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Abstract: The location of temporary facilities in a construction project and the entire site layout plan
directly affect project objectives such as time, labor cost, and material transportation and handling.
The layout of construction sites also affects entrainment factors such as energy consumption,
carbon footprints, and overall construction operation productivity. While site layout planning
has been intensively investigated from a project objectives perspective, there have been very few
studies of energy-efficiency-based planning, or of the sustainability performance of site layouts.
This study developed a green performance evaluation system aimed at improving the sustainability
of construction site layouts. The identified factors include six sustainable evaluation categories
covering energy conservation and environmental protection, people-oriented principles, construction
efficiency, intensity of economic growth, intensity of space use, and the overall control of process.
An analytic hierarchy process (AHP) was adopted to determine the weight of each attribute and a
fuzzy comprehensive evaluation method was established to carry out the evaluation. The 23 attributes
adopted in this paper were identified in the literature; however, the major contribution of this paper
is the development of a green performance evaluation system. This system integrates both qualitative
and quantitative attributes and provides an overall evaluation of the environmental effectiveness
of a construction site layout. The proposed evaluation system was validated with a commercial
building project. The average utilization ratio of the case study site was calculated as 94%, and lessons
learned are discussed in this paper. The case study analysis identified available site spaces around the
building and examined how the arrangement of resources and facilities ensures effective connection
between construction activities. The findings showed that the facility’s layout plays a crucial role in
energy consumption and green performance. The proposed system will support construction project
managers to create high-performance construction site layouts in more scientific and systematic ways.

Keywords: green performance; energy efficiency; construction; site layout planning; analytic
hierarchy process (AHP); fuzzy comprehensive evaluation; sustainability

1. Introduction

The construction industry has a significant environmental impact. The industry consumes large
amounts of resources and produces considerable amounts of waste [1-3]. Most research on energy

Energies 2019, 12, 4620; doi:10.3390/en12244620 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-2568-3111
https://orcid.org/0000-0002-6547-9812
http://www.mdpi.com/1996-1073/12/24/4620?type=check_update&version=1
http://dx.doi.org/10.3390/en12244620
http://www.mdpi.com/journal/energies

Energies 2019, 12, 4620 2 of 21

efficiency and green performance of building projects has focused on the embodied energy of building
materials and energy consumption during a building’s operational phase. The construction phase has
not been widely considered by researchers. In particular, there has been a lack of research into ways to
minimize energy consumption through site layout planning and operational strategies.

This type of research is significant, because the environmental impacts from the construction stage
are estimated to be large on a national and global scale [4,5]. The building and construction industry
is responsible for well over 30% of global energy consumption, including building operation and
construction operation [6,7]. Chang and Ries [8] investigated energy and emission units of a common
type of high-rise building in China, finding that resource and energy consumption in the building
sector is high. Planning and operational phases of construction require attention and investment,
since construction significantly affects energy consumption, carbon emissions, and climate adaptation
and resilience.

Construction site layout planning significantly affects the energy efficiency and pollution
production in construction projects. Site layout involves designing and planning where facilities are to
be located, including construction workshops, material warehouses, machinery and heavy equipment
parking, on-site staff offices, and administration during the construction phase. This is a fundamental
task in the construction stage, including not only determination of the movement of construction
machinery, but also the regulation of noise pollution in the surrounding environment [9]. Site layout
planning is also a decision-making process involving problem identification, solution development,
and selecting and optimizing alternatives [10]. In this process, emissions and environmental pollutants
such as dust, water pollution, and greenhouse gases need to be considered [11-13]. In order to have
truly green star buildings and to minimize environmental impacts during the construction phase,
the current approach to construction site layout planning must shift to energy-based planning [14].

Early research on construction site layout focused on the methods and general approaches
considered for site layout planning. Many studies treated site layout planning as an optimization
problem, and different objective functions were used to plan site layout [15,16]. As pointed out by
Ning and Lam [17], most of these studies used the objective function to reduce construction costs and
improve site safety [17]. Few studies considered overall green performance from the perspective of
construction site layout planning. This study aimed to resolve this gap, identifying the relationship
between green performance and construction site layout by developing a green performance evaluation
system which introduces sustainable development concepts into construction site layout planning.
The proposed evaluation system contains various categories and attributes that can guide construction
project managers to improve the green performance of the construction site layout.

This paper first systematically discusses the importance of construction site layout planning in
green building projects, and reviews the literature evaluating and promoting the green performance
of construction site layout planning. The research gap is identified and discussed in relation to this
research. The attributes for green performance evaluation of construction site layout planning were
identified from previous studies, covering the three classic dimensions of sustainability—environmental,
economic, and social. The important contribution of this study is categorizing these items according to
their relevance to the aspects of sustainability, measuring these items quantitatively and/or qualitatively
according to the nature of the attributes, and then integrating them into a comprehensive evaluation
system. A case study was used to illustrate how the evaluation can be carried out.

2. Literature Review

2.1. Green Building and Energy-Efficiency-Based Planning

Green building is a form of environmentally friendly building invoking the principles of sustainable
development [18]. Green building aims to provide better economic, environmental, and social
performance over the course of a construction project’s life span [19]. Green building principles
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should be applied throughout a building’s entire life cycle [20,21], including the design, construction,
operation, maintenance, and demolition stages [22-24].

Construction site layout planning is a crucial part of the construction stage in a building’s life
cycle, involving the coordination and movement of large quantities of materials, people, and building
products. Heavy equipment used during the construction stage can produce considerable emissions,
from the excavation process to the demolition phase [25,26]. The traveling time of heavy equipment
when working in a construction project is related to the distance between car parks from the main areas
of construction, and this directly affects carbon emissions during construction [27,28]. Implementing
green goals at the construction phase could improve environmental performance [29], and is considered
to be a key feature of the next generation of green performance evaluation models [30]. Furthermore,
it is well-known that appropriate planning for green building can be done at a low cost in the early
stages of construction with enormous savings later [31].

