


A Sustainability Decision Model for the Built Environment

Abstract

This paper introduces a decision model and framework for subcontractor selection
and team formation in the built environment based on the triple-bottom-line
economic/business, social and environmental aspects of sustainability. The model
and decision framework aid the decision maker in forming a construction project
team that can most benefit the overall goal of sustainability and compatibility
amongst the subcontractors (supply chain) from a number of trade industries. The
model uses both the analytical hierarchy process (AHP) and the analytical network
process (ANP) as its basis. Once the generic decision model is described, an example
application is used to show its use and feasibility. The robustness of the solution is
demonstrated using sensitivity analysis, allowing the decision maker to appreciate
the complexities in this decision environment. This is one of the few formal
modelling applications to sustainability in the built environment, an industry that has

significant economic, social, and environmental influences.
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Introduction

Sustainability has become a strategic imperative for businesses in the early stages of this century
and has evolved into a fundamental market force affecting long-term financial viability and
success (Orlitzky 2003). The concept of sustainability has permeated a number of decisions
management in these organizations must consider. A major driving force for these organizations
is the business value associated with effectively managing sustainability (McMullen, 2001). In
this evolution, some have simplified and categorized sustainability to three primary components
often referred to as the "triple-bottom-line”: economic, social, and environmental components
(Robins 2006). This paper identifies important factors and presents a decision framework that
incorporates these aspects within a built environment context. The decision model supports an
overall objective to aid a decision maker in selecting the set of sub-contractors that can most
sustainably contribute to a construction project while maintaining the highest level of
compatability. Within the three major dimensions we utilize the LEED requirements for
environmental sustainability evaluation and introduce a series of factors related to social
sustainability. A joint Analytic Hierarchy Process (AHP) and Analytic Network Process (ANP)
based model is presented for evaluating and forming a construction project team. An example
application is used to help us demonstrate the use and applicability of the model. Some
sensitivity analysis is also completed to determine the robustness of the solutions and allow
decision makers to arrive at a more complete appreciation of the approach and complexities in

this decision environment.

The Built Environment

The term “built environment” refers to all buildings and living spaces that are created, or

modified, by people. In addition to the buildings and spaces themselves, it also includes the
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infrastructural elements such as waste management, transportation and utility transmission
systems put in place to serve this building space. When evaluating the built environment, it is
important to take a broad view incorporating stakeholders and communities, beyond immediate
investors or building users. The intergenerational aspect of sustainability, making sure the needs
of future generations are not comprised by current activities, is even more pertinent in the built
environment since the structures are typically influencing the needs and requirements of present
and future generations. Sustainable construction is an emerging field of science that aims at
incorporating the general sustainable development concepts into conventional construction
practices (Matar et al. 2008). The triple-bottom line factors associated with the choices made in
the design and construction of buildings and outdoor living spaces must also be balanced. In
addition to balancing these often conflicting goals locally, decisions concerning the built
environment must also consider how choices made about building materials and systems can
have environmental and social impacts on broader regional and global dimensions. For example,
the entire supply chain for construction should be evaluated - from the selection of sustainable
material such as bamboo wood to finding contractor and subcontractor sources with corporate
socially responsible practices.

In the following sections, the factors for sustainable selection decisions in the built
environment organizations, specifically those organizations in the commercial, industrial, and

commercial building sector of this industry will be introduced.

Built Environment Processes and Actors

To be able to evaluate the sustainability dimensions of the built environment, the life cycle
processes for industrial and commercial buildings and the actors who play a role within these

processes should be understood. The process can be quite complex with a number of sub-
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processes that may have varying levels of importance depending on the characteristics of the
project. For commercial properties the process may range from evaluation of location decisions
to occupancy and management of these properties during the usage phases to end-of-life
management. Figure 1 provides one such operational life cycle of the processes involved for a
commercial property along with the major actors at each stage.

Figure 1 About Here

The major phases begin with the early evaluation and acquisition of the necessary
resources for the property. Next come various designs and estimated costs associated with
project alternatives. The early stage of acquiring the appropriate permits for construction will
occur after the appropriate design is selected. Investors and developers play a larger role in
acquisition of financing from various sources. Once these capital resources are lined up,
construction and construction planning organization will begin. Property leasing/letting/rental
may occur next depending on whether a sale of property will be made before letters are
determined. The final stage is occupancy and maintenance of the property.

Even though each stage has some sustainability influence, the early stages of acquisition
and design will typically play the largest role in the life cycle sustainability implications of the
property. Similar to product life cycle project planning where a vast majority of the eventual
costs of an overall project will be determined at this early design phase, sustainability
implications will also be determined at these early phases. Thus, the major opportunities to
design the built environment for sustainability occur at these early phases.

The actual sustainability impact of a commercial property may occur at various stages
depending on the purpose of this commercial property. For example, there might be significant

influence in the construction phase if it is a property that will not be used frequently, such as a
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storage location. Other types of properties such as apartment buildings with significant usage
may have the largest sustainability burden/implication at the later occupancy and maintenance
stages. Another factor that comes into play is the expected life of the commercial property and
may shift the burden to later stages as the life of the project increases. Finally, we introduce a
‘closed’ loop aspect to management of the built environment properties since materials and land

may be reused or made useful for other purposes at the end of a structure’s life.

