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In today’s rapidly changing global world, the sustainability of an organization depends not only 

upon its financial performance, but also upon its environmental and social performance. It is 

suggested that policy makers, and corporate and engineering managers integrate economic, 

environmental and social objectives i.e., the triple bottom line (TBL) into their overall strategic 

plan and consider these objectives in their decision making. Investment planning and capital 

budgeting decisions play a critical role in aligning an organization with its economic, 

environmental and social strategic objectives. This research introduces a new decision making 

tool that integrates both financial and non-financial performance measures into the process of 

investment planning and capital budgeting via the TBL. It makes use of stakeholder theory for 

group decision making, analytic network process (ANP) as a decision support tool and stochastic 

linear programming to create an optimal investment portfolio. This new tool evaluates and 

prioritizes a set of projects and creates a long-term balanced investment portfolio based upon the 

perspectives and priorities of the stakeholder groups and decision makers. It can assist decision 

makers with developing and making proactive decisions which support the strategy of their 

organization with respect to economic, environmental and social issues, ensuring the 

sustainability of their organization in the future. To create a sustainability culture both in 

academia and business environment, and to encourage communities for sustainable development, 

a real life application of the developed tool is provided through coordination with Sustainable 

Pittsburgh and Cranberry Township business leaders. 
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1.0  INTRODUCTION 

As we begin the 21st Century, it is evident that the world is rapidly changing. In today’s high 

technology environment, while it is possible to easily purchase a product from another country, it 

is also possible to be adversely impacted by global warming propagated by the carbon emissions 

from manufacturers in other countries. In recent years, as environmental problems and their 

impact on nature, people and economies have been understood by policy makers, corporate and 

engineering managers, these stakeholders have started to look for new and contemporary 

management tools. Mainly, they have focused on developing management tools that will provide 

an insight into the best decisions leading to sustainable development in the changing world.  

In this context, a new management tool that integrates both financial and non-financial 

performance measures including environmental and social, into the process of project portfolio 

management, investment planning and capital budgeting decisions via the triple bottom line 

(TBL) framework is proposed. This tool makes use of stakeholder theory for group decision 

making, analytic network process (ANP) as a decision support tool and stochastic linear 

programming to create an optimal investment project portfolio. In summary, it evaluates and 

prioritizes a set of projects by considering their impacts on different stakeholder groups such as 

shareholders, suppliers, employees, customers, non-governmental organizations (NGOs), 

financial partners, regulators, public authorities, community, etc., and creates an optimal 

balanced investment project portfolio based on that prioritization throughout a predetermined 
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planning horizon. More specifically, it answers the question "Which projects should be selected, 

at what point should these projects be selected, and to what level should an organization invest 

in these projects to improve or even maximize its sustainability?" 
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2.0  MOTIVATION 

The word sustainability remains ambiguous although it has been used frequently by many 

people. The World Commission on Environment and Development (1987) defines sustainability 

as “economic development that meets the needs of the present generation without compromising 

the ability of future generations to meet their own needs.” This definition is considered as the 

starting point of defining sustainability. At the organizational level, Dyllick and Hockerts (2002) 

define corporate sustainability as “meeting the needs of a firm’s direct and indirect stakeholders 

without compromising its ability to meet the needs for future stakeholders as well.” In general, 

corporate sustainability is defined as a “business approach that creates long-term shareholder 

value by embracing opportunities and managing risks deriving from the developments in three 

sustainability dimensions - economic, environmental and social” (Dow Jones Sustainability 

Indexes, 2008). In that sense, in today’s competitive, complex and dynamic business 

environment, corporate sustainability is one of the major concerns of policy makers, and 

corporate and engineering managers since it enables an entity to build and maintain the long-

term satisfaction of stakeholders.  

Although sustainable development practices seem to be inconsistent with the short-term 

economic objectives of an organization, it can be understood that they are essential 

considerations when the long-term economic success and satisfaction of the stakeholders of the 

organization are considered. For instance, a study conducted by Switzerland’s Bank Sarasin in 
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2002 shows that the fluctuation in the share prices of companies that adopt environmentally and 

socially compatible business practices is lower than the fluctuation in the share prices of other 

companies which are in the same industry (Plinke, 2002). Similarly, by taking Tobin’s q (a ratio 

comparing the market value of a company's stock with the value of a company's equity book 

value developed by James Tobin in 1969) as the proxy for firm value, Lo and Sheu (2007) find a 

significantly positive relationship between corporate sustainability and business’ market value. 

Additionally, recent environmental problems such as global climate change and the increased 

awareness of society with regard to environmental and social issues compel policy makers, and 

corporate and engineering managers to implement sustainable development practices in their 

organizations.   

Conventional management tools and performance measures driven by economic 

rationality and profit maximization are relatively inadequate and poor in today’s global 

conditions since they not only isolate or ignore the environmental and social impacts of 

organizational activities, but also consider only the local concerns and lack a global thinking 

perspective. In today’s business environment, it is relatively easy to identify companies which 

are considered to be “big polluters.” For instance, during the last three years, serious 

environmental and social events have taken place in BP’s U.S. facilities: In March 2005, the BP 

refinery in Texas City faced a tragic explosion and fire which took the lives of 15 people. After 

that, two more fires occurred in the plant in July and August 2005. In March 2006, Alaskan BP 

facilities reported that the largest ever oil spill in the state had resulted from failures in corroded 

transmission pipelines due to inadequate maintenance. BP’s pollution problems continue as BP 

plans to invest in the massive refinery in Whiting, Indiana which is located outside of Chicago 

and is already considered a large polluter in the Midwest (Verschoor, 2007). As another 
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illustration, ten large companies (American Electric Power, Southern Company, AES 

Corporation, Duke Energy, Tennessee Valley Authority, NRG Energy, Xcel Energy, 

Midamerican Energy Holdings, Progress Energy and Dominion Resources) generate more than 

one third of the 2.8 billion tons of carbon dioxide emitted each year by the U.S. electric power 

generators (Lavelle, 2007). Even if some companies have environmental and social concerns and 

add social responsibility projects to their corporate plans, often their attempts do not reach the 

desired level of success since their perspectives about environmental and social issues are local 

rather than global. 

Although leading multinational companies such as the Shell Group, Bristol-Myers 

Squibb Company, Unilever, Baxter International Inc., and Ford Motor Company are exploring 

the use of sustainability and reporting to define and implement a new corporate role for 

sustainable development, one of the biggest barriers in adopting sustainable practices in the 

business environment is the lack of an overarching management tool that will combine the three 

dimensions of sustainability - economic, environmental and social - with the organization’s 

overall strategy. (For further information about specific company examples, refer to their 

websites as cited in the Bibliography section.) Managers question how to implement a strategy to 

encourage organizational sustainability when there are many competing and conflicting 

organizational constraints and numerous barriers to implementation (Epstein and Roy, 2001). In 

contrast to conventional management approaches, organizational sustainability management 

requires the integration of both financial aspects and non-financial strategic success factors, 

including environmental and social, into the management system of a company. For this reason, 

the primary motivation behind this research is to satisfy the need for a management tool that will 

assist decision makers with developing and making proactive decisions, which will support the 
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strategy of their organization with respect to economic, environmental and social issues, 

ensuring the sustainability of their organization. This research develops one of the first 

sustainability optimization models that integrate both the qualitative and quantitative aspects of 

the decision into the managerial decision-making process. It can be used to create an optimal 

balanced investment portfolio by explicitly considering the future uncertainty which is not an 

aspect of previous models. 

