacts of onsite construction. However, this is also affected
by the energy use rate (and the other variables described in model equations) for the
transportation medium. An increase in the round-trip distance from the offsite yard to the
final construction site increases the total impacts from the transportation of completed
modules. An increase in distance for material delivery for offsite construction increases
the total impact of material transport for offsite construction. The decrease in the number
of trips of material transport results in a reduction in the impact of onsite construction.
The overall impacts have some dependency on the energy use rate of the transportation
medium and other variables that were described in the model parameters. The system
dynamics model that is described in this study has the capability to show how changes in
various variables affect the environmental impact. With the right inputs, the model can
help with the selection of a construction method that has the least environmental impact
during the construction process (as described in the study). Further study is
recommended on the differences in the environmental impact of the two construction
methods while considering the whole life cycle of the building (i.e., in addition to the
environmental impacts during the material production and construction stage, the
inclusion of consideration of the differences in environmental impact during the use stage
and the end-of-life stage will be a good area for further studies). Due consideration also
needs to be given to the reduction in environmental impacts due to the potential for the
reuse and recycling of buildings. The dismantlability, reuse, and recycling potential can



Adekunle Mofolasayo 28 of 31

be affected by the design and construction of the building. Further study is recommended
on the evaluation of how the two methods of construction can be applied to reduce waste
in construction operations. In situations where the standard member sizes for the building
structures are pre-cut into customized sizes for various projects (at upstream
production/supplier facilities) before shipping to the offsite construction yard. A holistic
review of the waste management for construction materials will also include the waste
management at the upstream supplier yard for the offsite construction approach. This will
also be applicable to the onsite construction method. Further study on the incorporation
of the impact of this waste on the overall environmental impact of construction works is
recommended. Although the environmental impact of both offsite and onsite construction
can be affected by a change in various associated factors that are described in this study,
it is important to note that sustainable construction also considers social, economic, and
technical factors. In addition to technical feasibility in various locations, further research
is recommended on a holistic evaluation of onsite and offsite construction through the
lens of the three pillars of sustainability.
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