Sustainability and the Triple Bottom Line

Businesses have taken the initiative to identify and capture value from the concept of
sustainability (McMullen 2001). Some have simplified and categorized sustainability to three
primary components often referred to as the “triple-bottom-line”: economic, social, and
environmental (Robins 2006). Organisations are increasingly aware that choices made about
products and processes can have profound environmental and social implications (Sarkis 2001).
Within this evolving context corporate decision makers have been overwhelmed with a plethora
of stakeholder pressures including pressures by environmental agencies, a social consciousness
towards workers, consumers, and communities, all which must be balanced against ensuring a

reasonable return on investment and long term enterprise viability for their stockholders.

At the organizational and supply chain level, it means that corporate social responsibility
will aid in the improvement of ecological and economic performance. This triple-win (social,
environmental and economic) becomes more feasible. ‘Doing well by doing good’ is the term
that has been espoused to show that organizations can do well on these performance metrics.

The research (CIEC 2005, Pearce 2003, RICS 2004) has shown, but to some mixed results, that
socially responsible organizations also perform well, at least in the short term. It is also expected
that in the long-term these organizations will continue to be socially healthy organizations.
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In our case, the three ‘triple-bottom-line” metrics will be categories in a series of factors
that may be used as a decision model that can help built environment organizations balance their
plans from sustainability perspective. The business and economic aspects of the built
environment and its processes have been well established, thus, our review of the business and
economic dimensions will not be included. Additionally, research and literature on the
environmental aspects of the built environment has seen substantial growth (Chau et al. 2007,
Chen and Wong 2005, Mator et al. 2008). Well established standards such as the LEED
requirements (Leadership in Energy and Environmental Design, Green Building Rating
System™), which are discussed further below, have been developed to provide commonality.
However, implications from a social sustainability perspective have rarely been discussed. Thus,

we briefly introduce the major aspects of this triple-bottom-line dimension.

Social Impacts

How and where construction and development occurs can affect not only the environmental but
also the social, mental and physical well-being of individuals and communities (EPA 2007).
Social impacts of the built environment and the supply chain implemented to develop them are
evidenced at both local and global levels. Local social impacts generally relate to the built
environment's direct and indirect effects on the constituents who utilize the environment and on
community in which it is constructed. Design decisions will influence social capital in ways such
as access to the disadvantaged, improved safety to users and occupants, and improved social
networks where social communities may be fostered through improved access and integration of
diverse groups and individuals. Benefits to the outside community achieved through sustainable
design can also be identified. Revitalization of distressed neighbourhoods and reduced crime and

vandalism can occur with appropriate urban and built environment designs. The built
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environment can also help an area regain a sense of community and pride in their
neighbourhood, especially when residents are involved and empowered in the design and
approval processes. Mental and social well-being can be improved through the implementation
of attractive, well maintained environments (MacMillan 2006, Lamore, 2006). Good design can
promote health not only through lower pollution but through the availability of green space, play
areas for children, and encouragement of outdoor activities for all residents. Local social impacts
extend beyond the design of the built environment into how the environment is constructed and
maintained. Reduced employment rates, improved worker training, and creation of living-wage
jobs can all be results of the conscious consideration of the social environment during
construction decision (CIEC 2005, Pearce 2003, RICS 2004).

Not all potential design and construction impacts of the built environment are beneficial.
While many of these negative impacts can be mitigated, they nonetheless require careful
consideration. An increased population may result in increased demands on school, health
facilities, housing and other social services (RICS 2004). Human rights and impacts on poverty
also need to be considered. The displacement and relocation of people may be necessary.
Controversial issues such as eminent domain may come into play or conversely, positive impacts

through the assimilation of new peoples and cultures into a community.

Global social impacts can occur (CIEC 2005). One such obvious global influence is
through the supply chains necessary to support the built environment industry. Like most
sustainable issues, it is often difficult to separate social and environmental decisions. The
sustainable supply chain for the built environment is in large measure comparable to the supply

chain for any product. However, the nature of the built environment and the construction
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industry often results in especially large impacts. Consider, for example the extraction and

manufacture of materials (the first phase of the construction supply chain life cycle).

A case in point is the choice of suppliers who use environmentally benign materials.
These materials can have large social impacts in those communities from which they are
extracted. Materials required for construction may include wood products — which if not done
with environmental considerations can lead to the deforestation of large areas of virgin hardwood
and rain forests. The environmental impacts are undeniable as are social and long term viability
impacts to the residents of these areas. Without wise stewardship of these resources, the long
term economic health of the local communities is questionable. Similarly, many materials
required for construction require the mining of resources from around the world. Here again, the
careful selection of suppliers to ensure that these mining practices are conducted in a sustainable,
safe manner with minimal impact to local populations is a consideration for socially responsible
companies. Beyond the initial extraction, the manufacture and processing of construction
products, materials, and assemblies can have profound impacts. Like many manufacturing
processes, globalization has resulted in the conducting of these processes in countries which may
not have the same laws and customs as developed nations (Pearce 2003). Factors such as child
labor, discrimination, long working hours, abuse of union rights, sub-living wages, social

inequality, and corruption are all factors which must be considered in selecting suppliers.

Considering the size and magnitude of materials required for construction, distribution
practices and selection of distribution and logistics providers plays an important role in the
sustainable built environment supply chain. There can be profound, albeit short term, disruptions

to traffic as well as long term impacts on transportation infrastructure.
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Exemplary Sustainability Indicators and Metrics

In the built environment the triple bottom line reinforces the interconnectedness of economic,
environmental, and social aspects of a project. Indicators and metrics are necessary for a number
of reasons. There are academic and research oriented reasons such as development of decision
aids, empirical investigations, and monitoring of developments. Practically, these indicators are
needed for policy decisions, benchmarking purposes, and practical organizational decision
making. In determining the preferred contactor from a sustainable viewpoint, sustainability
indicators and metrics need to be determined and analyzed. A summary of developed indicators
for the built environment are shown in Table 1.

