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Abstract Operation and maintenance (O&M) is the last phase of Project Life Cycle
(PLC) that focused on releasing the final deliverables to the customer and followed
by the use of facilities and the maintenance of the whole building. This phase is the
longest phase because it covers the entire lifetime of the building. The building that
is operated andmaintained using the green principles will contribute to sustainability
by reducing energy and resource emissions by ensuring the building facilities’ dura-
bility and availability. Green Operation and Maintenance (GOM) programs as part
of Green Supply Chain Management (GSCM) in the construction process consist of
work implementation and control to conserve ‘green’ materials according to envi-
ronmental needs in the project. GOM concept is important because O&M phase is
the determinant of whether the building that have been initiated, designed and built
with green processes can be maintained to keep contributing positively to the envi-
ronment. To ensure that the O&M phase is run on the green principle, it is necessary
to conduct a study to develop factors that can support the application of GSCM in
the O&M phase. The aim of this study is to improve the GOM concept indicators
as part of the GSCM construction. The model developed has two dimensions, 12
components, and 18 indicators for the implementation of GOM.

Keywords Green operation and maintenance · Green supply chain management ·
Project life cycle

1 Introduction

Construction industry in developing countries has several characteristics including,
first, construction has typically contributed to an average GDP of 5–9%. Second, the
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impact of construction affects the value of the distribution of construction materials
and labor absorption, which reaches 5% of the total workforce and often work in
this sector is a stepping stone for the manufacturing industry. Third, the impact of
construction business is quite extensive, built from small companies that generate
entrepreneurial opportunities in small businesses and play an important role for
income distribution [1].

The construction industry is widely considered to have a high degree of waste in
spite of its significant contributions. Waste consists of material waste at the project
site in the construction industry and is often related to various activities such as
overproduction, waiting time, shipment of materials, inventory, and labor movement.
Rework/repair, defects, waste in the form of materials, delays, waiting, allocation of
material that is not suitable, and excessive transfer of material can be defined as the
main categories of waste during the construction process [2]. The performance of this
industry is also influenced by the characteristics of the construction industry, such as
the high complexity and volatility, the temporary structure of the supply chain, the
high degree of consumer control on the final product, the disjointed processes, and
the complexity of stakeholder linkages [3].

It is possible to suggest implementing the Green Supply Chain Management
System to form a productive and environmentally friendly construction industry. In
every step throughout the Project Life Cycle (PLC), the initiation, design, construc-
tion, and operation and maintenance phase, this implementation is intended to bring
the notion of eco-friendly [4].

In general, the commissioning and closure of a green building project are more
complex than traditional projects. This is especially valid when developers or owners
choose to receiveGreenBuildingCertification from third parties. TheGreenBuilding
is the basis of an environmentally friendly and resource-efficient structure over the
life cycle. It is also the task of current facility management teams and end-users
to deliver an awareness of the green building system to maintain sustainability [5].
The commissioning process is part of the last stage of the PLC, the service and
maintenance phase. The operation and maintenance process centered on the release
to the customer of the final deliverables, the handing over of project documents, the
termination of supplier contracts, the release of project resources, and the notification
to all stakeholders of the project’s closure [6]. This phase also focused on the use of
facilities and the maintenance of the whole building. In general, the Operation and
maintenance phase forms the major part of the life cycle [7].

Previous research on GSCM in the construction industry has established a frame-
work consisting of five principles for GSCM implementation, i.e. Green Initia-
tion, Green Product Design, Green Material Management, Green Construction, and
Green Operation and Maintenance [8]. This framework represents all stages in PLC.
Detailed indicator of every concept has been developed in previous research about
Green Initiation and Green Design [9], GreenMaterial Management [10], and Green
Construction [11]. As a continuation of previous studies, this study aims to classify
theGreenOperation andMaintenance indicators as part of theGSCMin construction.
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2 Literature Review

2.1 Project Life Cycle

Construction projects are some activities that have multipart and various properties.
The project follows a flow of stages, known as Project Life Cycle (PLC). In common,
PLC involves several stages, i.e. initiation/conceptualization, planning/design, imple-
mentation/construction, and operation and maintenance [9, 12, 13]. All of the PLC
phases are less synchronized with one another in the conventional management
model. This is what causes the fragmentation of construction projects. The initiation
phase is related to the owner as key stakeholders in the process. Data collection,
surveys, and feasibility studies are usually conducted in the initiation phase. Feasi-
bility studies are taken to decide whether a project is feasible and also to determine
alternative possibilities that can be taken as a consideration in decision making. A
project document that will be used as a reference to the next step is the production
from the initiation stage [9].