This dissertation is organized in the following way. First, the problem and related major 

research questions are presented. Second, background information is given about management 

and organizational sustainability, stakeholder theory, the TBL sustainability index system, 

analytic hierarchy process (AHP) and ANP, and stochastic linear programming. The proposed 

management tool and its assumptions are then discussed, followed by an illustration using the 

U.S. electric utility industry. A real life application of the tool is provided by working with 

Sustainable Pittsburgh and Cranberry Township. Sustainable Pittsburgh is a non-for-profit 

organization aimed at bringing sustainable solutions to communities and businesses by 

integrating economic prosperity, social equity, and environmental quality, and affecting 

decision-making in the Pittsburgh region (www.sustainablepittsburgh.org). Cranberry Township 

is a suburb located north of the City of Pittsburgh (www.twp.cranberry.pa.us).  The business 

leadership of this township started a journey to develop a sustainable community for its 

residents. As a result of this effort, the provided application presents an example collaboration of 

academia, government and non-for-profit sector. Finally, major contributions, extensions and 

limitations of the research are explained and future research directions are provided.  
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3.0  PROBLEM STATEMENT 

The main problem studied in this research is to examine how policy makers, and corporate and 

engineering managers should implement sustainable development principles into the managerial 

decision making process so that they can increase or even maximize the degree of (economic, 

environmental and social) sustainability of their organizations under rapidly changing global 

conditions. Before trying to find a solution to this complex decision problem, it is first necessary 

to analyze it in a broader manner and understand carefully its characteristics, namely strategic 

importance, multiple stakeholders, subjectivity, multiple objectives and decision makers, 

uncertainty and high amount of risk, interdisciplinary, time constraint, quantification difficulty 

and interdependency shown in Figure 1. To better understand the complexity of this problem, the 

following discussion provides brief explanations and descriptive examples about these 

characteristics. 
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Figure 1: Characteristics of sustainable development principles 

 

Strategic Importance: In the complex business environment of the current technology 

era, policy makers, and corporate and engineering managers should not only focus on the 

economic results of their organization’s activities, but also consider the environmental and social 

impacts of these activities. They should develop sustainability plans and set objectives to 

guarantee both the short-term and long-term economic, environmental and social (i.e., TBL) 

sustainability of their organizations. In addition, they should be able to measure and monitor the 

degree of sustainability of their organizations at any time. For instance, in the 1990s although the 

Ford Motor company tried to improve the fuel economy performance of their vehicles due to the 

increased public concern on climate change, managers of the company faced difficulty in not 

only crafting a strategy, but also in determining how to implement a strategy that would balance 
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the economic, environmental and social needs of both the company and society (Epstein and 

Roy, 2001). On the other hand, there are companies that are quite successful in setting 

sustainable development strategies. For instance, Interface Inc. implements a successful 

sustainable development strategy in its core business of floor carpeting. Rather than selling its 

carpets which are generally discarded after their useful life to its customers, Interface Inc. prefers 

to lease its carpets so that they can take them back after use and recycle them. As a result of this 

strategy, their customer satisfaction is increased as the customers receive high levels of service 

without concerns about post-consumer waste, and the company benefits through higher levels of 

customer retention and more efficient use of recycled material (Epstein and Roy, 2001; Interface 

Inc.). 

Multiple Stakeholders: Although shareholders are often perceived as the most powerful 

and dominant stakeholder group, today’s business has shown that at any particular time other 

stakeholder groups are crucial to the sustainability of an organization. For instance, protests and 

boycotts performed by NGOs such as Greenpeace International, Americares, World Wildlife 

Fund (WWF) International, Reporters Without Borders, Amnesty International, Oxfam 

International, etc. have compelled policy makers, and corporate and engineering managers to 

rethink critical decisions impacting the environment and society. For example, in 2005 Shell 

suspended its $1.1 billion gas and oil pipeline work in Sakhalin, Russia due to the intense 

criticisms and protests from indigenous people, Russia’s Green Party and Liberal Democratic 

Party, as well as Pacific Environment, Sakhalin Environment Watch, Rainforest Action Network, 

Global Response, Friends of the Earth, CEE Bankwatch and Greenpeace (Macalister, 2005; 

McGhie, 2005; Sakhalinsk, 2005). This shows that a real indicator of the success of an 

organization is how much it is successful in building and maintaining long-term, durable and 
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high quality relationships with all types of its stakeholders, not only the shareholders, but also 

the suppliers, employees, customers, NGOs, financial partners (banks, insurance companies, 

etc.), regulators and public authorities, local, national and international community, and even 

new generations. In that sense, to minimize potential future problems with various stakeholder 

groups and related costs that organizations may face, it is necessary to behave in a proactive 

manner and take actions to effectively integrate stakeholder groups into the managerial decision 

making process. For instance, in addition to measuring the reactions of its stakeholders, The 

Cooperative Bank determines seven strategic groups or stakeholders on which its success 

depends (shareholders, customers, staff and their families, suppliers, local communities, national 

and international society, and past and future generations of co-operators) and uses specific 

indicators to assess and improve its relations with the strategic groups. While The Cooperative 

Bank regularly measures and tracks the satisfaction of its employees on salary, benefits and job 

security, they also perform frequent surveys to measure the satisfaction of their customers on 

service quality and convenience (The Cooperative Bank, 2001). 

Subjectivity: Sustainability is a very complex and somewhat open to dispute and in 

recent years it is frequently discussed by people who have quite different backgrounds such as 

environmentalists, politicians, scientists and activists. This ambiguity in the notion of 

sustainability raises the question for whom and from what perspective an organization is 

sustainable. For example, often a shareholder’s primary interest in sustainability is that the 

company’s financial performance and profit rate are sustained; for employees it generally means 

that a company provides high wages, high quality working conditions and a variety of training 

opportunities, or while a company may be highly oriented in manufacturing green products, its 

customers, employees or the public may not be aware of the benefits of using these green 
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products. This means that although a company seems quite sustainable from the perspective of 

one type of stakeholder group, it may not be perceived as sustainable from another stakeholder 

group’s perspective. In the context of this research, the organizational sustainability is defined as 

building and maintaining the long-term satisfaction of stakeholders. For this reason, policy 

makers, and corporate and engineering managers should carefully evaluate the perceptions and 

views of all types of stakeholder groups in their managerial decision making process and be able 

to measure stakeholder-centered performance – the degree of stakeholder satisfaction and trust 

generated by the organizational activities – of their organizations (Ghoshal and Bartlett, 1999; 

Lev, 2001; Perrini and Tencati, 2006). For instance, Dow Chemical Company organizes panels 

in the communities in which it has facilities to obtain a clear view of how its actions are 

perceived and how it can improve its community relations (Epstein and Roy, 2001). 

Multiple Objectives and Decision Makers: Implementing a sustainable development 

approach into the managerial decision making process involves the effective integration of the 

perceptions, views and expectations of all types of stakeholder groups. However, this will result 

in a different and most likely conflicting set of objectives for policy makers, and corporate and 

engineering managers. For instance, while one objective can be obtaining a high financial 

performance and profit rate to satisfy the shareholders, another objective can be low waste and 

carbon emission rates to satisfy the NGOs and environmental regulators. In order to create a 

reasonable balance among those different and most likely conflicting objectives, each 

stakeholder group should be perceived and considered as a different decision maker with a 

different perspective and background. 

Uncertainty and High Amount of Risk: The world is continuously changing creating 

uncertainty and a degree of risk. A proactive approach to deal with this uncertainty is to take 
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actions which would minimize the risks that an organization might face in the future. In order to 

achieve this, the uncertainties on the future availability of resources, state of the natural 

environment, needs and composition of future generations, state of financial markets and 

technological development should be considered before making managerial decisions. 

Interdisciplinary: The implementation of sustainable development principles into the 

managerial decision making process and the creation of a sustainability-oriented organization 

requires an interdisciplinary approach. For instance, while accountants report the financial 

performance of an organization, conformance to the environmental regulations is usually the 

business of environmental engineers, ecologists and lawyers. Similarly, while companies usually 

make use of performance indicators such as philanthropic contributions, diversity data, wages 

and benefits, and health and safety records to assess the social performance, they have different 

types of performance indicators for their environmental performance assessment. For instance, 

Unilever focuses on Chemical Oxygen Demand, hazardous and non-hazardous waste, SOx 

(Oxides of Sulphur) emissions, energy consumption and water consumption to assess its 

environmental performance (Epstein and Roy, 2001). In that sense, while making their critical 

decisions, policy makers, and corporate and engineering managers should create environments 

which will provide collaboration between engineering fields and social sciences such as ecology, 

economy, psychology, political science, law, and ethical and cultural studies. 

Time Constraint: An immediate transition to the creation of sustainability-oriented 

organizations seems to be a mandatory movement for policy makers, and corporate and 

engineering managers due to urgent business challenges such as corporate social responsibility 

reporting, crisis management, worker health and safety, unethical and fraudulent corporate 

behavior, global climate change, threats to biodiversity, pressures on biological systems, peaking 
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of conventional oil supplies and increasing socio-economic inequality. For instance, most of the 

scientists claim that unless drastic actions are taken, the global warming problem will place a 

huge cost on the shoulders of the new generations. In his Stern Review, Nicholas Stern (2007) 

clearly and unambiguously mentions that it is necessary to make urgent, sharp and immediate 

reductions in greenhouse gas emissions. Although some of his assumptions are criticized by 

scholars, his report is one of the most remarkable studies on climate change since it explicitly 

points to the potential effects of climate change and global warming on the world economy. 

These concerns have resulted in stringent emissions regulations and controls including setting 

limitations on the amount of manufacturing process wastes and emissions released to the 

environment. In that sense, to comply with the new environmental regulations and adapt to the 

changing socio-economic conditions, policy makers, and corporate and engineering managers 

should readily adopt sustainable development principles in their organizations. 