Table 1 About Here

Economic Indicators

The Economic (or business) category identifies metrics and indicators measuring the interaction
with relevant customers and market segments that contribute to financial goals. Direct strategic
measures of financial and business performance such as net present value (NPV), return on
investment (ROI), quality, flexibility, time and cost can be introduced. An enterprise or
application requiring economic or business sustainability metrics would include them in this
category. Additionally, indirect measures of economic and business performance such as those
related to process performance and supply chain interactions may also be incorporated. For a
company pursuing sustainable practices, customers and markets would be very broadly defined
to include direct company customers, its shareholders, and also local and global communities,
workers, and other stakeholders not directly associated with the financial development of the
organization. It is still too early to determine the financial benefits when integrating sustainable

development and general sustainability into the built environment, however there is speculation
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that sustainable practice will improve future income streams for a variety of reasons. Examples
of these reasons include the possibility that owners could charge higher rents for those buildings
that have lower service charges due to increased operational efficiencies, or a higher rent could
be charged if the market creates a specific demand for sustainable buildings and there is an

availability shortage. (RICS, 2004)

Environmental Indicators

The LEED requirements represent the most common metrics and factors used to evaluate the
greenness of a building. Incorporating these factors into a building evaluation is an important
objective that designers are required to complete whether they are evaluating designs for an
existing or new building and its various design options. The supporting tools to help managers in
the evaluation process for LEED and others are a point system that is either valued the same
across factors (e.g. 0/1 scoring) or are the same value for the factors across designs and
organizations wishing to evaluate designs. It should be recognized that not all organizations and
designs would be seeking the same avenues for greening, in fact there may be some significant
tradeoffs that need to be considered. A listing of the factors and sub-factors based on these
requirements is shown in Table 2. There are a total of 6 factors (these are bolded and underlined
in Table 2) and 41 sub-factors that cover the spectrum of environmental dimensions for a
particular building. Additional factors that are more global in perspective may also be
introduced.

Table 2 About Here
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Social Indicators

Social value can be interpreted in a variety of ways and while multiple social indicators exist, for
the purposes of this research indicators and metrics encompassing broad categories such as
internal human resources, the external population, and stakeholder participation are suggested.
Social value can be determined by looking at a bundle of valued outcomes. For example, the
social indicator stakeholder influence reflects the bundle of valued outcomes pertaining to the
extent that the building and environment make a connection between people, creating or
enhancing opportunities for positive social interaction (Macmillan, 2006). Socially responsible
design, internal human resources, external population, community engagement, stakeholder
participation, and perceived aesthetics are the six social indicators selected. If a particular
contracting decision requires a use of different social indicators they can simply be substituted
into the table. Table 3 contains the nine indicators selected and the 33 metrics selected and

developed in previous research (Labuschange et al., 2005; Presley et al., 2007).

Table 3 About Here

Decision Models and a Decision Framework for Sustainability in the Built Environment

Sub-Contractor Selection

How these factors may be used in a decision modeling approach is presented as part of a decision
framework for sub-contractor selection. In this section we discuss various decision models that
have been utilized in the context of the built environment. These decision models set the
foundation for the decision framework presented in the subsequent section. The decision models

presented show an existence of a gap in the research.
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Decision Models in the Built Environment

The building contractor selection process is critical for clients seeking to conduct large
construction projects. The selection decision is dependent on numerous criteria and multiple
criteria decision making (MCDM) tools would be most appropriate for this selection process
(Cheng and Li, 2004). MCDM tools have also been used for various steps in the building process
including the selection of construction locations (Cheng et al., 2005), projects and project
designs (Cheng and Li, 2005), strategic partnering (Cheng and Li, 2007) and even the end-of-life

situation of derelict buildings (Zavadskas and Antucheviciene, 2007).

The integration of environmental factors into construction decisions only adds to this
complexity of factors. Some of the frameworks in the literature include the development of a
pollution mitigation factors used for early construction design plan selection using various
Analytical Network Process (ANP) models (Chen, et al., 2005) and multiple criteria models for
specific technology selection also at the design stages of building construction (Nelms et al.,

2007).

Multiple criteria approaches and techniques are initially require the development of
factors. Sustainability factors have traditionally focused on environmental issues (e.g.
Saparauskas, 2003; San-Jose et al., 2007). Decision tools incorporating performance metrics for
sustainable building evaluation are still emergent, the explicit use and application of a
comprehensive set of social and environmental set of dimensions still lacking (Ding, 2005;

Zavadskas and Antucheviciene, 2007).

The complexity of decisions within construction projects can be quite large. Varying
levels of analysis can help structure the decision environment and target or select appropriate
tools for managerial decision making. Levels can include a project assets level which can range
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from specific technologies and supplier-sub-contractor selection, to higher levels of overall
project selection, to whole community programs whether they are urban development, rural
development or regional development planning. Another modelling consideration is the life cycle
dimension of a project. Models can be developed from early planning and site location to end-
of-life management of property. The final dimension consists of the performance metrics that
can be used in the evaluation from basic business, operational and design performance and

extending to financial, environmental and social performance metrics.

A Decision Framework

In this section we introduce an Analytic Hierarchy Process (AHP) and Analytic Network Process
(ANP) decision model. Its development will be based on the broader sustainability framework
utilizing various metrics and indicators. The particular emphasis here is on the selection of
subcontractors based primarily on sustainability dimensions, but also be compatible with other

subcontractors. The decision framework is summarized in Figure 2.