The project planning documents are produced at the planning phase. These
documents consist of Detail Engineering Design (DED), Gantt Chart (PERT),
Work Breakdown Structure (WBS), and other planning documents (i.e. specifica-
tion/quality and riskmanagement). The construction phase is the process of executing
the planning that has been generated from the previous phase. This process includes
execution of plans, project resource management, monitoring, and reporting. The
last phase is the operation and maintenance phase that consists of handover project
results and maintenance period. This phase can show the success of the project by
conducting evaluation and assessment after completion of the project [9, 12, 13].

2.2 Green Supply Chain Management in Construction

Green supply chain management (GSCM) is a framework that assimilates envi-
ronmental deliberation into supply chain management. There is some research that
examines to adopt GSCM in manufacture to be applied in the construction industry.
The GSCM structure in the construction industry, which includes five principles, is
one of the researches that is the key reference of this report, i.e. green initiation,
green design, green material management, green construction, and green operation
and maintenance [8].

This research is part of the overall framework for applying GSCM to the construc-
tion industry based on PLC. The previous research stated that there is GSCM in
manufacture industry that could be applied in the construction industry [8]. The
roadmap of this research described in Fig. 1.

Each of the research mentioned in Fig. 1 contains detailed concepts, dimensions,
elements, and indicators of each concept that corresponds to the PLC stage. First
and second stage of PLC corresponds to the research about developing indicators
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Fig. 1 Roadmap research framework for implementing GSCM to the construction industry based
on project life cycle

of green initiation and green design. Green initiation is related to project owner
commitment and feasibility of development project. Owner commitment is the most
essential thing to realize a sustainable project in the construction industry, because
owners are the decision maker who can determine every step towards a sustainable
project [9, 14]. Table 1 contains the translation of one of the dimensions in the Green
Initiation concept to the indicator level [9].

Greendesign, that corresponds to the design stage in thePLC, is themost important
phase because every choice that is made in the design phase will have an impact
on the lifespan of the project system. Design should become a main consideration
for detecting the environmental impacts of project activities [9, 14]. Green design
concept is translated into five dimensions, i.e. design, innovation capability, product
safety, environmental control, and building and environment management [8, 9].
Table 2 contains the translation of one of the dimensions in the Green Design concept
to the indicator level [9].

Green material management is a concept that covers two stages of PLC, i.e.
planning/design phase and implementation/construction phase. This concept is about
how to take out hazardous material or harmful activities then replace them with less
harmful ones. Greenmaterial management concept is translated into five dimensions,
i.e. material planning, packaging, green transportation, material storage, andmaterial
handling [8, 10]. Table 3 contains the translation of one of the dimensions in theGreen
Material Management concept to the indicator level [10].

The implementation/construction stage on the PLC is represented by the Green
construction concept. This concept consists of process engineering to diminish the
use of resources and energy. This reduction aims to diminish total waste produced
during the construction phase. There are four dimensions which are derived from
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Table 1 The example of translation the Green Initiation indicators

No. Dimensions Elements Indicators

1 Environment conscious
design

Project owner commitment Educating project team
participants to achieve
sustainable construction and
building concepts

Provide vision statement on
the reason to develop GSCM
project

Facilitating the integration of
other project participants

Introducing green intention
early

Feasibility study Perform area, demographic,
and neighborhood analysis

Perform site review analysis
that evaluate the size,
topography, amenities, and
Governmental impacts

Perform market analysis

Perform financial analysis

Perform valuation analysis of
propose development in
project that calculated through
a discounted cash flow

Table 2 The example of translation the green design indicators

No. Dimensions Elements Indicators

1 Innovation capability Resource conservation Using non-toxic or less toxic
materials in design
specification

Consider material durability in
design specification

Design support for waste
management implementation

Make coordination design to
minimize excess cutting and
jointing of materials

Make design with standard
material dimension

Building element and material
design easily disassembled

Appropriate site development Percentage of basic green area

Placing sustainable building
project within easy access of
public facilities
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Table 3 The example of translation the green material management indicators

No. Dimensions Elements Indicators

1 Material planning Using material that environmental
friendly

Percentage utilization of
recyclable construction material

Percentage utilization of
hazardous material

Contract with supplier Percentage of contract with
suppliers

Select supplier with ISO 14001
certificate

Percentage of suppliers with
ISO 14001 certificate

Quality control of material Percentage of good material that
received in site

green construction, i.e. on-site management and planning, site operation, environ-
ment society, and reverse logistics [8, 11]. Table 4 contains the translation of one of
the dimensions in the Green Construction concept to the indicator level [11].