Previous studies have discussed how construction techniques and methods affect energy efficiency.
For example, off-site construction has been employed as an energy-efficient solution and a convenient
method in the UK [32]. Energy and emission management strategies depend on the assembly area,
the material storage location, on-site concrete creation methods, and cast in situ conditions, which all
are affected by the layout plan, topography, accessibility, and handling equipment available on site.
Therefore, site layout planning provides the greatest opportunity for implementing green concepts
early in the construction phase and could have considerable beneficial impacts on the building project’s
overall green performance [30,33-36].

Construction site layout planning has been evaluated by many green building rating
tools [30,37-39]. Huo and Ann [37] carried out a comprehensive investigation to evaluate the
effectiveness of five international green building rating tools from site planning and design perspectives.
The comparative study revealed that each rating tool emphasizes different aspects of site planning in
green buildings, and identified the main variables for effective site planning and design. Their research
laid a theoretical foundation for promoting comprehensive evaluation of the green performance of site
layout planning.

2.2. Green Performance Evaluation of Site Layout Planning

The construction stage provides considerable potential to control a variety of environmental
impacts [40]. Because of this, green construction should aim to reduce disturbances on site, and minimize
construction waste from buildings and sites [38]. To establish a sustainable construction site, an
appropriate green performance evaluation system should be established for site layout planning.

Site layout planning is a fundamental task in the construction stage, involving assigning temporal
spaces to static, moving, and movable objects. Site planning plays a very important role in construction,
as it helps to ensure effective spatial arrangement and ideal space utilization.

An efficient site layout can have a significant impact on the productivity, cost, and safety of a
construction site [41]. Therefore, many previous studies have focused on producing an efficient site
plan using optimization methods. Most of this earlier research was concerned with cost reduction and
site safety improvement [42-45]. While ensuring site safety and reducing construction cost are related
to a project’s sustainability, very little research explicitly links optimization methods to improving site
sustainability. The few research projects that have explored this link are summarized below.

Some studies have investigated different policies of handling materials on site, loading policies,
and transportation strategies to save energy and reduce cost over the construction phase [46,47]. These
studies have been concerned with construction operations and argue that the energy consumption,
emission units, and associated costs are variable in different sites and can also be affected by construction
site layout and operation strategies. However, the literature on energy-efficiency-based planning is
scarce. In some large projects in particular, earthmoving operations involve repeated hauling between
loading and dumping points, and handling materials located in storage on site to the construction area.
For example, Carmichael and Mustaffa [46] investigated emissions, production, and cost of heavy
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equipment operations in different scenarios, finding that optimum emissions and cost savings are
related to fleet size and loading strategies and policies.

Lam and Ning’s [48] research constitutes an early attempt to consider the environmental impacts
of site layout. In Ning’s [43] research, optimization was carried out on the effectiveness and efficiency
of the operations on the construction site. The study considered minimum travel distance, reduction of
handling materials, avoiding material obstacles, and movement of the plants, and the ways an optimized
plan could reduce the environmental impacts of construction activities on site. Likewise, Sanad and
Ammar [49] developed an optimization model for solving site layout planning problems considering
safety and environmental issues, and the distance traveled between facilities. Both optimization
techniques and heuristic methods were employed in Sanad and Ammar’s [49] research. Similarly,
Andayesh and Sadeghpour [41] used an innovative dynamic model to generate layouts that were
optimized over the construction duration, utilizing the minimum total potential energy concept.
Hammad and Akbarnezhad’s [50] research focused on minimizing noise pollution and transportation
costs using a multi-objective mixed integer nonlinear programming model. These optimization papers
focused on developing mathematical models and genetic algorithms to produce optimal solutions.
While various optimization objectives have been met, they do not provide a comprehensive analysis of
the items and critical factors for sustainable site planning and design.

Huo et al. [12,37,51] suggested a wider range of proposed factors relate to project site planning
for green buildings based on the current rating tools including the Assessment Standard for Green
Building (ASGB), Building Environmental Assessment Method (BEAM), Green Mark (GM), BREEAM,
LEED. They also examined selected participants’ perceptions about the propose factors. However,
they encouraged future studies to continue examining different factors and introduce a more effective
plan for site layouts addressing green building criteria.

Huo et al. [12,51] conducted a pioneer study identifying the critical factors of site planning and
design in green buildings. In their research, a comprehensive list of 13 variables and 38 items in site
planning and design were provided. Although they identified individual items and variables relevant
to green building and site planning, no systematic analysis was carried out to integrate all of the
identified items into a green performance evaluation of the site’s layout.

Likewise, Abduh and Ervianto [52] found that the Indonesian government had developed an
assessment model for benchmarking sustainable practices based on three aspects of green construction:
green behavior and practices, green construction process, and green supply chains, and seven
sustainable principles were used for the development of indicators for each aspect of green construction.
Yan [53] also established an evaluation index and model to analyze the function of a green construction
scheme, but the model only specifically applies to the green construction of pile foundations.

Although this earlier research established green evaluation schemes for the construction stage,
little research has used a holistic approach covering the three key areas of sustainability: environmental,
economic, and social domains. Some of the identified items can be measured using quantitative values
while others cannot, and there is no comprehensive system to integrate qualitative and quantitative
items so an overall evaluation of the green performance of site layout planning can be carried out.
This research embraced the attributes of sustainable development and site layout planning from
previous studies in an attempt to fill this gap. Based on the inherent nature of the attributes, categories
were developed to classify these attributes for an AHP structure, which is the basic structure for
the evaluation system [54]. Quantitative and qualitative standards were integrated to provide a
comprehensive evaluation.