Figure 2 About Here

The decision framework allows for consideration and integration of decision factors related to
sustainability in addition to more traditional selection criteria. The model presented is purposely
meant to be generic. It is acknowledged that each contractor and each construction project
(decision maker) will have its own set of criteria and that the model for a particular situation may
incorporate other levels, attributes and criteria. Our attempt here is to present a generalized
decision framework based on factors and criteria often discussed in the literature and utilized in

practice, which could be adapted or extended to support a particular situation or organization.
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This generic decision framework uses the factors discussed earlier (and summarized in
Tables 1-3) to develop a model which explicitly considers many of the sustainability selection
issues. In AHP, the relevant criteria and alternatives are structured in the form of a hierarchy.
The higher the level, the more "strategic" or broad the decision. The topmost elements are
decomposed into sub-components and attributes. The model development will require the
development of attributes at each level and a definition of their relationships. At the bottom of
the hierarchy are the various alternatives which are to be evaluated and eventually ranked or

selected.

The overall goal of our framework is to select the best subcontractors for a project based
on various criteria. We are seeking to determine which of several alternative subcontractors
(shown at the bottom of the hierarchy) would best support the realization of the overall
sustainability goals while maintaining compatibility amongst the various subcontractors and
trades. We introduce an additional level at the top of this decision framework which has been
included as an extension to the traditional AHP model. At the top of the framework are four
elements — Benefits, Cost, Opportunity, and Risk (BCOR) (Erdogmus et al., 2005; Saaty, 1996;
Wijnmalen, 2007). These dimensions are included to integrate positive (Benefits and
Opportunities) with negative (Cost and Risk) aspects of a decision environment within the AHP
process. Traditionally, only a single hierarchy is included in AHP decision models. The BCOR
analysis allows for explicitly considering all impacts of a particular decision on each of these

dimensions.

There are several options for including these elements in the decision process. The most
comprehensive option is to create and analyze four separate hierarchies for each of the BCOR

elements. Each hierarchy would have the same objective (“Selection of Subcontractors” in

WP2009-08 14



Figure 2). The result of these analyses would be ‘relative rating scores’ for each of the alternate
subcontractors for cost, benefits, risks, and opportunities. These separate BCOR scores may then
be aggregated for each subcontractor using one of several multiplicative and additive approaches
to aggregation (Wijnmalen, 2007). The aggregate scores are used to compare and choose the
final subcontractor for a particular trade. Each hierarchy may start with the same basic levels,
and then either use the same decision components or eliminate unnecessary factors as needed.

Less comprehensive approaches would use only select BCOR elements (e.g., BCO, BCR, etc.).

Since we cannot directly assess the alternatives versus the goal of choosing the best
subcontractor, intermediate levels of the hierarchy (based on our sustainability discussion and
factor development) are needed. In this model, the first level below the objective consists of the
‘triple-bottom-line’ categories: Economic, Social, and Environmental. The inclusion of the
sustainability categories level allows us to evaluate the importance of each of these categories
relative to each other for a particular decision maker (assumed to be a general contractor, owner,
or architectural firm).

This relative importance of the sustainability categories is determined during the AHP
evaluation process where the decision maker be asked a series of pair-wise comparisons. The
response is then converted to a numeric value on a scale of 1/9 to 9, where a value of 9 means a
factor overwhelming (extremely) dominant or more important than another factor, a 1 means
indifference between the factors, and 1/9 means the factor is dominated by the other. The value
of this approach is that each contractor or decision maker would place varying levels of
importance on each of the categories depending on the particular decision being made.

Below the three major sustainability factor Categories, specific Sustainability Factors are

introduced. Relevant and exemplary measures within each sustainability category which were
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presented in Tablel are used, with the qualification that many more factors could be identified.
Tables 2 and 3, which provide significantly more detailed levels of factors, show that at least
another level of factors may be used for additional ‘fine-tuning’ of decisions. This additional
level of factors will lead to more complexity and effort necessary to complete the decision

analysis, but can provide a more nuanced evaluation of the alternatives.

Another set of elements to consider are the various Subcontractor Trades to be
considered. While various lists of possible subcontractor categories are available, for purposes of
exposition, we present a comprehensive listing of trades in Table 4, as they seem to be applicable
to most construction situations. A sub-grouping is shown in Figure 2, assuming that these trades
will be the only ones that the contractor is seeking to subcontract for our particular example.

The decision model could be applied separately to each subcontractor trade grouping (one
model to select the electrical contractor, again for the masonry contractor, etc.). When selecting
subcontractors from more than one trade, the simplest method would be to complete the relative
importance for the higher level factors and apply these to all subcontractor decisions. That is,
importance weights would be developed for the various economic, environmental, and social
factors for the overall decision and the importance of social factors would not be greater for
HVAC subcontractors than Plumbing contractors. Another approach would be to develop
separate weightings for each trade if certain impacts are seen to be greater for certain trades. For
example, Materials and Resources impacts are of more concern when considering Carpentry or
Masonry subcontractors than when looking at Electrical subcontractors.

Table 4 About Here

The steps described to this point would allow for the evaluation of subcontractors from a

trade in isolation. However, there may be concern of the compatibility of the various
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subcontractors in completing a large scale project. Therefore, an additional step in this process is
the inclusion of an interdependency arc that considers the influence or relationships amongst the
sub-contractors. In this case, the interdependency will be a general ‘compatibility’ factor'.
Including this factor requires that ANP be integrated into the decision analysis. The ANP and
AHP methodological approaches will now be overviewed with details presented in an illustrative

example.