The last concept, green operation and maintenance corresponds to the last phase
of PLC, operation and maintenance. Green operations and maintenance consist of
strategy about work practices and material observation in a project with environ-
mental concern so that the green concept can still be applied during the operational
phase of the building [8, 12]. This concept is closely related to the practice of green
building principles.

BREEM (UK), LEED (US), BEAM (Hong Kong), CASBEE (Japan) and EDGE
(UK) are the various Green Building Rating System (GBRS) that have been devel-
oped around the world. The Green Building Rating Systems could help building

Table 4 The example of translation the green construction indicators

No. Dimensions Elements Indicators

1 Site operation Accidents due to negligence Number of work accident during a
project

Equipment malfunction Amount of broken equipment

There is equipment maintenance
schedule

There is equipment calibration
schedule

Use of wrong materials resulting in
their disposal

Percentage of waste that caused by
use of wrong material

Time pressure There is countdown timer
equipment for reminder project
schedule

Poor work ethic All work result meet the
specification that has been stated in
contract document
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owners in some concerns, which are base lining (i.e., establishing an initial measure-
ment against which to calibrate future performance), benchmarking (i.e., presenting
a basis for comparison with competitor), decision making (i.e.,creating a basis to
select among different solutions), documentation (i.e., to capture evidence to fulfill
the rules and regulations). According to the review, the most essential evaluation
criteria in the various of GBRS are energy, water, material, indoor environment, site,
land and outdoor environment, and innovation [5].

3 Research Methodology

This research is a descriptive study that develops a structure for green operation and
maintenance implementation as part of the green supply chain management. The
concept, dimensions, elements, and indicators consist of this framework. Data accu-
mulated by observation through the execution of a literature review and interview
with researcher, practitioner, and ministry experts. The literature review covered
the project life cycle, the management of the green supply chain in the construc-
tion industry, and some prior studies on organizational and maintenance issues. The
experts who become respondents are composed of four academic experts, two practi-
tioner experts, and one Ministry of Public Work specialist. The goal of the interview
is to compare the indicators established with the condition of the sector.

The previous study about issues in operation and maintenance phase are listed in
Table 5.

A previous study by Zainol et al. [15] and Asmone et al. [16] has identified
the factors and indicators that need to be considered to support the development
of a sustainable O&M phase. From the previous stage of PLC, some of the factors
and indicators, such as “technical defects,” “construction quality,” “building and
construction standards,” and “maintainability design,” must be decided. It shows the
interrelationship between phases in the PLC and a holistic approach is needed to
ensure the achievement of sustainability throughout the PLC. This vision is in line
with the research vision of Wibowo et al. [8] that carries the GSCM concept to try
to solve the problem of waste and inefficiency in the construction industry with the
aim of sustainable construction.

In a previous study conducted by Zainol et al. [15], Asmone et al. [16], and
Wibowo et al. [8], the model developed still did not provide the indicators that could
be measured directly in the project. This GOM study is the continuation of study
that has been conducted by Wibowo et al. [8]. So, based on this main reference
and supported by factors that exist in previous studies, this study will develop the
indicators of green operation and maintenance as part of GSCM in construction.
Indicator generation is carried out by tracing other studies that have addressed related
topics with the critical reference model elements. While the GBRS that stated in
Hwang research [5] will be used as additional reference and will be compared in the
discussion section.
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Table 5 The previous study about issues in operation and maintenance phase

No. Title and Authors Objectives Methods Result

1 Critical Factors that
Lead to Green Building
Operations and
Maintenance Problems
in Malaysia: A
Preliminary Study
Zainol et al. [15]

Identify the factors
that lead to green
buildings operation
and maintenance
problems in
Malaysia

Literature review,
questionnaire
survey

There are five
factors that lead to
green building
O&M problems, in
succession, i.e.
technical defects,
managerial
problems, social
and cultural
problems, political
and legal factors,
environmental and
biological effects
These five factors
are described in
more detail into 15
sub factors that
stated in the paper

2 Green Maintainability
Performance Indicators
for Highly Sustainable
and Maintainable
Building
Asmone et al. [16]

Propose a set of
critical green
maintainability
performance
indicators for
building projects

Literature review,
expert interviews,
DEMATEL

The indicators of
green
maintainability are
13 indicators with
22 sub indicators
that stated in the
paper
The critical
indicators of green
maintainability are
green procurement,
construction
quality, building
and construction
standards, design
for maintainability,
and sustainable
facilities
management