Quantification Difficulty: In the Strategic Importance subsection, it is mentioned that 

policy makers, and corporate and engineering managers should measure and monitor the degree 

of sustainability of their organizations at various points in time. Unfortunately, most of the 

traditional management tools lack performance measures for intangible assets such as human 

capital and know-how due to difficulty in quantifying those concepts (Bukowitz and Petrash, 

1997; Ittner and Larcker, 1998). However, it should not be forgotten that an organization with 

more knowledgeable people leads to a more flexible organization with respect to future 

uncertainties, and hence a more sustainable organization.   

Interdependency: One of the most important responsibilities of policy makers, and 

corporate and engineering managers is to make the interdependencies and links among the 

dimensions of sustainability (i.e., economic, environmental and social) transparent. For example, 
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although at first glance some projects such as social responsibility, waste treatment and 

employee training projects seem to improve only the environmental and social sustainability of 

an organization, they also improve its economic sustainability as investments in the community, 

environment and human capital. William Nordhaus (2007) defines a well-designed policy as one 

that balances the economic costs of actions today with the economic and ecological benefits of 

the future. Because of this, policy makers, and corporate and engineering managers need to 

understand the impacts or effects of their actions on the various dimensions of sustainability. 

In sum, building and maintaining organizational sustainability is an extremely complex 

decision problem that requires a comprehensive solution methodology. 
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4.0  RESEARCH QUESTIONS 

This research aims to investigate a new, contemporary management tool that implements 

sustainable development principles into the managerial decision making process with a purpose 

of increasing or even maximizing the degree of sustainability of an organization under rapidly 

changing global conditions. Since one of the major decisions made in an organization is 

investment decisions, specifically this research focuses on the development of a tool that can be 

used in investment planning and capital budgeting decisions by considering the following 

research questions:  

 

1. How should policy makers and corporate and engineering managers decide how 

much to invest in a project or an activity so that they can improve or even maximize 

the sustainability of their organization in the future? 

2. How should an organization deal with the trade-offs and risks among the financial, 

environmental and social impacts of its activities and projects on different stakeholder 

groups? 

3. How can an investment project portfolio result in an optimal balance among the 

multiple characteristics of an organization (i.e., economic, environmental and social) 

and make the maximum contribution to the organization’s overall sustainability? 
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In addressing these research questions, several considerations logically follow as input 

including the characteristics described in the Problem Statement section involving stakeholder 

theory, the triple bottom line (TBL) framework, project portfolio management, investment 

planning, and capital budgeting. First, in addition to the shareholders, it is necessary to consider 

all the major stakeholder groups in today’s global business environment and integrate their 

perceptions, views and expectations in to the decision making process. In that sense, the 

developed tool should be able to quantify and integrate stakeholder perspectives into investment 

planning and capital budgeting decisions so that the degree of sustainability of an organization 

perceived by different stakeholder groups (i.e., the organization’s stakeholder-centered 

performance) can be measured and improved. (The term stakeholder-centered performance refers 

to the degree of stakeholder satisfaction and trust generated by organizational activities (Ghoshal 

and Bartlett, 1999; Lev, 2001; Perrini and Tencati, 2006).) However, to be able to measure and 

improve stakeholder-centered performance, it is necessary to determine a set of performance 

measures which should include not only the financial measures that are traditionally used in 

investment planning and capital budgeting decisions, but also the non-financial ones related to 

sustainability issues. To deal with these considerations, an extensive literature review is 

performed, and the previous related management tools, group decision making and decision 

analysis techniques found in the literature or used in practice are utilized in this research. 

Furthermore, a mathematical program is developed which makes use of stakeholder 

perspectives as input in addition to financial data, and provides a long-term investment plan for a 

set of alternative projects. In that sense, the major contribution of this research is the 

development of a mathematical program that enables decision makers to integrate stakeholder 

perspectives into the investment planning and capital budgeting decisions as input. Each of the 
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above considerations and research questions are subsequently explored in the following chapters, 

and Chapter 10 provides a summary of the research explaining how and to what extent they are 

addressed. 
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5.0  PERFORMANCE MANAGEMENT AND ORGANIZATIONAL 

SUSTAINABILITY 

This section analyzes the formation and development of management tools for organizational 

sustainability from an evolutionary perspective. It discusses how various areas such as strategic 

management, performance measurement, cost management and accounting systems have been 

developed, and relate to one another. 

5.1 PERFORMANCE MANAGEMENT AND COST MANAGEMENT 

Without accurate and comprehensive information, it would be difficult for decision makers to 

make correct and rational decisions for the future of their organizations. Therefore, measuring 

with a high level of accuracy costs and benefits of all types of organizational activities is a 

desirable aspect of an effective managerial decision making tool. However, in today’s 

competitive and complex business environment many of the traditional management tools are 

relatively inadequate and lack this precision as they are built on financially-driven performance 

measurement systems. Aside from creating profit, sustainable company leaders need to consider 

other qualitative, non-financial aspects as references for their performance, such as quality of 

management, corporate governance structures, reputation, human capital management, 
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stakeholder relations, environmental protection and corporate social responsibility (Lo and Sheu, 

2007).  

Researchers note that the concept of non-financial performance measures is not a new 

phenomenon. For example, General Electric was using non-financial performance measures such 

as productivity, employee attitudes, public responsibility, and the balance between the short-term 

and long-term goals in the 1950s (Eccles, 1991; Aschenbrennerová, 2007). Also, a number of 

theorists, Hopwood (1973), Parker (1979), Anthony (1984), Merchant (1985), Schoenfeld 

(1986), Eccles (1991), Maciariello and Kirby (1994) pointed to the importance of non-financial 

performance measures in their studies (Aschenbrennerová, 2007). In addition to these scholars, 

Thor not only explained the need for a family of performance measures to evaluate an 

organization’s performance, but also proposed a methodology to create a family of performance 

measures as well as arrive at the optimal number and type of performance measures in a family 

(Thor, 1995).  

However, up to 1992, there was no comprehensive and widely accepted management tool 

that integrated both financial and non-financial performance measures. Kaplan and Norton 

proposed the Balanced Scorecard (BSC) as a management tool that integrates both financial and 

non-financial performance measures in the translation of organizational strategy into action 

(Kaplan and Norton, 1992). The four perspectives of the BSC - financial, customer, internal 

business, and innovation and learning, enable an organization to build a connection between 

organizational strategy and operational activities.  

Moreover, in the 1980s, as a result of environmental problems and increased awareness of 

society on environmental and social issues, environmental and social performance measures 

began to be considered within the set of non-financial performance measures. These measures 
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typically focus on externalities. Externalities are the costs imposed by an entity as the by-product 

of its economic activity on third parties such as households and are often both non-monetary and 

difficult to quantify (Atkinson, 2000). These concepts were then extended by other scholars.  For 

example, in order to improve environmental accounting and reporting practices, Atkinson 

proposed a full cost accounting system that takes into account external costs (Atkinson, 2000). In 

addition, after the 1997 publication of John Elkington’s book Cannibals with Forks: The Triple 

Bottom Line for the 21
st
 Century Business, the triple bottom line (TBL) accounting system 

became popular (Elkington, 1997). 

5.2 MANAGING ORGANIZATIONAL SUSTAINABILITY 

All of the developments previously mentioned (including the usage of non-financial performance 

measures in management, considerations of environmental and social costs, developments of full 

cost accounting and TBL accounting systems) have stimulated researchers to consider a 

comprehensive management tool for organizational sustainability. For instance, Figge et al. 

introduced the Sustainability Balanced Scorecard (SBSC) by considering the Balanced Scorecard 

(BSC) as a starting-point to incorporate the environmental and social aspects into the 

management system of an organization (Figge et al., 2002). To create the SBSC these authors 

proposed three different approaches and demonstrated them on a fictitious textile company as a 

case study. Additionally, Wang and Lin (2007) presented a quantitative model that makes use of 

the TBL accounting mechanism (Wang and Lin, 2007). As a support tool for managerial 

decisions, Wang and Lin proposed a sustainability optimization model which incorporates the 

environmental and social costs and values into the economic activities. In their sustainability 
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optimization model, they made use of the TBL accounting framework, multi-criteria decision 

making (MCDM) methods and multi-attribute utility theory (MAUT).  
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6.0  COMPONENTS OF PROPOSED MANAGEMENT TOOL 

This section addresses the construction and development process of a management tool that can 

be used in making investment planning and capital budgeting decisions in order to improve 

organizational sustainability. First, it provides a brief overview of stakeholder theory, followed 

by a short summary of Elkington’s triple bottom line (TBL) accounting framework and its 

extensions. After that, the analytic hierarchy process (AHP), analytic network process (ANP), 

and their advantages are discussed as multi-criteria decision making support tools. Finally 

stochastic linear programming and its applications are also summarized as a useful optimization 

tool for problems containing a high degree of uncertainty.  