An Overview of the AHP Methodology

We have alluded to some steps of the AHP and ANP methodology earlier in our discussion of
the decision framework. Here we provide a more structured overview of the major steps. There

are seven major steps in applying the both approaches.

1. Develop a hierarchy of factors influencing the final decision. The top level of the
hierarchy is the decision or objective itself, with the bottom level consisting of the alternative
subcontractors under evaluation. In our case, the objective (as shown in Figure 2) is selecting the
‘best’ subcontractor from each trade and forming the project team. The figure shows one the
BCOR elements above this to indicate that hierarchies could be developed for each of these
elements. The categories and factors used to make the decision comprise the middle levels. For
this model, the objective of choosing the best subcontractor for any or all of the trades shown in
the next to lowest level. The subcontractors are shown at the lowest level.

2. Elicit pairwise comparisons (PWCs) between the factors, using inputs from decision

makers or managers. From each pairwise comparison matrix obtained in Step 2, we calculate the

' Compatibility is used as a general term in this situation. Compatibility may include a number of relationship
dimensions including trust, history with subcontractors, contractual relationships, similarities in size, technological
compatibility, philosophical compatibility, etc. We do not detail each of these relationships, but decomposition of
the compatibility attribute to its subcomponents could be completed. But, as can be seen from the supermatrix, the
number of pairwise comparison matrices and questions will increase dramatically.
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relative ranking of factors with respect to the corresponding controlling factor. This relative
ranking is completed by determining a local priority vector for the pairwise comparison matrix
computed as the unique solution to:

Aw =4, W, (1)

3. Determine the overall importance weight of the subcontractor alternatives for each
BCOR hierarchy and with respect to the decision. This overall score is calculated as a weighted
average of the relative weights computed in Step 3.

4. Aggregate the BCOR values for each of the subcontractor groups and rank each
subcontractor. This step represents the end of the AHP portion

In addition to the AHP portion, we will include some ANP analysis based on the
compatibility of subcontractors. ANP will also require some steps using the same decision
hierarchy diagram shown in Figure 2. The major difference will be three additional steps.

5. Develop a supermatrix of the interdependent weights associated with subcontractor
compatibility using PWC’s associated with questions pertaining to relative compatibility
between subcontractors from one trade group on another subcontractor in a different trade group
(e.g. relative compatibility of carpenters for a specific electrical subcontractor).

6. Determine the converged stable weights for each subcontractor by raising the
supermatrix to a sufficiently high enough power.

7. Integrate the compatibility results with the various BCOR ratios through a weighted
additive aggregation scheme.

Hllustrative Example
In this section we demonstrate the methodology using an illustrative example. To facilitate the

discussion, a slightly reduced model from the one presented in Figure 2 will be used. The
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example will only develop priorities for the Benefit and Cost hierarchies. The goal is to select the
best project team, not merely the best Carpentry or the best Systems subcontractor. This will
require the development of weights for each subcontractor in a trade along with the consideration
of compatibility amongst the various subcontractors.

For each of the three triple-bottom line sustainability categories, the following factors
sustainability metrics in Table 1 are used:

1. Economic and Business: Cost, Quality, Timeliness

2. Environmental: Environment and Atmosphere, Materials and Resources, Innovation and
Design Process

3. Social: Employment Practices, Human Capital, Community Capital.

Three contractors from each of the trades (Carpentry, Electrical, etc.) are considered. In
the AHP portion of the methodology we will initially consider selection of the subcontractor
separately within each of the trades. We will describe the development of the weights for the
carpentry trade in detail. The weights determination for the other trades follows a similar
process. To set the stage, assume that the first carpentry subcontractor (C1) has extensive
experience in green building, having already successfully completed several projects. They use
innovative sustainable practices and materials in construction. C1 performs high quality work,
but at a higher financial cost than other contractors. They also employ and possess more
sustainable practices and attitudes. Carpenter firm 3 (C3) is more traditional with very limited
experience in green building and not as innovative. While certainly not socially or
environmentally irresponsible, the company does not place much emphasis on these traits. Its

strengths are in performing quality work at a reasonably low cost, usually on schedule. The third
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carpentry subcontractor (C2) represents a compromise between the two, scoring between C1 and
C3 on most metrics.

We first complete the cost and benefit hierarchies irrespective of lower level factors’
influences. The first step is to develop the priorities for the first level (triple bottom line) factors.
As discussed earlier, this step consists of asking a series of questions to determine the relative
importance of each factor. For example, in a Benefits hierarchy the decision maker would be
asked a question such as: “How much more important are Economic factors when compared to
Environmental factors in contribution to overall benefits?” Table 5 shows the results for this
Benefits analysis. In this case, the decision maker (contractor) has chosen to place slightly higher
importance on both the Environmental and Social aspects of benefits of the project (as seen by
the 1/3 in the respective cells of the Economic/Business row in Table 5). Environmental and
Social benefits are seen as being equally important (weights of 0.429 each). The priorities are
then calculated and are shown in the last column.

Table 5 About Here

A similar process will be completed for the factors under each of the three categories.
For example, within Economic/Business, a series of pairwise comparisons are conducted for the
three factors (Cost, Quality, and Time). In this case the question is: “How much more important
is the Time factors when compared to Quality factor in contribution to the Economic and
Business benefits?” Finally, the three contractors are compared on each of the nine lowest level
criteria and a composite priority ranking is developed. Table 6 shows the local weights at each
level. For Economic and Business factors, the relative priority weights for Cost, Quality, and
Time are 0.637, 0.258, and 0.105, respectively. Finally, under each of these are the priority

weights of each Carpentry subcontractor. For the Cost metric, C1 has a weight of 0.105 (as it is
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the most costly alternative and provides the least benefit), C2 has a weight of 0.258, and C3 (the
most economical contractor) has a weigh of .637. On other factors, the weightings may be
reversed. As an example, C1 has the highest weight for Environmental and Atmosphere (E & A),
as it is seen to present the greatest benefit in this area.