3 Factors for
Implementing Green
Supply Chain
Management in the
Construction Industry
Wibowo et al. [8]

Elaborate the
concepts,
dimensions, and
elements of Green
supply chain
management
(GSCM) and
develop the
framework for
implementing
GSCM in the
construction
industry

Literature review,
Delphi method

The framework for
implementing
GSCM consist of
five concepts, 22
dimensions, and 82
elements
Green operation
and maintenance
concept consist of
2 dimensions and
13 elements
The indicators is
not yet developed

(continued)
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Table 5 (continued)

No. Title and Authors Objectives Methods Result

4 Performance and
Improvement of Green
Construction
Projects—Management
Strategies and
Innovation
Hwang [5]

Identify and
compare the various
of green building
rating system that
have been developed
around the world to
determine the most
essential evaluation
criteria in the
various of GBRS

Literature review,
questionnaire
survey, interviews,
statistical analysis
methods, fuzzy
synthetic
evaluation
approach, risk
criticality index

The most essential
evaluation criteria
in the various of
GBRS are energy,
water, material,
indoor
environment, site,
land and outdoor
environment, and
innovation

4 Result and Discussion

4.1 Developing Indicators of Green Operation
and Maintenance as Part of GSCM in Construction

Green Operation and Maintenance (GOM) concept in Wibowo et al. [8] consists of
two dimensions and 13 elements. The dimensions are “Green Building” that break-
down to 9 elements and “Green Management Policy” that breakdown to 4 elements.
The result of literature studies and interviews conducted with expert respondents
are the indicators of GOM. Literature studies are conducted first, while interviews
with experts are done as verification of the suitability of the literature study results
with field conditions. The questionnaire was used as a tool to simplify the interview
process. The indicators of Green Operation and Maintenance as part of GSCM in
construction are listed in Table 6.

4.2 Discussion

Green operation and maintenance related with operation and maintenance phase in
Project Life Cycle (PLC). This phase has the longest period in PLC that covered the
entire building lifetime. From the description of the indicators above, most of the
indicators at first dimensions i.e. Green Building refer to GREENSHIP rating tools
as a model that is well known in Indonesia. The indicators referred to are indicators
related to the building operational process. These indicators can still be continuously
improved during the O&M phase, such as water infiltration and retention, daily
energy conservation, water conservation, CO2 emission reduction, and sewage and
waste disposal facility improvement. However, success in improving these indica-
tors greatly depends on the application of green in the previous PLC phase. Thus,
the GOM indicators cannot stand alone, but rather as a series of the entire GSCM
framework.
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Table 6 The indicators of green operation and maintenance

No. Element Indicator References

Dimension: Green Building

1 Greenery (vegetation planning) Percentage of basic green area [5, 17]

2 Water infiltration and retention Provide rainwater harvesting
installation equipment

[5, 17]

Use water from alternative resource
to sanitation and irrigation activity

[5, 17]

3 Daily energy conservation Measure energy used as a baseline
for application better energy
management

[5, 17]

Doing OTTV (overall thermal
transmittance value) calculation

[5, 17, 18]

Amount of energy savings in
building installed

[5, 17]

4 Water conservation Measure water used as a baseline
for application better water
management

[5, 17]

Amount of water savings in
building installed

[5, 17]

5 CO2 emission reduction Using high efficiency lighting [19, 20]

Using solar thermal water heater

6 Construction waste reduction Using concrete residual to make
nonstructural component (example:
cansteen/curb and car stopper)

[21]

Using ceramics cutting residual to
filling floor pattern or decoration

7 Sewage and waste disposal
facility improvement

There are on site wastewater
treatment system facility

[5, 17, 22]

Perform organic waste processing
(on site or third party cooperation)

[5, 17]

Perform an-organic waste
processing (on site or third party
cooperation)

[5, 17]

8 Biodiversity Percentage of vegetation landscape
(include garden above basement,
roof garden, terrace garden and
wall garden)

[5, 17]

9 Indoor environmental quality Indoor air quality meet the
specification threshold (CO2 =
530–1500 ppm; CO =
10–100.000 µg/m3; NO2 =
40–5600 µg/m3; SO2 =
20–5200 µg/m3; ammonia =
17.000 µg/m3)

[23]

(continued)
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Table 6 (continued)

No. Element Indicator References

Dimension: green management policy

10 Green corporate social
responsibility

Number of company regulation
that support green concept

[24, 25]

11 Green customer education Publish the sustainability report
company that extensively
accessible

[26, 27]

12 Green image promotion Installation green slogan board in
project site

[21, 26]

13 Certificate of building proper
function

Building has certificate of building
proper function

[28]

Concepts that are technically related with the GOM concept are Green Design
(GD), Green Material Management (GMM), and Green Construction (GC). The
GD elements that greatly influence the GOM are resource conservation, appropriate
site development, occupational health and safety, indoor health and comfort, design
support for energy conservation, design support for water conservation, and environ-
ment assessment [9]. All decisions about these elements will determine success in
carrying out the GOM indicators.