This research makes use of AHP/ANP methodology instead of utility theory, and 

stochastic linear programming for developing the optimization model which is a distinction from 

the work down by Wang and Lin (2007). By using stochastic linear programming, this research 

explicitly considers the uncertainty which is considered to be a major research contribution.   

6.1 STAKEHOLDER THEORY 

Since conventional management tools and performance measures are mostly built on the 

perspective of “shareholder satisfaction,” they are usually driven by economic rationality and 

profit maximization. To this end, they are relatively inadequate in today’s global environment as 
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they not only isolate or ignore the environmental and social impacts of organizational activities, 

but they also lack a global thinking perspective. In contrast, “stakeholder satisfaction” includes 

the consideration of other groups or entities that are affected by an organization’s activities 

besides shareholders (Branco and Rodrigues, 2007). Stakeholder theory (originally known as 

“stakeholder theory of the firm”) is a relatively new concept (Wilson, 2003). In 1984, it was first 

popularized by R. Edward Freeman’s book “Strategic Management: A Stakeholder Approach” 

(Freeman, 1984). Madsen and Ulhøi (2001) define stakeholders as “individuals or groups with a 

legal, economic, moral and/or self-perceived opportunity to claim ownership, rights or interests 

in a firm and its past, present or future activities – or in parts thereof.” Clarkson (1995) classifies 

stakeholders as primary and secondary. Primary stakeholders are the stakeholders without whose 

continuing and direct participation or input the organization cannot survive as a going concern 

(Madsen and Ulhøi, 2001). Owners, investors, employees, suppliers, customers and competitors 

are among the examples of primary stakeholders. Secondary stakeholders are those who in the 

past, present or future influence or might be influenced by the organization’s activities without 

being directly engaged in transactions with the organization in question and thus are not essential 

for its survival (Madsen and Ulhøi, 2001).  

Such a variety of stakeholder groups creates a challenge since each stakeholder group has 

different goals, priorities and expectations. Shareholders and investors expect a reasonable return 

on their investments; employees look for safe workplaces, competitive salaries and job security; 

customers demand high quality of goods and services at fair prices; local communities want 

community investment, and regulators dictate full compliance on regulations (Wilson, 2003). For 

this reason, stakeholder-centered performance, defined as the degree of stakeholder trust and the 

stakeholder satisfaction generated by the organizational strategy and behavior should be 
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measured in order to build and maintain sustainable stakeholder relations (Perrini and Tencati, 

2006). The sustainable stakeholder relations achieved by active advancement of communication 

and exchange of information positively influences the innovation, reputation and risk 

management and thus enhances the competitiveness of the organization. Finally, comprehensive 

and early consideration of stakeholder interests, priorities and expectations helps to predict 

potential future threats and enables decision makers to take early actions or switch to alternatives 

in a timely manner (Langer and Schön, 2003).    

6.2 TRIPLE BOTTOM LINE AND SUSTAINABILITY INDEX SYSTEM 

The triple bottom line (TBL) approach was developed by John Elkington in the 1980s as a 

platform to report and measure organizational performance with respect to the three dimensions 

of sustainability – economic, environmental and social (Elkington, 1997). (Sustainability in these 

dimensions can be defined as the long-term maintenance of economic, environmental and social 

resources for future generations, respectively.) By reporting and measuring not only financial 

performance but also the performance in environmental and social dimensions of sustainability, 

TBL helps to build and maintain the satisfaction of all types of stakeholders.  

In recent years, the TBL approach has rapidly increased in popularity. For instance, the 

phrase “triple bottom line” occurs in 67 articles in the Financial Times in the years preceding 

June 2002 (Norman and MacDonald, 2004). A Google search shows that from 2002 to early 

2005 the number of hits on the phrase "triple bottom line" rose from 15,600 to 187,000; and the 

current hit rate is 700,000 (Mirvis, 2007). Companies such as the Shell Group, AT&T Inc., Dow 

Chemicals, British Telecom, Baxter International Inc., and Bristol-Myers Squibb Company have 
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used TBL terminology in their press releases, annual reports and other documents (Norman and 

MacDonald, 2004). (For further information about specific company examples, refer to their 

websites as cited in the Bibliography section.) By examining the operations, quarterly and annual 

financial reports, health and safety reports, and interviews with the managers, employees, 

customers, suppliers of these companies, Wang and Lin (2007) developed a TBL sustainability 

index system to measure the sustainability performance of a company. This research makes use 

of Wang and Lin’s TBL sustainability index system to integrate the financial and non-financial 

performance measures into the investment planning and capital budgeting process since it was 

developed by analyzing a variety of companies and industries. Wang and Lin’s TBL 

sustainability index system provides an individual index set not only for the three dimensions of 

sustainability – economic, environmental and social, but also for the intersecting areas of these 

three main dimensions, namely eco-environmental, eco-social, socio-environmental and eco-

socio-environmental. A visual representation of the Wang and Lin’s TBL sustainability index 

system is given in Figure 2, and the individual indices and sub-indices of their TBL sustainability 

index system can be seen in Appendix A.  

Although in this research, Wang and Lin’s TBL sustainability index system is used to 

report and measure organizational performance, it should not be forgotten that the structure of 

the index system should be reviewed and examined periodically for logic, consistency and 

potential relationships among the indices.  
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Figure 2: Triple bottom line framework and sustainability index system 

(EC: Economic, EN: Environmental, SC: Social, EE: Eco-Environmental, ES: Eco-Social, SE: 

Socio-Environmental, ESE: Eco-Socio-Environmental)  

(Adapted from Wang and Lin, 2007) 

6.3 ANALYTIC HIERARCHY PROCESS (AHP) METHODOLOGY 

The analytic hierarchy process (AHP) was first introduced by Thomas L. Saaty in 1980 as a 

mathematical based decision support tool (Saaty, 1980). In general terms, AHP provides a 

framework that helps to model and solve multi-criteria decision making problems. The AHP 

methodology has four basic steps: Problem structuring, criteria and alternative prioritization, 

calculation of ranks and sensitivity analysis. 
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Problem Structuring 

As a first step, the multi-criteria decision making problem is framed in a hierarchical structure. 

The objective is placed at the top of the hierarchy, and, the criteria, sub-criteria and alternatives 

are located on respective lower levels of the hierarchy. Neither interaction nor dependency 

among and between the levels of this hierarchical structure is assumed. 

 

Criteria and Alternative Prioritization 

In the second step, the decision maker assigns relative weights to the objects by performing 

pairwise comparisons at each level of the hierarchy with respect to an immediate upper level 

attribute.  These weights are assigned to all criteria, sub-criteria and alternatives. When assigning 

relative weights, a scale from one to nine is used where one represents no difference between the 

compared objects and nine represents that one object is significantly more important or dominant 

than the other one (Saaty, 1994). A schematic of the weighting scale is given in Table 1. The 

criteria and alternative prioritization process is redundant, leading to multiple comparisons of the 

same objects in order to check for consistency. An inconsistency ratio is calculated and 

examined by the decision makers to guide their decision making as they compare objects. Saaty 

(1994) recommends that an acceptable inconsistency ratio should be less than or equal to 0.1. 
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Table 1: AHP fundamental scale of absolute numbers (Saaty,1994) 

1 Equal importance 

3 Moderate importance of one over another 

5 Strong or essential importance 

7 Very strong or demonstrated importance 

9 Extreme importance 

2, 4, 6, 8* Intermediate values 

*Reciprocals are used for inverse comparisons 

 

Calculation of Ranks 

In this step, all assigned relative weights are aggregated throughout the hierarchy, and overall 

weights for each alternative are calculated. This overall weight for each alternative represents its 

final priority and rank among the other alternatives.  

 

Sensitivity Analysis 

As a final step, a sensitivity analysis is performed in order to determine how the final rankings 

are affected by changes in the judgments throughout the process.  

6.4 ANALYTIC NETWORK PROCESS (ANP) METHODOLOGY 

Analytic Network Process (ANP), similar to Analytic Hierarchy Process (AHP), is a multicriteria 

decision making (MCDM) technique that enables a decision maker to prioritize a discrete set of 

alternatives based on his/her preferences. As mentioned, AHP is based on relative comparisons 



29 

of the alternatives with respect to a certain goal and criteria set which are in a hierarchical 

structure (Saaty, 1980; Saaty, 1994) and the final product of an AHP study is the prioritization of 

the alternatives according to their contribution to the goal (Saaty, 1995). ANP is structured on 

the same basis as AHP; however, it differs from AHP in two ways. First, ANP does not assume 

that the alternatives, attributes and criteria are independent from each other. Their potential 

dependencies are handled through the feedback mechanism (Saaty, 2001; Saaty, 2005). Second, 

ANP has a network structure that is composed of subnetworks and submodels. The single 

hierarchical structure of AHP is constrained and inadequate, as the dependency and feedback 

mechanism are necessary for the decision making process (Saaty, 2001 and Saaty, 2005). In that 

sense, it can be said that ANP reflects the complexity of the decision in a more accurate way.  