2.3. Green Performance Attributes Identified from Previous Research

Green construction site layout is an application of sustainable development in the site management
field. Employing the principles of sustainable development, the categories and attributes in green
performance evaluation systems for site layout are derived from economic needs, environmental
stewardship, and social inclusion [55]. In this paper, green performance attributes were identified from
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the literature. Table 1 gives a summary of all the identified attributes (the category index is explained
in the next section). As presented in Section 2.2, the attributes adopted by Huo et al. [12,37], listed in
the last column of Table 1, were selected from the green building rating tools. This research enhanced
the list with additional attributes proposed by other previous researchers (refer to Table 1).

Table 1. Green performance evaluation attributes identified from the literature. (Note: v indicates
whether an attribute is included in the selected resources).

GCG Sanad Luand Xu & Huang & Li et al Hammad
Attribute’s name (Category Index) (2007) et al. Cai Song Wong (2015) . et al. Huo et al. (2017,
gory [56] (2008) (2011) (2014) (2015) [44] (2016) 2018) [12,37]
[49] [571 [58] [15] [501
Energy optimization rate/ratio (A11) v v
Utilization rate of resource saving
facilities (A12) v v v
Effectiveness of sewage disposal and solid
waste collection (A13) ‘/ ‘/ ‘/ v
Green coverage ratio (A14) v
Effectiveness of dust control (A15) v v v v v
Effectiveness of temporary road layout (A21) v v v
Layout integration of facilities (A22) v v v v
Effectiveness of temporary drainage v
facilities (A23)
Location rationality of machinery (A24) v v v
The ratio of existing resource v
utilization (A31)
The cost saving of temporary facilities (A32) v v
Total transportation cost saving (A33) v v Vv v
The flexibility of site space (A41) v v v
Degree of space utilized (A42) v v v v
Average proportion of site occupied by site V V y
facilities (A43)
Noise emissions (A51) v v v v
Effectiveness of noise reduction
measures (A52) v v v
Employee satisfaction (A53) v v
Separation of living area from construction v v v
area (A54)
Status of safety management measures (A55) v v v v
The ability of the site layout to respond to v v
the construction process (A61)
The effectiveness of the resource schedule V v
plans (A62)
The efficiency of the operation equipment v v v

transition (A63)

These identified attributes were categorized based on factors including energy consumption,
construction efficiency, economic efficiency, space utilization, human-centered, and project life-cycle
considerations. These are discussed in detail in the following section.

3. Categories and Attributes in the Green Performance Evaluation System

3.1. Definitions of Categories and Attributes

In total, 23 attributes were identified from previous studies (as shown in Table 1), and they
were summarized into six categories. The six categories were energy conservation and
environmental protection (Cy), construction efficiency (C,), economic intensity (C3), space intensity (Cy),
people-orientation (Cs), and total process control (Cg). Category C; is concerned with environmental
stewardship and category Cs is focused on social inclusion. The remaining categories, i.e., Cy, C3,
C4, and Cy are related to financial viability, which is linked to the economic aspect of the site layout.
The six categories and the attributes they covered are explained in detail as follows:
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Category 1 (Cq): Energy Conservation and Environmental Protection

The green construction site layout should be arranged in accordance with the requirements
of energy conservation and environmental protection [59]. The site manager should design the
construction site with goals of preventing soil erosion, avoiding water pollution, decreasing air pollution,
adopting effective disposal measures for construction demolition waste, and conserving energy.

Lu and Cai [57] and Xu and Song [58] discussed the characteristics of construction site layouts and
the arrangement of temporary facilities, then proposed a list of the relevant attributes. This involved
an energy optimization ratio (A7), utilization ratio of resource saving facilities (A;,), effectiveness of
sewage disposal and solid waste collection (A;3), green coverage ratio (A14), and effectiveness of dust
control (A15), which are explained as follows:

Aj1: Energy optimization ratio

This ratio is used to evaluate the utilization of cleaner energy and renewable energy, as shown in
Equation (1).

Utilization of clean energy and renewable energy % 100% 1)
o

Energy optzmlzutzon ratio = Energy consumed in the construction site

Ajy: Utilization ratio of resource saving facilities

Facilities for resource saving, e.g., water and electricity saving, need to be set up within the
construction site. Equation (2) is used to calculate the proportion of facilities devoted to resource
saving to all temporary facilities needed during the process of construction.

Resource saving facilities
All temporary facilities

Utilization ratio of resource saving facilities= % 100% )

Aj;z: Effectiveness of sewage disposal and solid waste collection

As pointed out by Huo et al. [51], adequate measures to reduce water pollution should be
undertaken on construction sites. Controlling water pollution was also identified by Tam et al. [60]
as a requirement for green buildings. There are sewage disposal facilities and solid waste collection
facilities on a construction site to prevent on-site pollution. In addition, some facilities are needed for
the centralized treatment of solid waste. This attribute is to monitor whether there are appropriate
sewage disposal measures, facilities, and solid waste collection procedures on the construction site,
which can be calculated by Equation (3).

Ef fectiveness of sewage disposal and solid waste collection
Sewage disposal and solid waste collection facilities % 100%
Temporary facilities ©

®)

Az4: Green coverage ratio
Green coverage ratio is the green area occupied to the total area of the construction site, which can
be calculated by Equation (4).

The green area of construction site

Green coverage ratio = X 100% 4)

The area of the constuction site

Sufficient green space was one of the five most important factors in the site layout planning of
green buildings identified by Huo et al. [51]. However, their research did not provide any quantified
standard to measure what “sufficient” means. The green coverage ratio can provide a quantified
measure for this attribute.