Table 6 About Here

Table 7 presents the local and global weights for each alternative for the Benefits and
Costs hierarchy. These weights were calculated using Web-HIPRE, a software program for AHP
calculations (Mustajoki and Hamaéldinen, 2000). The last row of the table presents the overall
weights for the Benefits hierarchy for the three alternatives. In this case C1 is the highest rated
alternative at 0.605, while C3 is the lowest rated. Similarly, Table 8 shows the final priorities for
the Costs hierarchy.

Table 7 About Here
Table 8 About Here

The next step is to calculate the Benefits/Cost ratio (BCR) for each subcontractor by
simple division. Higher ratios are preferred. Table 9 shows the complete Benefit, Cost and BCR
for all 18 subcontractors under consideration. Additionally, the last column in the table presents a
normalized BCR score such that all scores sum to one. The bolded number in each column
within a trade indicates the best normalized ratio (highest Benefit value, lowest Cost value, and
highest BCR) for each trade. For the Carpentry trade, C1 has the highest ratio, due to higher
benefits for its given cost valuation.

Table 9 About Here
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If only the benefits and costs factors are to be considered, the subcontractor in bold for
each trade would be chosen. However, for complex projects where interactions and relationships
amongst subcontractors may be a critical factor, the compatibility (which can have numerous
dimensions itself) of a subcontractor with other subcontractors on the project team may influence
the selection decision. In the next sections we discuss compatibility as an integrative decision
criterion with the B/C ratio in subcontractor selection. An Analytic Network Process (ANP)
approach is used to develop a compatibility weight for each subcontractor.

ANP and Integrating Compatibility into the Decision

The overall success of a construction project can reside in the compatibility of systems that need
to work together. Subcontractors who are aligned in terms of similar values, working cultures,
communication and information sharing can be defined as compatible. Compatibility fosters an
atmosphere of trust which may lead to increased performance, innovation and ultimately long
term survival. Contractors can select the best subcontractors based on compatibility which may
have been established through previous relationships, reputation, or other subjective
characteristics. ANP is a tool that enables the contractor to quantitatively define the
compatibility amongst subcontractors. ANP (Meade et al., 1997; Meade and Sarkis, 1999;
Sarkis and Sundarraj, 2006; Sarkis et al., 2007) uses a “supermatrix” to model the effects of the
interdependencies between or within clusters (levels, factors). The supermatrix is a partitioned
matrix where each submatrix is composed of a set of relationships between or within clusters in
the graphical model. The supermatrix was developed to compare the overall subcontractor to
subcontractor compatibility.

Table 10 is the initial completed supermatrix. The formation of the supermatrix requires

an additional series of pairwise comparison matrices. The supermatrix is comprised of the
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relative compatibility scores from the comparison matrices of the subcontractors within one trade
group to a subcontractor in another trade group.. For example, let us assume that we are looking
for the relative compatibility of the three carpentry subcontractors (C1, C2, and C3) with respect
to Electrical Subcontractor 1 (E1). We would simply ask the following set of pairwise
comparison questions (three in all for each relationship): “How much more compatible to E1 is
C1 when compared to C2?”. As can be seen in the supermatrix in Table 10, under column E1,
C2 has the most compatibility with E1 (a value of 0.614), C1 has the least compatibility with E1
with a value of 0.083. Overall, there are 90 3x3 pairwise comparison matrices, with a total of
270 pairwise comparison questions asked.

Table 10 About Here

The next step in the supermatrix evaluation is to determine the final relative compatibility
weights for each of the subcontractors. To complete this step and help guarantee convergence,
the columns of the supermatrix must be made “column stochastic”. That is, the weights within
each column for the supermatrix are normalized to sum to 1. This normalization occurs by
dividing each weight in the column by the sum of that column. For convergence to a final set of
weights, we raise the normalized (column stochastic) supermatrix to a large power until
stabilization of the weights occurs. For our example, acceptable convergence occurred when the
supermatrix was raised to the 64™ power.

Our final converged compatibility weights from the supermatrix are shown in Table 11.
We then normalize the weights to sum to one within each trade. In these results we see that C1,
when compared to C2 and C3 is, overall, the most compatible with each of the other
subcontractors in other trades with a normalized relative compatibility weight of 0.428.

Table 11 About Here
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There are several approaches to integrating compatibility weights with the Benefits/Cost
ratio (Wijnmalen, 2007). These include additive and multiplicative approaches, with
multiplicative approaches utilizing the weights as exponential values. To keep the analysis
uncomplicated a weighted sum between the BCR and the compatibility weights is utilized using

the next two expressions:

SC! = BCR x Wy + C X W, 2

WBCR + I/Vcnmp = 1 (3)

Where SC! is the overall priority weight for subcontractor i of trade #; BCR is the BCR score

for subcontractor i of trade ¢; W,

or 18 weight assigned to the BCR score; C; is the compatibility

score for subcontractor i of trade #; and W

comp

is the weight assigned to the compatibility score.