The first step in an ANP study is to build the problem as a network structure. Generally, 

an ANP network structure has four parts: (1) the main model, (2) the benefits, opportunities, 

costs and risks (BOCR) model, (3) the ratings model and (4) the subnetworks. The main model 

contains the goal node and it is connected to the BOCR model through the ratings model. In the 

ratings model, alternatives are assessed according to their contributions to the goal in terms of 

BOCR. The second step is to perform pairwise comparisons between the various criteria and 

alternatives. As with AHP, Saaty (2005) recommends that an acceptable consistency ratio (CR) 

should be less than or equal to 0.1. If the CR exceeds 0.1, pairwise comparisons should be 

repeated to ensure that the decision maker is consistent. Finally, the rankings of the alternatives 

are calculated and a sensitivity analysis is performed to observe the sensitivity of the final 

rankings to the changes in the judgments performed throughout the pairwise comparisons.  

AHP and ANP are used in this research as a decision support tool because of their 

particular characteristics and advantages. They simplify complex problems because they provide 
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a formal structure to describe a problem as well as a solution procedure comprised of simple 

calculations. Second, AHP and ANP are intuitive because they synthesize the judgments that 

reflect both the decision maker’s knowledge and emotions and incorporates both qualitative and 

quantitative aspects into the decision making process. Third, AHP and ANP use the prioritization 

process to build consensus among multiple decision makers.  Finally, user friendly commercial 

AHP/ANP software packages such as Expert Choice and Super Decisions are readily available.  

6.5 STOCHASTIC LINEAR PROGRAMMING 

Stochastic linear programming is a tool for optimization under uncertainty that has a variety of 

application areas including financial planning and control, capacity expansion, design for 

manufacturing, production planning, water management, etc. In this subsection, a brief summary 

is provided about stochastic linear programming and its basic concepts. Details can be found in 

John R. Birge’s book “Introduction to Stochastic Programming” (Birge, 1997).  

6.5.1 Deterministic Linear Programs 

In mathematical optimization, a deterministic linear program is often formulated as 

Min )1()1( nx

T

nx xcZ       (6.1) 

S. t.  

)1()1()( mxnxmxn bxA       (6.2)  

       0)1( nxx      (6.3) 
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where x represents a vector of decisions, and A, b and c are assumed to be strictly known 

problem data since the model does not involve any uncertainty. The objective function of the 

model and its value is represented by cT
x and Z, respectively and the set of feasible solutions is 

defined as {x|Ax=b, x≥0}. In that sense, x* (the optimal solution) is a feasible solution such that 

c
T
x≥c

T
x* for any feasible x (Birge, 1997). Deterministic linear programs have a wide range of 

application areas both in academia and industry.       

6.5.2 Stochastic Linear Programs 

Stochastic linear programs are linear programs in which some problem data are uncertain and 

recourse programs are those in which some decisions or recourse actions can be taken after 

uncertainty is disclosed (Birge, 1997). In a stochastic linear program, the problem data which 

involves uncertainty is represented as random variables. It is assumed that probability 

distributions or densities are available for those random variables and their particular values are 

determined after a random experiment. Therefore, in a stochastic linear program the set of 

variables are divided into two groups: the variables whose values are determined before the 

random experiment, namely first-stage variables and the variables whose values are determined 

after the random experiment, namely second-stage variables. By convention, first-stage variables 

are represented by the vector x whereas second-stage variables are represented by the vector y or 

y(ω) or even y(ω, x), thus the sequence of events and realization of variables are 

),()( xyx        (6.4) 

where          represents a realization of the random experiment (Birge, 1997).  

 

)(
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6.5.3 Two-Stage Stochastic Linear Program with Fixed Recourse 

The two-stage stochastic linear program with fixed recourse is formulated as the following: 

Min )]()([min  yqExcZ
TT      (6.5) 

S. t.   

   bAx        (6.6) 

)()()(  hWyxT       (6.7) 

       0)(,0  yx      (6.8) 

(Dantzig, 1955; Beale, 1955 and Birge, 1997). 

In this formulation, first stage variables are represented by the (n1x1) vector x and the 

sizes of matrices c, b and A are (n1x1), (m1x1) and (m1xn1), respectively. In the second stage, 

based on the realization of random events ω Ω, the second stage problem data q(ω), h(ω) and 

T(ω) are known, where q(ω) is (n2x1), h(ω) is (m2x1) and T(ω) is (m2xn1) (Birge, 1997).   

In addition to a deterministic term c
T
x, the objective function of the above formulation 

contains the expectation of the second stage objective q(ω)Ty(ω) taken over all realizations of the 

random event ω. By using this notion, sometimes a deterministic equivalent program (DEP) can 

be created as the following: 

Min )(xxcZ
T       (6.9) 

S. t.    

     bAx        (6.10) 

0x       (6.11) 

where for a given realization ω, 

                 ))(,()(   xQEx       (6.12) 
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 0,)()(|)(min))(,(  yxThWyyqxQ T

y
   (6.13) 

In the DEP formulation, )(x is defined as the expected second stage value function 

(Birge, 1997). 

This research utilizes a similar approach creating a multi-stage stochastic linear program 

whose details are discussed in the following section. 

 



34 

7.0  DEVELOPMENT OF THE PROPOSED MANAGEMENT TOOL 

The objective of the proposed management tool is to assist the policy makers, and corporate and 

engineering managers with making a good investment or capital budgeting decision that will 

provide the maximum improvement in their organization in terms of sustainability. Figure 3 

presents the basic logic behind the proposed management tool. As mentioned, stakeholder 

priorities and expectations can vary. From the TBL perspective, these expectations and priorities 

are grouped under the categories of economic prosperity, environmental quality, social justice, 

eco-environmental, eco-social, socio-environmental and eco-socio-environmental aspects (as 

shown in Figure 2). Since each project that the organization implements has different impacts on 

different TBL sustainability indices ultimately affecting the stakeholders, the proposed 

management tool aims to relate the investment planning and capital budgeting decisions to the 

stakeholder expectations and priorities through the TBL sustainability framework analytic 

network process (ANP) as a decision support tool.     
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Figure 3: Schematic view of the model logic 
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7.1 PROPOSED ANP MODEL 

The development and demonstration of the proposed ANP model has several assumptions. The 

ANP model is considered to be an extension of the AHP model for organizational sustainability 

developed by Turan et al. (2008), for which further details are provided in Chapter 8. Since the 

proposed ANP model is a generalized form of the AHP model, it is logical to provide the details 

of the ANP model first. Similar to the AHP model, the TBL (Elkington, 1997) sustainability 

index system developed in 2007 by Wang and Lin is used as the criteria and subcriteria set in the 

hierarchy of the ANP main model. No industry specific criterion is assumed. The proposed ANP 

model is demonstrated on the same illustrative example as Turan et al. (2008), which is based on 

the evaluation and prioritization of the project alternatives shown in Table 2. These alternatives 

consider the current trends and issues in the U.S. electric utility industry. The comparisons of the 

nodes and clusters in the main model are performed similarly to those comparisons in the AHP 

model of Turan, et al. (2008).  