Ajzs: Effectiveness of dust control

Dust and air emission mitigation was the third most important item identified by Huo et al. [51] in
the site layout planning of green buildings. The attribute of dust control effectiveness monitors whether
the particulate matter generated is in closed storage, and whether there are appropriate facilities for
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reducing dust. Dust may also be controlled by setting up hoarding surrounding a construction site or
arranging a water spray device on the dust-generating area of the site.

Category 2 (C,): Construction Efficiency

A green construction site layout needs to satisfy many requirements for increasing construction
efficiency, including producing construction outputs in a timely manner, placing temporary facilities
at appropriate locations, avoiding material re-handling, and shortening on-site transportation
distances [61]. According to the research on optimizing construction site facilities” layout to improve
construction efficiency [62,63], the following attributes were considered:

Ajpp: Effectiveness of temporary road layout

This attribute is used to measure whether a circumferential road has been installed at the
construction site to prevent internal traffic congestion. A good road layout allows relevant temporary
facilities to be directly linked together, such as storage buildings and yards.

Apy: Layout integration of facilities

Using a similar principle as for road layout, related facilities such as the material storage yard
and workshop, or rebar bending yard and rebar laydown area, should be placed close to each other.
A well-integrated facility layout can provide efficient space usage.

Ayz: Effectiveness of temporary drainage facilities

Effective temporary drainage facilities are vital to construction efficiency, as the ponding area in
the rainy season may block vehicle access to and circulation within the construction site. It is necessary
to set up drainage facilities on both sides of the traffic road.

Ajy: Location rationality of machinery

All construction machinery should be arranged to have easy access to other machinery and satisfy
its functional requirements. For example, the service radius for the tower crane should cover the entire
construction area.

Category 3 (C3): Economic Intensity Degree

Being economically intensive is an important requirement for construction management and
a basic element of sustainable development. In order to reduce transportation costs, temporary
facilities should be placed in appropriate locations for the effective movement of personnel, materials,
and equipment [64]. According to the principle of systematic layout planning [65] and more recent
research by Li and Liu [66], Aboutaleb et al. [16], and Wu et al. [67], the following attributes can be
used to measure the degree of economic intensity:

A3z1: The ratio of existing resource utilization

Installation, re-establishment, and removal of facilities will lead to greater construction expenditure.
In order to reduce construction cost, existing buildings and roads on the site should be reused to
avoid additional expenditure during various stages of the construction. This dynamic attribute can be
evaluated by Equation (5).

The area occupied by the original building or road o
The area of the constuction site x100% (5)

The ratio of original resource utilization =

Agzy: The cost saving of temporary facilities

In order to reduce the construction cost of temporary facilities, it is beneficial to take the whole
project into account when assigning temporary facilities. It would be best to meet the basic standard of
the mandatory national standard and requirements of construction quality and safety.

Ags3: Total transportation cost saving

Total transportation cost saving is the sum of transportation cost savings in different project stages.
The dynamic attribute is the ratio of cost saving for resource transportation in comparison with the
budgeted cost, as shown in Equation (6).
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The ratio of resource transportation saving
_ The budgeted cost of resource transportation—The actual cost of resource transportation
- The budgeted cost of resource transportation

X 100% (6)

Category 4 (C4): Space Intensity

The space intensity category measures the efficient use of space. Ideally, the smaller the
construction area occupied by temporary facilities, the more space is left for facility movement and
layout changes [29]. Li and Liu [66], Abotaleb et al. [16], and Chakraborty and Banik [68] studied
the optimal layout design and presented attributes for space intensity. The attributes are explained
as follows:

Ay1: The flexibility of site space

The construction site layout needs to respond to the construction process. In order to facilitate
efficient construction operations, there should be unused or lightly used space left to allow adaptation
to any changes made on the construction site.

Ayy: Degree of space utilized

This attribute measures whether site space is used in efficient manner, which is a dynamic attribute
that changes with different project stages.

Ay3: Average proportion of site occupied by site facilities

The average proportion can be expressed by Equation (7), where i represents different stages and
n is the total number of construction stages.

. . . . s " | (Site facilities occupied area);
Average proportion of site occupied by site facilities = ——

- - x100% (7)
n - Construction site area

Category 5 (C5): People-Oriented Principles

The people-oriented category for green construction layout considers the degree of satisfaction
labor and staff display while on site, and includes attention to the arrangement of fire facilities
for the health and safety of the employees [69]. Human health protection and construction noise
mitigation have also been identified by Huo et al. [51] as two out of the five most important items in
site planning of green buildings. Health protection and noise mitigation are related items, as noise has
detrimental impacts on health. The five attributes identified by Chakraborty and Banik [68], Sjebakk
and Skjelstad [62], and Cambron and Evans [70] under the people-oriented category were considered
appropriate and are listed below:

As1: Noise emissions

Noise pollution on site cannot be ignored during construction, as it is usually the main reason for
neighbor complaints and has an impact on human health. The evaluation of noise emissions is confined
to the main structure stage, owing to the operation of a great quantity of construction equipment.
The structure stage accounts for a large proportion of the whole construction project. This attribute
measures the difference in decibels between actual construction site noise and the national standard of
environmental noise.

Asp: Effectiveness of noise reduction measures

This attribute measures whether low-noise and -vibration equipment used in the construction
operations and whether there actions have been taken for sound insulation and vibration isolation.

Noise not only causes hearing damage, but also leads to high blood pressure, heart disease,
and other diseases [71]. More seriously, noise distracts workers, and this can lead to a variety of safety
concerns [72]. Thus, the attributes of A5; and Aj are included in category Cs.

Ass: Employee satisfaction

Welfare facilities, such as canteens and labor huts, must be properly placed to bring convenience
and satisfaction to the employees.
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Asy: Separation of living area from construction area

Living areas should be separated adequately from construction areas to guarantee the health and
safety of construction workers.