If we set W,

»cx = 0.80 1n the decision, the calculation of the overall priorities for the

Carpenter C1 would be equal to (1.430 * .80) + (0.428 * .20) or 0.492. Similarly the overall
priority for C2 and C3 would equal .299 and .210, respectively. In this case carpenter C1 would
be preferred. Table 12 presents the priorities for each of the trades at the 0.80 weight for the
BCR.

Table 12 About Here

In those cases where a subcontractor has the highest weights for both the BCR and
Compatibility (e.g., C1 and E1), they clearly result in the highest overall scores. In those cases
where a subcontractor does not have the highest scores for both, the overall score is dependent
on the weight assigned to the BCR and Compatibility (as is evident in all other trades). In those
cases where the overall scores are close to each other (e.g., P1 and P2), it may be advantageous

to perform a sensitivity analysis to determine how sensitive the overall decision is to incremental
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perturbations in W,., and W _ . Table 13 shows an analysis for the plumbing trade, with

BCR comp *

w,

»cr varying from 1.0 (essentially ignoring Compatibility as a factor) to 0.0 (ignoring BCR as a
factor), in 0.2 increments.

Table 13 About Here

As can be seen, P2 which had the highest BCR score but the lowest Compatibility score

is preferred when W, is approximately 0.7557, subcontractor P2

BCR

is relatively high. When W,

BCR

becomes preferred. Finally, at W, .,

=0.276, P3 becomes preferred. Figure 3 shows a graph of

the overall priorities for the 3 plumbing subcontractors with the W, .,

value shown along the
horizontal axis.

Figure 3 About Here

Future Directions and Considerations

In this paper we have identified a major gap in the literature for sustainability and decision
modeling for a specific industry, the built environment. We argue this industry is quite
important from general economic, environmental and social sustainability perspectives. For
example, the life cycle of products that emerge from the built environment processes are
typically inter-generational. That is, future generations will be influenced by decisions made
today in terms of buildings and supporting infrastructure related to the built environment
processes and products. Thus, more than most products and industries this one has a direct

relationship to the inter-generational management philosophy associated with sustainability.

? Simple linear equations are determined and the lines solved simultaneously to arrive at the break points

(switchover values) for W, .
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We also introduced a number of decision factors and attributes that could be considered
on any of the major steps within the built environment’s operational and production life cycle.
The factors include economic/business, environmental and social factors, part of the triple-
bottom-line aspects of sustainability and decision making. Typically, decision models that have
been applied to this area have focused primarily on the economic and business factors associated
with the decisions. Some models have also introduced considerations of various environmental
factors and attributes into the decision models. What has been lacking in the literature and in
research is the further inclusion of social sustainability factors into the broader sustainability
decision making environment.

After introduction of a general set of factors, we integrated them into a decision making
hierarchical framework that can be analyzed utilizing the AHP and ANP approach. In addition
to introducing the broader sustainability factors and issues into built environment decisions, the
contribution of this paper is introduction of a decision framework and methodology that shows
the interrelationships amongst the various factors, attributes and alternatives and a solution
methodology to help contractors form construction teams. We also presented this model within
the broader and more robust analysis of a BCOR methodology and integration of a compatibility
factor. Sensitivity analysis shows that in some cases the solution is quite robust, but in other
cases slight perturbations in weights on these factors can cause relatively significant selection
decisions. Thus, a managerial implication here is to be very careful with weight determination
and selection and completion of a more complete analysis is needed.

Even with the advantages of a new model and framework that can incorporate tangible
and intangible, triple-bottom-line sustainability factors, and relationship considerations, there are

avenues for further investigation and improvement. We now list some:
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1) Introducing a broader framework that incorporates the selection decision with various life
cycle processes. In this paper we focused on the construction and contractor selection
decision. There are design, site location, occupancy, and end-of-life phases that can all
be integrated into a more general framework.

2) Considering additional relationships within and between factor groupings. For example
some environmental factors may influence social factors, such as hazardous materials
effecting the health and safety of workers.

3) Integration with other decision making approaches. AHP and the decision methodology
has been used with other multiattribute approaches for decision making purposes. For
example integration with utility theory, data envelopment analysis, and goal
programming have all been approaches that took advantage of AHP’s relative weight
scoring and the optimization associated with some of these other approaches. A multiple-
stage methodology can have significant rigor to the decision making process.

What we have not completed in this paper is an extension of the proposed model to a specific
real world case study. This extension will provide us with insights for practically validating and
improving the model and selection of factors.
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Table 1: Exemplary Sustainability Indicators and Metrics

ECONOMIC/BUSINESS ENVIRONMENTAL SOCIAL

Quality Sustainable Sites Employment Stability
Time Water Efficiency Employment Practices
Flexibility Energy and Atmosphere Health and Safety
Cost Materials and Resources Capacity Development
NPV Indoor Environmental Quality | Human Capital

ROI Innovation and Design Process | Productive Capital

Community Capital

Information Provision

WP2009-08
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Table 2: A Listing of the Factors and Sub-factors of the LEED Requirements. (environmental)

Sustainable Sites

Erosion & Sedimentation Control (ESC)
Site Selection (SS)

Development Density (DD)
Community Connectivity (CC)
Brownfield Redevelopment (BR)
Alternative Transportation (AT)
Site Development (SD)
Stormwater Design (SRMD)
Heat Island Effect (HIE)

Light Pollution Reduction (LPR)

Water Efficiency

Water Efficient Landscaping (WEL)
Innovative Wastewater Technologies (IWT)
Water Use Reduction (WUR)

Energy and Atmosphere

The Building Energy Systems (BES)
Minimum Energy Performance (MEP)
CFC Reduction (CFC)