 

Table 2: Common issues in the U.S. electric utility industry and the related project alternatives 

(Turan et al., 2008) 

Major Issues in the U.S. Electric Utility 
Industry 

Related Project Alternatives 

Future Capacity Concerns (1) Capacity Expansion Project  

Absence of Green Power (2) Green Power Applications Project 

Emissions Control and Allowances (3) Emissions Control Project 

Continued Financial Performance 
(4) Financial Performance Improvement 

Project 

Aging Workforce (5) Workforce Refreshment Project 
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7.1.1 Main Model 

Figure 4 provides the ANP main model that was built using SuperDecisions, an AHP/ANP 

software package. As seen in the goal node, the objective of the main model is to maximize 

organizational sustainability. The connecting criteria cluster is comprised of the three main 

sustainability dimensions and their overlapping areas (i.e., economic prosperity, environmental 

quality, social justice, eco-environmental, eco-social, socio-environmental, eco-socio-

environmental). In turn, each node in the criteria cluster is connected to the nodes of the related 

subcriteria clusters. For instance, economic prosperity is connected to the nodes in the 1EC1, 

2EC2, 3EC3 and 4EC4 subcriteria clusters. Due to space limitation, subcriteria cluster names and 

their nodes are labeled as 1EC1, 1EC11, etc. (also used by Wang and Lin (2007)). The exact 

names can be found in the related publication of Wang and Lin (2007). Additionally, the nodes 

of all subcriteria clusters are connected to the BOCR model through the ratings model, shown in 

Figures 5 and 6 respectively. 
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Figure 4: ANP Main Model - Hierarchy of strategic criteria and BOCR model 

 

 

Figure 5: BOCR model 
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Figure 6: A portion from ratings model 

7.1.2 Subnetworks 

As shown in Figure 5, under each node of the BOCR model, three subnetworks are delineated - 

economic, environmental and social. To further illustrate, the economic benefits subnetwork 

under the benefits node is shown in Figure 7. It is composed of one alternatives cluster and nine 

stakeholder clusters – suppliers, employees, customers, media, NGO’s, regulators and 

authorities, financial partners, community and others. The alternatives cluster contains the five 

project alternatives described in Table 2. The stakeholder clusters and their nodes are created by 

considering the typical stakeholders of a U.S. electric utility company. It is assumed that an 

electric utility company has four different potential suppliers – coal plants, hydroelectric and 

wind facilities, natural gas or oil plants and nuclear plants. Another perspective can be the 

communities that are potentially affected by the utilities’ activities - categorized as local, national 

and global communities.  
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Figure 7: Subnetwork for economic benefits 

 

The network in Figure 7 displays the various dependencies and feedback loops. For 

example, the priority of each project alternative is strongly related to the feedback that is 

obtained from each stakeholder group. Similarly, the impact of an alternative project on the 

global community is dependent on its impact on the national community which is also dependent 

on its impact on the local community. All feedbacks and dependencies in the subnetwork are 

represented by the two sided arrows and loops in Figure 7, respectively. 
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7.2 PROPOSED MULTI-STAGE STOCHASTIC LINEAR PROGRAM 

The general deterministic equivalent formulation of the proposed multi-stage stochastic linear 

program is as the following: 

 

Parameters: 

N = Number of stakeholders 

M = Number of projects 

H = Number of stages (periods) 

b = Initial wealth (or initial available budget which will be invested in the projects) 

G = Target wealth at the end of H periods 

r = Shortage penalty of missing the target wealth G at the end of H periods 

q = Surplus reward of surpassing the target wealth G at the end of H periods 

st = Economic state in period t where 1≤t≤H 

Ω = The set of all possible economic states in a period  

Hence, the total number of scenarios for the H periods planning horizon is equal to 

[n(Ω)]H where n(Ω) represents the number of elements in Ω. 

p(st) = Probability of experiencing a specific economic state in period t where 1≤t≤H 

p(s1,……, sH) = Probability of experiencing scenario (s1,……, sH) throughout the planning 

horizon  

By assuming economic states are independent, p(s1,……,sH) is equal to [p(s1)……p(sH)]. 

K = Sustainability coefficient  

The value of the sustainability coefficient represents the orientation of an organization for 

sustainable development. A higher sustainability coefficient indicates higher investment on 
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environment and society. The value of the sustainability coefficient can be determined by 

interviewing the decision maker and analyzing the model results which are obtained for several 

different K values. 

IRR(i, t, s1,……, sH) = Internal rate of return of project i for period t of scenario (s1,……, 

sH) where 1≤i≤M and 1≤t≤H 

L(i, 1) = Minimum investment amount on project i in period 1 where 1≤i≤M 

U(i, 1) = Maximum investment amount on project i in period 1 where 1≤i≤M 

L(i, t, s1,……, sH) = Minimum investment amount on project i in period t of scenario 

(s1,……, sH) where 2≤t≤H 

U(i, t, s1,……, sH) = Maximum investment amount on project i in period t of scenario 

(s1,……, sH) where 2≤t≤H 

SRR(i, j, t, s1,……, sH) = Sustainability rate of return of project i predicted by stakeholder 

j for period t of scenario (s1,……, sH) where 1≤i≤M, 1≤j≤N and 1≤t≤H 

The sustainability rate of return (SRR) concept is a notion which is borrowed from 

financial management and similar to the internal rate of return concept. It represents the rate of 

an organization’s improvement in the three dimensions of sustainability (i.e., economic, 

environmental and social) as a percentage when a project is invested in. More specifically, it 

represents the rate of improvement in the criteria that are considered under the economic, 

environmental and social clusters of the ANP model. The rate of improvement for each project is 

calculated based on the perceptions of stakeholders on the contribution of each project to the 

organization’s sustainability. Hence, a project may have several sustainability rates of returns 

depending on the stakeholder and economic conditions considered throughout the planning 

horizon. Specifically, SRR(i, j, t, s1,……, sH) values are calculated by the following 2 steps:  
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Step 1: Each stakeholder group is asked to rank M projects by using the TBL 

sustainability framework and AHP/ANP methodology for each specific period (t) and economic 

state (st). For instance, an appropriate AHP/ANP study question may be “Which projects should 

the organization invest in to improve or even maximize its sustainability in period t if an 

economic recession is expected to be in that period?” Hence, by performing [H.n(Ω)] AHP/ANP 

studies for each stakeholder group, [N.H.n(Ω)] overall weights (OW) are determined for each 

project such that       10  ts

ijtOW  for 1≤i≤M, 1≤j≤N, 1≤t≤H and Ωst  . 

 

Step 2: SRR(i, j, t, s1,……, sH) values are calculated by normalizing and scaling the 

overall weights (OW) with respect to the internal rate of return values of the projects. Hence, for 

each j = 1,……, N; t = 1,……, H and Ωst  :  

 

(Normalization)         (7.1) 

      

 

          

 

 

(Scaling)         (7.2) 

 

Pj = Probability of experiencing the SRR set which is predicted by stakeholder j where 
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Decision Variables: 

x(i, 1) = Amount invested on project i in period 1 where 1≤i≤M 

x(i, t, s1,……, sH) = Amount invested on project i in period t of scenario (s1,……, sH) 

where 2≤i≤M and 2≤t≤H 

w(s1,……, sH) = Deficit or shortage amount if scenario (s1,……, sH) occurs 

y(s1,……, sH) = Excess or surplus amount if scenario (s1,……, sH) occurs 

 

Objective Function:  

Max              (7.3) 

Where 
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In the above objective function, F represents the financial value at the end of H periods 

and is in dollar terms. Similarly, S is the sustainability value at the end of H periods and it is also 
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in dollar terms as a result of normalization (equation 7.1) and scaling (equation 7.2) processes. In 

this formulation, the investment amount on each project (in dollars) is multiplied with the 

sustainability rate of returns (in percentage) for that project determined by stakeholders, and an 

expected value of sustainability improvement (in dollars) is calculated for each period by using 

the scenario probabilities (i.e., p(st)) and probabilities of experiencing the sustainability rate of 

return sets (i.e., Pj). Then, the expected sustainability improvement values of H periods are 

summed up to obtain the sustainability (S) value. The sustainability (S) value represents the 

expected amount of organizational improvement in the three dimensions of sustainability (i.e., 

economic, environmental and social) in dollar terms based on the perceptions of stakeholders. 

More specifically, it represents the improvement in dollar terms in the criteria that are considered 

under the economic, environmental and social clusters of the ANP model based on the 

perceptions of stakeholders.  

 

Constraints:     

The first constraint is simply to invest the initial wealth in M projects: 

(7.7)  

      
 for 1≤i≤M      (7.8)  

   
Constraint for periods t = 2,……, H is, for s1,……, st-1:  

  (7.9)  
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Shortage and surplus constraints are:      
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0),......,sy(s H1

0),......,sw(s H1

),......sU(i,H,s),......sx(i,H,s),......sL(i,H,s H1H1H1 111    for 1≤i≤M             (7.12) 

 

Trivial constraints are: 

for all s1,……, sH         (7.13)  

for all s1,……, sH                                                (7.14)
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7.3 DEMONSTRATION OF THE PROPOSED MANAGEMENT TOOL 

Before applying the proposed tool to a real case, by utilizing a single person perspective in AHP 

and devised financial data, it is demonstrated and tested on a fictional case involving the U.S. 

electric utility industry. This industry is chosen because applying sustainability metrics and 

practices to energy utilities is a relatively innovative concept in the U.S. such that a 2002 

PriceWaterhouseCoopers (PWC) survey found that only five out of nine energy companies 

surveyed in the U.S. have defined sustainability, even though the industry is closely tied to 

environmental and economic issues (Savitz et al., 2002).  