Ajss: Status of safety management measures

The construction site layout should be designed according to the requirements in the
safety regulations or safety standards, such as installing safety warning signs and fire hydrants,
and inflammable and explosive material storage areas should be separated from the boiler room.
This attribute is used to evaluate the status of safety management on construction site in compliance
with the safety regulations and standards.

Category 6 (Cg): Total Control of Process

The construction site layout varies with the stages of the construction process, since different site
facilities and construction methods are needed for different construction stages. A green construction
site layout plan should consider the dynamic nature of site activities and prepare a balanced plan for
different construction stages to guarantee smooth transitions across the entire construction project
period [73].

In order to measure how adaptive a green construction site layout can be to the different construction
stages, Abotaleb et al. [16] and Chakraborty and Banik [68] proposed the following attributes.

Ag1: The ability of the site layout to respond to the construction process

This attribute evaluates whether the site layout is capable of adjusting the location of facilities in
a timely manner in order to satisfy the requirements of a particular stage. Professional construction
experts could evaluate this attribute using their own experience, since they are familiar with the whole
construction process.

Agy: The effectiveness of the resource schedule plans

The labor plan, material laydown area, and equipment should be arranged bearing in mind the
different construction stages to avoid congestion in the construction area and ensure adequate space to
store and process construction material.

Ags: The efficiency of the transition of operational equipment

A good site layout plan can ensure efficient equipment transitions between different construction
operations and stages and minimize the transition time.

3.2. Hierarchy Structure for a Green Performance Evaluation System

Six categories cover the three dimensions of sustainability: environmental, economic, and social
aspects. Energy conservation and environmental protection (C;) are clearly related to environmental
sustainability, and category Cs is focused on social inclusion. The four remaining categories, i.e., Cy,
C3, C4, and Cg, are related to financial viability. The construction site layout plan involves the effective
utilization of space (category C4) to smooth and facilitate construction operations (category C, and
Cg) and satisfy management goals. In this case, construction cost reduction (category C3) is a critical
requirement for construction management.

Twenty-three attributes were developed for the six categories, and the hierarchy in the green
performance evaluation system is shown in Figure 1.

In the following section, the requirements of categories and the definition of attributes are
introduced to clarify the classification of attributes.

3.3. Attributes Classification

The attributes in the green performance evaluation system were divided into qualitative and
quantitative categories and are summarized in Table 2.
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Table 2. The category of attributes.

Attribute Categories Attribute Numbers

Quantitative Aq1, A1p, A14, Az1, A3, Agz, Asg
Qualitative A13, A1s, Az, Az, Az, Aza, Az, Agr, Aga, Asa, Asz, Asg, Ass, At Aeas Ass
Green performance of
Level 1: construction site layout
Level 2: Energy conservation Economic
Category of an d%;vironmental Construction intensive Space People-oriented Total control of
evaluation protection (C)) efficiency (C>) degree (Cy) intensive (Cy) principles (Cs) process (Cy)
©
v l l A l
Energy ) Noise emissions
optimization ratio Effectiveness of (1) The ability of
) temporary road The ratio of o . the site layout
n layout (4,/) existin The flexibility Effectiveness of fo ros ongto
Utilization ratio of resourcge of site space noise reduction the C(Fnstruction
energy savin; Layout utilization (43,) () measures (4sz) rocess (Ag;)
facilligt}i/es “ g) integration of 3 p ol
2 facilities (4,,) The cost saving Degree of space | | Employee The
Effectiveness of Effectiveness of | | ©f temporary utilized (4,2) satisfaction (4s;) effectiveness of
Level 3 sewage‘disposal temporary facilities (43,) Average Separation of the resource
Evgglatlon 22;ilsgtlifn“(/25t§ drainage Total proportion of living area from Z(;he)dule plans
attribute (A) 3 facilities (4,3) transportation site occupied construction area 62
Green coverage : cost saving by site (“s0) The efficiency
ratio (44) Location (A33) facilities(dy;) of the transition
" rationality of 3 Status of safety of operational
Effectiveness of machinery (d.) management e uip ment (A443)
dust control (4;5) measures (455) quip o3

Figure 1. Hierarchy in the green performance evaluation system.

The quantitative attributes can be determined by an actual value, which are calculated using
records and data in the construction site layout; they are objective attributes. However, the qualitative
factors can only be evaluated in a subjective way according to personnel knowledge, experience,
and preferences. In order to establish the caliber of green performance of the construction site layout,
a standard evaluation rule for the qualitative and quantitative attributes should be established.

As the construction site layout evolves with construction progress, some attributes, such as the
flexibility of site space (A41), the degree of utilization of site space (A4), and the effectiveness of the
resources schedule (A47) are dynamic and will need to be evaluated with the changing construction
site layout plan in different construction stages. Therefore, in the case study, more than one site layout
plan was adopted to show the impact of these attributes on the green performance of the layout.

4. Development of the Green Performance Evaluation System

In this section, the evaluation rule of all attributes will be introduced first, then the weights of
the categories and attributes will be derived by the AHP process. The overall performance score for
different construction site layout alternatives can then be determined.