The GMM elements that directly influence the GOM are using materials that
are environmentally friendly, select suppliers with ISO14001 certificate, and quality
control of material [10]. The GC elements that directly influence the GOM are pollu-
tion control and quality control [11]. While GI became the basis for the implemen-
tation of all GSCM practices in the PLC, especially for the element of project owner
commitment [9].

The second dimension of the GOM concept is Green Management Policy which
means effort to improve the foundation of environment management by building
personal responsibility for eco-friendly activities and also modifying the policies,
practices, and principles of management system [29]. This dimension is complemen-
tary to the first dimension, i.e. Green Building, where the elements in green building
provide technical guidance, while elements in green management policy consist of
decisions at managerial level that can support the achievement of a sustainable O&M
phase.

This study has differences compared to studies conducted by Zainol et al. [15],
Asmone et al. [16], and Wibowo et al. [8]. First, in terms of concept, this study is a
unity in a series of GSCM implementationmodels in the construction industry, which
has integrated PLC into the model. This integration is expected to form a continuous
model and represent all stakeholders involved in the PLC. In addition, this study has
been able to present models up to the indicator level that can be implemented or
measured in a project.

In the past two decades, they were a rapid establishment of green building rating
systems.TheGBRSs is a systematic systembuilt to assess and check the sustainability
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Table 7 The comparison of the prevailing GBRSs and green operation and maintenance

No. Prevailing GBRSs
(BREEAM, LEED,
CASBEE, GM)

Green operation and maintenance

Aspects most
considered

Dimension: green building Dimension: green
management policy

1 Energy Daily energy conservation

2 Site Sewage and waste disposal
facility improvement

3 Indoor Environment Indoor environment quality

4 Land and Outdoor
Environment

Biodiversity

5 Material Construction waste reduction

6 Water Water infiltration and retention

7 Innovation Green corporate social
responsibility
Green customer education
Green image promotion
Certificate of building proper
function

and greenness of buildings by construction authorities, foreign organizations, or
private consulting companies [5].

Today, numerous GBRSs have been developed around the world to assess the
sustainability of buildings. Most GBRSs are specifically adapted to suit the country’s
building industry in which they are built and tomeet the unique needs of the buildings
of that country. The GBRSs announces that a building is eco-friendly and environ-
mentally safe, reflecting what widespread green components have been implemented
and describes the sustainable values and practices used [5]. The comparison of the
prevailing GBRSs evaluation criteria and Green operation and maintenance element
stated in Table 7.

It can be seen that the prevailing GBRSs which are the most considered are also
mentioned as indicators in Green Operation and Management. The dimension of
Green Building has five aspects that are similar to the prevailing GBRSs that are
energy, site, indoor environment, land and outdoor environment, material, water, and
innovation. Moreover, the dimension of Green Management Policy has indicators
that are green corporate social responsibility, green customer education, green image
promotion, and certificate of building proper function are considered as “innovation”
in the prevailing GBRSs. This research is in line with some previous research by
Hwang [5].
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5 Conclusion

The structure for the implementation of Green Operation and Maintenance as part
of GSCM in construction consists of two dimensions, i.e. Green building and Green
management policy. These dimensions are translated into 13 elements that consist of 9
elements of green building dimensions (Greenery (vegetation planning), Water infil-
tration and retention, Daily energy conservation, Water conservation, CO2 emission
reduction,Constructionwaste reduction, Sewage andwaste disposal facility improve-
ment, Biodiversity, and Indoor environmental quality. While the other 4 are the
elements of Green management policy, i.e. Green Corporate Social Responsibility,
Green Customer Education, Green Image Promotion, and Certificate of Building
Proper Function. These elements are translated into 21 indicators that consist of
17 indicators of Green building dimensions and 4 indicators of Green management
policy.

These indicators are ways to keep the building or deliverables environmentally
friendly during the O&Mphase. Comparedwith other previous research, this study is
in unity with the framework of GSCM implementation in the construction industry,
which has integrated PLC into the model. This research also presents a structured
model from concept, dimensions, elements, and indicators. Further research could
develop the detailed measurement scale to complete the measurement tools. Further-
more, the research can also be done by conducting empirical studies in construction
projects to validate the indicators and measurement tools.
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