Government concerns for the future of energy in the U.S. drive the need for future 

capacity and green power projects. Emissions control allowances are related to the 

considerations of global climate change. Financial measures and performance are always a 

concern for a commodity-based company that is part of the utility stock index, which historically 

are strong and stable performers. Finally, the aging workforce in the industry is a problem for all 

utilities; eleven to fifty percent of the workforce is eligible to retire in the next five to ten years 

(U.S. Dept. of Energy, 2006). In a Black and Veatch survey in 2006, energy companies and 

investor-owned utilities cite aging workforce as their number three overall concern, while 

municipalities cite it as their number one concern (Black and Veatch, 2006). 

In that sense, five projects based on the above industry trends and issues are considered 

as alternatives in this demonstration. Table 2 in Chapter 7 provides an overview of those 

projects. Table 3 provides the assumed internal rate of returns (IRRs) for the projects under an 

economic boom and recession, respectively. For instance, the emissions control project (project 
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3) has a 14% return rate if an economic boom occurs and a 12% return rate if an economic 

recession occurs. In a real case, these values can be estimated by using historical data, feasibility 

analyses, checking industry averages or benchmarking, and asking for expert opinion. And 

finally, in this demonstration for simplicity the probability of having a recession or boom in a 

period is assumed to be equal (i.e., p(st=1)=p(st=2)=0.5). 

 

Table 3: Internal rate of returns (IRRs) of project alternatives during recession and boom times 

IRR(i,st) 
Alternative project i 

1 2 3 4 5 

st=1 p(st=1)=0.5 1.140 1.090 1.080 1.110 1.250 
st=2 p(st=2)=0.5 1.120 1.010 1.070 1.060 1.060 

Expected IRR for project i 
(i.e., IRRi) 

1.130 1.050 1.075 1.085 1.155 

7.3.1 Determination of Stakeholders 

Although a typical U.S. electric utility company has many stakeholder groups, for simplicity in 

this demonstration only the following three stakeholder groups are considered: 

 

 Shareholders (SHA) 

 NGOs (NGO) 

 Employees (EMP) 
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7.3.2 Triple Bottom Line Sustainability Index System 

To integrate both financial and non-financial performance measures into the investment planning 

and capital budgeting process, the TBL sustainability index system which was developed by 

Wang and Lin (2007) is used as it is in this demonstration. None of the criteria is eliminated and 

neither industry specific criteria is added. However, it should be remembered that in a real case, 

it may be necessary to eliminate some of the criteria, add industry/organization specific criteria 

or make changes to the hierarchy and/or categories of some of the criteria based on the 

characteristics of the company involved. For instance, in a real case, some of the financial, 

environmental and social sustainability indices in Wang and Lin’s TBL sustainability index 

system may not be compatible with the business or industry in which the company resides. In 

such a case, eliminating some of the existing indices and sub-indices, adding new 

industry/organization specific ones or making changes in their hierarchy and category may be 

necessary.   

7.3.3 Analytic Hierarchy Process (AHP) 

The construction and development process of the AHP model, and the solution procedure are 

summarized in the following parts based on the first three steps of the AHP methodology 

described in Chapter 7: 

 

Problem Structuring 

SuperDecisions 1.6.0 (Beta), an AHP software package, is used to construct and analyze the 

model (Super Decisions Software for Decision-Making, 2008). As explained before, the TBL 
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sustainability index system that was developed by Wang and Lin (2007) and five project 

alternatives based on the current industry trends and issues are used in the illustrative AHP 

model. The visual representation of the AHP model can be seen in Figure 8. Abbreviations used 

in the subcriteria and attribute clusters of the AHP model refer to the indices and sub-indices 

shown in Appendix A.  

 

Criteria and Alternative Prioritization 

By considering the behaviors and perspectives of typical representatives from each stakeholder 

group, i.e., shareholders (SHA), employees (EMP) and NGOs (NGO), the criteria, sub-criteria, 

attributes and alternatives in the model are prioritized with the help of SuperDecisions. 

 

Calculation of Ranks and Results 

After running the AHP model three times (one for each stakeholder perspective), overall weights 

of the alternative projects are obtained as shown in Table 4. For simplicity, in this demonstration 

it is assumed that the probability of experiencing the three SRR sets are equal (i.e., P1= P2= 

P3=1/3).   

7.3.4 Three-Stage Stochastic Linear Program 

Table 5 presents the SRR values of each alternative project which are calculated by using the 

overall weights given in Table 4.  In addition to the values of IRR, SRR, M and N, the values of 

the remaining stochastic program model variables are assumed as the following: 

b = $55 million, G = $80 million 

p(s1, s2, s3) = 0.125    for s1=1, 2, s2=1, 2 and s3=1, 2 (as p(st=1)=p(st=2)=0.5 is assumed.) 
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r = 4              for s1=1, 2, s2=1, 2 and s3=1, 2 

q = 1              for s1=1, 2, s2=1, 2 and s3=1, 2 

The detailed numeric model which is constructed under the above assumptions can be 

seen in Appendix B. 
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Figure 8: The AHP model and hierarchy of criteria, sub-criteria, attributes and alternatives 
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Table 4: Overall weights of the project alternatives based on the perspectives of three 

stakeholder groups 

OWij 
Alternative project i 

1 2 3 4 5 

Stakeholder j 

1 (SHA) 0.200 0.150 0.150 0.100 0.400 

2 (NGO) 0.400 0.100 0.050 0.300 0.150 

3 (EMP) 0.150 0.400 0.100 0.200 0.150 

Expected OWij for 
alternative project i  

(i.e., OWi) 

0.250 0.216 0.100 0.200 0.233 

 

Table 5: SRR values of the project alternatives (calculated by using the overall weights shown in 

Table 4) 

SRRij 
Alternative project i 

1 2 3 4 5 

Stakeholder j 

1 (SHA) 1.200 1.150 1.150 1.100 1.400 

2 (NGO) 1.400 1.100 1.050 1.300 1.150 

3 (EMP) 1.150 1.400 1.100 1.200 1.150 

Expected SRRij for 
alternative project i 

(SRRi) 

1.250 1.216 1.100 1.200 1.233 
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7.3.5 Results 

To solve the three-stage stochastic linear program, ILOG Cplex 9.0 was used (ILOG, Cplex 

Documentation, 2008). The obtained results for several sustainability coefficient (K) values are 

shown in Table 6.  

As it is shown in Table 6 and Figure 9, five different investment portfolios are obtained 

after running the three-stage stochastic linear program for several sustainability coefficient (K) 

values. Among these five, investment portfolio 3 is the optimal balanced portfolio since it 

provides the maximum marginal benefit in terms of improvement on sustainability. The details 

of the investment strategy proposed by investment portfolio 3 are shown in Appendix C. In this 

context, an investment portfolio represents an investment strategy which states how much should 

be invested on each of the five alternative projects at each of the 3 time periods. For example, as 

seen in Appendix C, investment portfolio 1 proposes to invest $13.520 million and $41.479 

million on project alternatives 1 and 5, respectively at time period 1; then for time period 2, it 

suggests to invest $2.168 million and $65.094 million on alternative projects 1 and 5, 

respectively if scenario 1 happens at the end of time period 1 and invest $22.368 million and 

$36.743 million on alternative projects 1 and 5, respectively if scenario 2 happens at the end of 

time period 1; and so on. Investment portfolio 1 provides an investment strategy which considers 

only the economic concerns. For this reason, it provides the minimum sustainability value which 

is $236.418 million. On the other hand, investment portfolio 5 provides an investment strategy 

which takes into account the environmental and social concerns at the maximum level in addition 

to the economic concerns. By investing $3.202 million (i.e., (-1.514) - (-4.716) = 3.202) in the 

environment and society aspects, investment portfolios 1 and 5 improves the sustainability value 
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of the organization from $236.418 million to approximately $237.890 million. The details of the 

investment strategy proposed by investment portfolio 5 are also shown in Appendix C.  

 

Table 6: Model results for several K values 

MODEL RESULTS 

Sustainability 
coefficient (K) 

 Financial 
(F) value 

(million $) 

Sustainability 
(S) value 

(million $) 
Investment strategy 

0 -1.514 NA Investment portfolio 1 
0.1 -1.514 236.418 Investment portfolio 1 
0.5 -1.535 236.496 Investment portfolio 2 
1 -1.963 237.066 Investment portfolio 3 
2 -2.668 237.537 Investment portfolio 4 
3 -2.668 237.538 Investment portfolio 4 
4 -2.668 237.537 Investment portfolio 4 
5 -2.668 237.538 Investment portfolio 4 
6 -4.716 237.894 Investment portfolio 5 
10 -4.716 237.894 Investment portfolio 5 
20 -4.716 237.893 Investment portfolio 5 
30 -4.716 237.894 Investment portfolio 5 
50 -4.716 237.894 Investment portfolio 5 
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Figure 9: Investment portfolios on Financial (F) Value – Sustainability (S) Value graph 

7.3.6 Lessons Learned 

Demonstrating the developed tool on a numeric example allowed the methodology to be verified, 

and the necessary corrections to be made before extending it to the real life case. Two major 

deficiencies were observed in the tool based on the demonstration results. 