4.1. Evaluation Rule for Attributes by the Fuzzy Set

In order to determine the green evaluation grade for the quantitative and qualitative attributes,
“fuzzy set” theory was adopted. Fuzzy set theory was introduced by Zadeh [74] to solve vague,
imprecise, and uncertain problems. Fuzzy set theory allows people to make decisions in terms of their
experience and knowledge, based on the solutions of similar problems solved in the past. The degree
of membership of the element u for the fuzzy set A is defined as membership function u4(1) and can
be any number in the interval [0, 1]. Thus, a fuzzy set A may be represented by Equation (8).
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A= {(u, pa(u))l € X) ®)

Fuzzy sets are expressed as linguistic variables, which are words or sentences in a natural
or artificial language, but not numbers, with associated degrees of membership in the set [74,75].
According to relevant rules and regulations, construction industry standards and databases in China,
such as the “Administrative Regulation on Safety Production of Construction Projects” (State Council of
the People’s Republic of China, 2003. Administrative Regulation on Safety Production of Construction
Projects [S].), “Evaluation Standard on Green Construction of Construction Project” (Ministry of
Housing and Urban-Rural Development of the People’s Republic of China, 2014. Evaluation Standard
on Green Construction of Construction Projects [S].), “Standard for Setting of Environmental Sanitation
Facilities” (Ministry of Housing and Urban-Rural Development of the People’s Republic of China,
2014. Standard for Setting of Environmental Sanitation Facilities [S].), and the “Emission Standard
of Environment Noise for Boundary of Construction Site” (Environmental Protection Department
of the People’s Republic of China, 2012. Emission Standard of Environment Noise for Boundary of
Construction Site [S].), the fuzzy set of evaluation standards (S) can be divided into “Excellent” (E),
“Good” (G), “Pass” (P), or “Failed” (F). They can then be denoted as in Equation (9).

S= [Excellent Good Pass Failed) = [E G P F| )

The linguistic term set for the linguistic variable of qualitative attributes are the evaluation
standards of “E”, “G”, “P”, and “F”, which are derived by expert assessors according to the
attributes” performance.

The membership function for qualitative attributes evaluated as “E”, “G”, “P”, and “F”, i.e., the
green performance evaluation vector for the qualitative attributes, can be calculated by Equation (10).

pa(u) = [ fiN fzc/;N fgl;N ij] (10)

where N represents the total number of experts assessing the attribute, and fi, f,, f3, and f; are the
numbers of experts who selected each evaluation standard of “E”, “G”, “P”, and “F”, respectively, and
f1 +f2 +f3 +f4 =N.

Quantitative attributes were calculated using the equations defined in Section 3. According to
the rules and regulations mentioned above, the four grades of evaluation standard are “E”, “G”, “P”,
and “F”. For the quantitative attributes, the threshold values and the attributes belonging to each
evaluation standard are expressed in Table 3
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Table 3. Quantitative attributes converted to fuzzy evaluation standards “Excellent” (E), “Good” (G),
“Pass” (P), or “Failed” (F).

Quantitative Membership Function Quantitative Membership Function

Attributes F P G E Attributes F P G E
<10 1 0 0 0 <5 1 0 0 0
[1015) O 1 0 0 [5,10) 0 1 0 0

A A

1525 0 0 1 0 2 o415 0 0 1 0
>25 0 0 0 1 >15 0 0 0 1
<10 1 0 0 0 <3 1 0 0 0
[1015) 0 1 0 0 [3,5) 0 1 0 0

A A

1520 0 0 1 0 31 15,10) 0 0 1 0
>20 0 0 0 1 >10 0 0 0 1
<1 1 0 0 0 <70 1 0 0 0
[1,2) 0 1 0 0 [70,80) 0 1 0 0

Ass [2,3) 0 0 1 0 A 5000 0 0 1 0
>3 0 0 0 1 >90 0 0 0 1
>5 1 0 0 0
<1 0 1 0 0

N <

51 1,3] 0 0 1 0
(3,5] 0 0 0 1

4.2. Derivation of Green Performance Evaluation Using AHP

Since the evaluation of the green construction layout is conducted based on a subjective,
practice-based perspective, the weight of the attributes and categories cannot be calculated objectively.
Therefore, AHP was used to determine the weight coefficient. The procedure for using AHP to calculate
the weights for the criteria contained three steps: First, the development of a pair-wise comparison
matrix; second, the calculation of the weight of each category affecting the decision-target to derive a
weight vector; and third, a consistency check [76-78].

For each attribute Aj in the evaluation system, the green performance evaluation vector EAj
can be expressed by Equation (11). EA; is shown in Equation (12), which is the green performance
evaluation matrix affecting the categories in the hierarchy, which also consists of the green performance
evaluation vector of each attribute under the category.

EAik:yA(Aik),i:1,2,3,...,n,k:l,z,...,m (11)

EA; = [EAn, EAp, -+, EAw)" = [ua(An), ua(An), -+, a(Am)]" (12)

where 7 is the number of categories, and m is the number of attributes under each category in the
hierarchy. Thus, combined with the green performance evaluation matrix of attributes in the hierarchy
EA; and the weights vector W,; for attributes, the green performance evaluation vector C; of the
categories in the hierarchy can be calculated using Equation (13). Accordingly, the green performance
evaluation matrix C affecting the target hierarchy can be denoted as Equation (14).

Ci:Wai-EAi,i=1,2,...,i’l (13)

C=1[C1,Cp -+, Gl (14)
The green performance evaluation vector T of the target hierarchy is solved by Equation (15):
T=W,: C= uy u2u3u4] (15)

where W, is the weights vector for the categories in the hierarchy.
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According to the expert assessment and the relevant rules and regulations on green building, the
outcome of the green performance evaluation is the level which has the maximum number, shown in
Equation (16).