Optimize Energy Performance (OEP)
Renewable Energy (RE)

Enhanced Commissioning (EC)
Refrigerant Selection (RS)
Measurement & Verification (MV)
Green Power (GP)

Materials and Resources

Storage & Collection of Recyclables (SCR)
Building Reuse (BLDR)

Construction Waste Management (CWM)
Resource Reuse (RR)

Recycled Content (RC)

Regional Materials (RGM)

Renewable Materials (RNM)

Indoor Environmental Quality

Minimum Indoor Air Quality Performance
(IAQP)

Environmental Tobacco Smoke Control
(ETSC)

Outdoor Air Delivery Monitoring (OADM)
Increased Ventilation (IV)

Construction IAQ Management Plan (CIMP)
Low-Emitting Materials (LEM)

Indoor Chemical & Pollutant Source Control
(ICC)

Controllability of Systems (COS)

Thermal Comfort (TC)

Daylight & Views (DV)

Innovation and Design Process
Innovation in Design (IID)
LEED Accredited Professional (LAP)
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Table 3. A Listing of the Social Factors and Subfactors

Employment Stability
Job Opportunities
Employment Compensation

Employment Practices
Disciplinary and Security Practices
Employee Contracts

Equity

Labor Sources

Diversity

Discrimination

Flexible Working Arrangements

Health and Safety
Health and Safety Incidents
Health and Safety Practices

Capacity Development
Research and Development
Career Development

Productive Capital

Housing

Service Infrastructure

Mobility Infrastructure

Regulatory and Public Services
Supporting Educational Institutions

Community Capital

Sensory Stimuli

Security

Cultural Properties

Economic Welfare and Growth
Social Cohesion

Social Pathologies

Grants and Donations
Supporting Community Projects

Information Provision
Collective Audience
Selected Audience
Stakeholder Engagement

Human Capital
Health Stakeholder Influence
Education Decision Influence Potential
Stakeholder Empowerment
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Table 4: Categories and examples of Various Trades for Built Environment Work

Categories of Trades for Built
Environment Work

Examples of Specific Types of Trades

General Requirements (Site
Super, Labour, Fencing,

Boilermakers
Brickmasons, blockmasons, and stonemasons

Insurance, etc.)

Site Work
Concrete
Masonry

Structural Steel
Wood & Plastics
Thermal & Moisture

Protection

Doors & Windows

Finishes
Specialties
Equipment
Furnishings

Special Construction
Conveying Systems

Mechanical
Electrical

Carpenters

Carpet, floor, and tile installers and finishers
Cement masons, concrete finishers, segmental
pavers, and terrazzo workers

Construction and building inspectors
Construction equipment operators

Construction laborers

Drywall installers, ceiling tile installers, and tapers
Electricians

Elevator installers and repairers

Glaziers

Hazardous materials removal workers

Insulation workers

Painters and paperhangers

Pipelayers, plumbers, pipefitters, and steamfitters
Plasterers and stucco masons

Roofers

Sheet metal workers

Structural and reinforcing iron and metal workers

Table 5: AHP Weights for Benefits Analysis

WP2009-08

Benefits Econ/Bus | Env Social | Weight
Economic/Business | 1 1/3 1/3 143
Environmental 3 1 1 429
Social 3 1 1 429
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Table 6: Weights at each level of the Benefits hierarchy for carpentry subcontractors

0 Select SubContractor

Econ and Bus 0.143

Environmental 0.429

Social 0.429

CST0.637 QL 0.258 TIM 0.105 E&A0291 M&RO0.605 IDPO0.105 EP 0.091 HCO0.455 CC0.455
C10.105 C10.637 C10.143 C10.637 C10.731 0.625 0.429 C10.625 C10.691
C20258 C20258 (C20.429 C20.258 C20.188 0.238 0.429 C20238 (C20.218
C30.637 C30.105 C30.429 C30.105 C30.081 0.136 0.143 C30.136  C30.091
Table 7: Composite Priorities for Benefits
Cl C2 C3
Econ and Bus | 0.035 | 0.039 | 0.068
Environment | 0.297 | 0.092 | 0.040
Social 0.273 |0.106 | 0.050
Overall 0.605 |0.237 | 0.158
Table 8: Composite Priorities for Costs
Composite Priorities: Costs
Cl C2 C3
Econand Bus | 0.380 | 0.171 |0.132
Environment | 0.025 | 0.061 | 0.114
Social 0.18 0.042 | 0.057
Overall 0.423 10.274 ]0.303
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Table 9: Benefits Cost Ratios for Subcontractors

Normed

Trade/Subcontractor | Benefit Cost BCR BCR
Carpenter

C1 0.605 0.423 1.430 0.508

C2 0.237 0.274 0.865 0.307

C3 0.158 0.303 0.521 0.185
Electrical

E1 0.558 0.376 1.484 0.510

E2 0.283 0.304 0.931 0.320

E3 0.159 0.321 0.495 0.170
Heating and Ventilation

H1 0.301 0.288 1.045 0.355

H2 0.506 0.391 1.294 0.440

H3 0.193 0.321 0.601 0.204
Masonry

M1 0.303 0.330 0.918 0.319

M2 0.500 0.364 1.374 0.477

M3 0.197 0.336 0.586 0.204
Plumber

P1 0.368 0.341 1.079 0.359

P2 0.386 0.321 1.202 0.400

P3 0.246 0.338 0.728 0.242
Systems

S1 0.238 0.355 0.670 0.220

S2 0.392 0.349 1.123 0.369

S3 0.370 0.296 1.250 0.411

Note: Best Score in Bold
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