The green per formance level ST = {Sx f(Sx) = max ux} (16)
xXe

where [S] SZ 53 54] = [E G PF], and M = 1, 2, 3, 4.
5. System Verification of the Construction Site Layout Planning

5.1. Description of Site Layout Plans

In order to verify the proposed evaluation system, the site layout of a commercial building project
was selected as a case study. This commercial building is located in Dalian City, China. With a total
12 floors, it has a building area of about 40,000 m?, and the temporary construction site area is 2586 m?.
The construction cost was about 90 million Chinese yuan. The building floor plan is similar to the
shape of a fan, and the site is adjacent to an expressway to the west and an urban green area to the
southwest. The site layout of this project was developed in two phases, superstructure construction
(Stage 1), and fit-out, electrical and mechanical installations, and external works (Stage 2), as shown in
Figures 2 and 3, respectively.

rity guard
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Site
exit

Shower

| Rel:ar_ rlaw Rebar
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1l laydown area yard
Steel
pr ing

: Turno_ver Steel | shed .
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l room

=
S

Tower crane

Building under
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Turnover
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) ‘\.\\\\‘¥>—-— I Site ofﬁcel
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Figure 2. The construction layout plan for Stage 1.
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Figure 3. The construction layout plan for Stage 2.
5.2. Results of the Case Study

In order to assess the green performance evaluation matrix, 10 experts were invited to conduct the
evaluation. Among them, six experienced engineers were selected randomly from the engineer expert
database; their wide experience enabled them to evaluate the project fairly based on technical expertise;
two were staff from a local government agency who brought knowledge of relevant government
regulations; and the remaining two were project managers from the client side, who knew the project
specifications and objectives well. Inevitably, all experts had some subjective opinions. This evaluation
team tried to cover all relevant aspects of the project and maximize the possibility that the project was
objectively evaluated.

The values of the quantitative attributes and their corresponding green performance evaluation
vectors are shown in Table 4. The performance evaluation vectors of the qualitative attributes are
shown in Table 5. For the qualitative attributes, the evaluation vectors were calculated according to the
experts’ opinions. Using Ajs (effectiveness of dust control) as example, out of the 10 experts, 6 of them
rated it as “Excellent”, four of them rated it as “Good”, and none rated it as “Pass” or “Fail”. Therefore
6/10 (0.6), 4/10 (0.4), 0/10 (0), and 0/10 (0) formed the evaluation vector [0.6 0.4 0 0].

Table 4. Rating scale of the quantitative attributes.

Quantitative Attributes Value for Attributes Evaluation Vector
Az1 (%) 17% [0100]
Az2 (%) 0 [0001]
Azq (%) 0 [0001]
A3z (%) 5% [1000]
Azz (%) 3.28% [1000]
Ayz (%) 94% [1000]
As1 (dB) 0.68 [0010]
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Table 5. Rating scale of the qualitative attributes.

15 of 21

Qualitative Attributes

Evaluation Vector

Qualitative Attributes

Evaluation Vector

A1z
Asgs
Az
Az
Az
Aq
Az
Agy

[0001]
[0.6 0.4 0 0]
[0.70.300]
[0.30.6 0.1 0]
[0.50.30.20]
[0.80.200]

[1000]
[00.50.30.2]

Ap
As2
As3
Asg
Ass
Ag1
Ag2
Ag3

[0.30.50.2 0]
[0.20.20.4 0]
[00.20.50.3]
[00.10.40.5]
[1000]
[0.6 0.4 0 0]
[0.3 0.6 0.1 0]
[0.40.50.10]

Thus, the green performance evaluation matrix EA; under categories C; (i =1, 2, ..., 6) with the
pre-determined quantitative and qualitative attributes was obtained by Equation (17).

EAl =

E G P F
0 1 00
0 0 01
0 0 01
0 0 01

06 04 0 O

(17)

The remainder of the green performance evaluation matrix EA; (i =2, ... , 6) was obtained in the

same way. In the meantime, the AHP method was used to calculate the weights for categories and
attributes. From the scores given by the experts, the weights were acquired through developing a
“judgment matrix” for the categories and attributes. The results are shown in Table 6.

Table 6. The weights for categories and attributes in the case study.

Hierarchy Categories Weight = Hierarchy Attribute Weight Hierarchy Categories Weight Hierarchy Attributes Weight

An 0.15 As 043
A 0.15 Asy 0.13

Cq 043 Az 0.25 Cs 0.08 Asz 0.21
Ay 0.08 Asy 0.12
Ags 0.36 Ass 0.11
Az 0.29 Ag 0.16

I 021 Ap 0.29 C 0.08 Ap 0.30
Ap 0.09 A 0.54
Agy 0.33 3 :
Az 0.10 Ag1 0.59

Cs 0.04 Az 0.33 Ce 0.16 Ag2 0.25
Asz 0.57 Ass 0.16

With the weights and green performance evaluation matrix for attributes, the green performance

evaluation matrix for hierarchy categories C was constructed using the following Equation (18).

E
[Cl1] [ 0216
c2 0.599
c3| | 043
c4 | | 063
c5 0.136
| c6 | | 0429

G p
0.294 0
0.354 0.047

0.57 0

0.23 0.108
0.106 0.635

045 0.105

F

048 |

0

0
0.032
0.123

0.016 |

(18)

The overall green performance evaluation vector T to the target level is shown in Equation (19).

E G P F
T = W,+ C = [0.366 0.322 0.086 0.221]

(19)
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Therefore, according to the principle of maximum membership degree (one of the basic principles
of fuzzy mathematics), the overall green performance level for this construction site layout was 0.366,
and its evaluation level in the case was “Excellent” based on Equation (16).

5.3. Case Discussion

Through the above calculations and analysis, the grade for the green construction site layout
for this project was classified as “Excellent”. However, the score of the “Excellent” grade was not
much higher than that of the other grades; thus, there is still much room to improve the caliber of this
green construction site. The evaluation standard of green performance category hierarchy is shown in
Figure 4.

Through the above calculation, the performance of each category was evaluated and analyzed as
follows. In terms of the categories that received “Excellent”, C, (construction efficiency) was higher
than any other grades, which means the project performed well in terms of improving energy efficiency.
Regarding C, (space intensity), there are two main factors explaining this performance. First, some of
the temporary facilities, such as the materials laydown area and rebar processing shed, were arranged
compactly to support smooth site processes. As a result, the average utilization ratio of the site was
calculated to be 94% (see Table 4). Second, the construction site had the potential to be expanded
because there was still available site space around the building in Stage 2 (see Figure 3). For Cy (total
process control), the arrangement of resources and temporary facilities ensured effective connection
between construction activities. For example, switching between different equipment on site was
efficient on account of the adjacent locations of the rebar bending yard and rebar processing shed
on the site. Meanwhile, the construction layout plan was flexible and could be adjusted with the
construction schedule.

Excellent
0.7

0.6
0.5
0.4
0.3

0.
0.1
Failed

-

Good

Pass
— C2 o3 Cl o5

C6

Figure 4. The evaluation standard of green performance for the hierarchy categories. Note: C;: energy
conservation and environmental protection, C,: construction efficiency, C3: economic intensity, Cy4:
space intensive, C5: people-oriented, and Cy: total process control.

It is also worth mentioning that the cost of temporary facilities can be reduced through the
effective utilization of original site resources. The result of A3, (cost saving of temporary facilities)
was “Excellent”. However, the materials laydown yards and the cement warehouse were remote from
the two material hoists in Stage 2 (see Figure 4), which was inefficient due to the high transportation
frequency between these temporary facilities. Thus, total transportation cost saving was only 3.28%.
Moreover, the attribute weight of A33 (total transportation cost saving) was much higher than the other
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attributes, which led to a decrease in the green performance evaluation grade of C3 (economic intensive
degree) to “Good”. Better control is needed over the total transportation cost.

For the construction site layout in Stage 1 (see Figure 2), it was observed that the construction area
and living areas (such as the labor hut, carpentry hut, site office, and shower) were on both sides of the
temporary road. The attribute to measure the separation between the living area and the construction
area received a low score due to the close distance between them. According to Table 4, the evaluation
result for attribute As; (noise emissions) was 0.68, which reached only a “Pass” grade. Attribute As3
(employee satisfaction) was also low since there were no available site spaces for employees in leisure
time. Moreover, owing to the distance between the living area and site offices, the case study site was
not convenient for workers to communicate with site managers. Thus, the green performance grade of
Cs (people-oriented) was rated as a "Pass", indicating that more attention should be paid to improve
the site workers’ living environment and reduce site noise levels.

Notably, sewage disposal and solid waste collection measures, such as oil separation tanks,
sedimentation tanks, sewage wells, and refuse dumps were quite limited during the process of
construction in Figures 2 and 3. This led to a “Fail” grade for attribute A3 (effectiveness of sewage
disposal and solid waste collection). Furthermore, it is well known that a great quantity of dust is
produced by construction activities. Dust generated at the case study site could not be effectively
controlled due to lack of water spraying facilities. In addition, greening measures such as planting
trees and using equipment to reduce emissions were not effectively installed on the construction
site. Moreover, resource-saving facilities were not used for the construction work, so the evaluation
results of both Aj, (utilization ratio of resource saving facilities) and A4 (green coverage ratio) were 0.
Based on the analysis of the construction site layout plan, the green performance grade of C; (energy
conservation and environmental protection) was equivalent to "Fail". Thus, in order to improve the
green performance of the construction project, improvement to the number and location of temporary
facilities to the construction site is required.

6. Conclusions

Construction site layout plays an important role in improving energy efficiency during the
construction phase. To explore sustainable development potential in construction site layouts, this study
proposed a green performance evaluation system with six categories, including energy conservation and
environmental protection, construction efficiency, economic intensity, space intensity, people-oriented
principles, and total process control. There were also 23 attributes. The evaluation standards in this
system were identified in terms of regulations, codes, and standards related to construction site layouts
in China. To include both qualitative and quantitative attributes, an evaluation rule based on the
membership function of a “fuzzy” set was applied to determine green evaluation vectors. The vectors
were then combined with weights established by the analytic hierarchy process, and the overall green
performance grade of the construction site layout plan was derived. The construction site layout
planning of an existing commercial building was used to verify the applicability and feasibility of the
proposed evaluation model. The results showed the performance level of each category in the selected
case study and offer insights that site managers could use to enhance sustainability from the current
evaluation outcomes. For example, the categories receiving “Excellent” could maintain their current
status and be a prototype for other similar construction sites, while the categories that received a “Fail”
need much more attention in order to improve their current performance.

This study enriches the application of sustainable development in construction by introducing a
new concept into construction site layout planning and developing a green performance evaluation
system to implement sustainability in the design and planning stage. The findings of this study offer
valuable insights for construction managers at the project level, and for sustainability practitioners for
planning and associated decisions during site mobilization and before construction operations begin.
In particular, the system applied to the case study is expected to assist construction site managers to
develop an efficient and sustainable site layout plan.
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The limitations of this research mainly lay with the evaluation of the qualitative items. There were
many more qualitative than quantitative items and as the evaluation of qualitative items was carried
out by invited experts, the standard could be subjective and vary according to each individual. This will
have reduced the accuracy and objectiveness of the final evaluation results. Future research could focus
on developing a more objective approach to evaluating the qualitative items. This study integrated the
attributes presented by previous researchers, although as the research in this area further develops in
different contexts, more attributes may be identified, resulting in a different series of categories. It is
also recommended that an international rating system, similar to LEED, be developed to evaluate
green performance levels of construction site layouts. Future studies also need to specifically measure
and identify the correlation of energy efficiency and consumption and site layout plans during the
construction phase. Various case studies could be examined to identify factors in a wider range of
projects such as roads, tunneling, and hospital construction, which would probably lead to a more
comprehensive evaluation system being established.
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