First, it was realized that the actual prioritization results changed during the transition 

from Table 4 to Table 5. Since each stakeholder used different magnitudes while doing pairwise 

comparisons, without being normalized the values in Table 4 cannot be compared and used in the 

financial planning phase.    
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Second, it was realized that there was a big difference in the relative magnitudes of the 

financial (F) values and sustainability (S) values shown in Table 6 and Figure 9 although they are 

both in dollar terms. It was thought that to compare the financial (F) values and sustainability (S) 

values in a more accurate way, it was necessary to scale the sustainability return rates (SRR) 

with respect to internal return rates (IRR) of the projects.  

In the Cranberry Township case study discussed in the next chapter, the first deficiency 

was corrected by adding equation 7.1 (normalization) to the model. With this equation, the 

results obtained from AHP/ANP study are normalized.  

Although the main interest is to observe how the sustainability (S) value changes with 

respect to the changes in the financial (F) value, the second deficiency was also corrected by 

adding equation 7.2 (scaling) to the model. This equation enables one to make the relative 

magnitudes of the financial (F) values and sustainability (S) values closer by scaling the SRR 

values with respect to the IRR values of given projects.  
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8.0  CRANBERRY TOWNSHIP CASE STUDY 

Cranberry Township is a township in Butler County, Pennsylvania, United States. It is a suburb 

of the City of Pittsburgh with a population of 23,625 as of the 2000 census. Cranberry Township 

was selected as the case study organization for this research for several reasons. First, the 

township management already had several initiatives for sustainable development with the 

direction of experts at Sustainable Pittsburgh, a non-for-profit organization in Pittsburgh. More 

importantly, the management of the township is quite knowledgeable on sustainability issues and 

familiar with sustainable development principles. Second, it was thought that applying the 

developed tool on Cranberry Township would be important, since in addition to the financial 

sustainability, the environmental and social sustainability are also critical considerations for a 

local government.   

Initial contact with the township management was performed through Sustainable 

Pittsburgh. Before starting the case study, the township management had worked on a project 

with the experts from Sustainable Pittsburgh to assess the current situation of the township in 

terms of sustainability features. With this assessment, Sustainable Pittsburgh experts 

recommended the implementation of several projects to the township management. With regard 

to this previous effort, the objective of this case study was to create an implementation and 

investment strategy for the projects that Sustainable Pittsburgh recommended by trying to answer 

http://en.wikipedia.org/wiki/Butler_County,_Pennsylvania
http://en.wikipedia.org/wiki/Pennsylvania
http://en.wikipedia.org/wiki/United_States
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the question of “Which project(s) (including the timing and financial level of investment) should 

the township management select in order to improve or even maximize the township’s overall 

(financial, environmental and social) sustainability?” Appendix D.1 provides a copy of the 

document that was used for the initial contact with the township management to explain the 

details of the research and its potential benefits to them.   

Before continuing with the technical details of the case study, a cartoon is presented in 

this section to provide intuition to the reader and introduce him/her to the case. The cartoon 

shown in Figure 10 visualizes a decision maker during a public speech having the City of 

Pittsburgh at the background. His audience consists of stakeholder groups existing in a network 

structure which creates an interaction and feedback mechanisms among them.  
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Figure 10: Towards Sustainable Organizations 
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In the following sections of this chapter, first the projects recommended by the 

Sustainable Pittsburgh are briefly described, and their potential impact to sustainability 

performance criteria is discussed. Then, by considering the major stakeholder groups of the 

Cranberry Township management, the development of the ANP model that was used in the case 

study is presented. Additionally, how meetings with the stakeholder representatives were held 

and results of the ANP studies that were taken with them are discussed generally. In the next 

section, a comprehensive financial analysis for each project alternative is provided, and an 

optimal balanced investment portfolio is proposed based on the results of ANP studies taken with 

the stakeholder representatives and financial analyses of the project alternatives. Finally, 

implementation of the findings and validation of the tool are discussed providing the comments 

and feedback of Cranberry Township management and Sustainable Pittsburgh experts.   

8.1 PROJECT ALTERNATIVES 

Working together with Sustainable Pittsburgh, Cranberry Township management plans to 

implement a set of investment projects over time that will potentially improve the future 

sustainability of the township. More specifically, based on the recommendations of Sustainable 

Pittsburgh, the township management plans to implement the following five investment projects: 

 

1. Building a Compost Facility (Compost): Cranberry Township currently accepts yard waste 

(leaves, lawn cuttings, weeds, non-woody, shrubs and tree pruning) as a part of its residential 

curbside pickup. While these bags of organic matter are not discarded, they are taken to an 
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outside facility and lost for the township as a resource. Leaf and grass clippings from the 

various municipal facilities could also be composted to generate valuable leaf mulch. With 

this project, Cranberry Township plans to build a compost facility and use its output around 

municipal grounds, or offer it to the community for a fee or as a service.  

 

2. Purchasing Alternative Fuel Vehicles for Township Fleet (Alternative Fuel): Alternative 

transportation fuels are the fuels other than gasoline or diesel. Examples of alternative 

transportation fuels include methanol, ethanol, propane or compressed natural gas, liquid 

natural gas, low-sulfur or "clean" diesel and electricity. With this project, Cranberry 

Township plans to reduce pollution, eliminate greenhouse gas emissions, minimize 

dependence on traditional fuels, and increase energy efficiency by purchasing alternative fuel 

vehicles for the township fleet. 

 

3. Procurement of Renewable Energy Certificates (RECs): With this project, Cranberry 

Township plans to offset electricity consumption supplied from the traditional fossil-fuels 

and participate in the EPA Green Power Partnership Program by procuring RECs from local 

or national renewable energy resources. Procurement of RECs provides the most simple and 

cost effective means to demonstrate environmental responsibility within the township and 

become a carbon neutral community, although the procurement of RECs will be an 

incremental cost to the current electricity spend in the township. 

 

4. Implementation of a Public Transportation System (Transit): Currently, Butler Transit 

Authority (BTA) does not provide bus service to the Cranberry area. With this project, 
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Cranberry Township and BTA plan to work together to examine opportunities to implement 

bus service in and around Cranberry Township and find ways to fund capital and operating 

expenses. Although it is a capital intensive project, it will help to improve air quality, 

alleviate traffic congestion, and travel inexpensively and conveniently in and around 

Cranberry Township.  

 

5. Achieving a LEED Gold Status Certification for the Municipal Center (LEED): The 

Leadership in Energy and Environmental Design (LEED) certification is a road map for 

delivering economically profitable, environmentally responsible, healthy, productive places 

to live and work. It is provided by the U.S. Green Building Council (USGBC) for the 

buildings which have sustainable green building and development practices. The context of 

this project includes subprojects that if implemented will provide credit for the Municipal 

Center to be certified. Some of these subprojects are upgrading lighting sources and 

improving waste management in the Municipal Center, implementing a modular green roof 

for the Municipal Center, and upgrading the Municipal Center HVAC system.  

8.2 SUSTAINABILITY PERFORMANCE CRITERIA SET 

In the prioritization process of these investment projects, the following decision criteria set was 

prepared for consideration by the township management by taking into account the impacts of 

the projects, as well as reviewing the sustainability index sets developed by Santa Monica, 

California (http://www.smgov.net/) management and Wang and Lin (2007).  
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 Economic Prosperity 

1. Debt-equity ratio: The debt-equity ratio is a measure of the long-term debt of the 

township relative to its equity. It is assumed that all five projects will have direct 

impact on the debt-equity ratio criterion.    

 

 Environmental Quality 

2. Energy consumption: Energy consumption is considered as a criterion to assess 

not only the energy efficiency, but also the quality of energy resource – 

sustainable vs. unsustainable. It is considered that projects 2 (Alternative Fuel), 3 

(RECs), 4 (Transit) and 5 (LEED) have direct impact on the energy consumption 

criterion.    

3. Water and land use: Water and land use is added as a criterion to assess the 

amount and efficiency of water used, and land use quality. It is considered that 

project 5 (LEED) has a direct impact on the water and land use criterion. 

4. Solid waste generation: Solid waste generation refers to the weight or volume of 

materials and products that enter the waste stream before recycling, composting, 

landfilling or combustion takes place. It is considered that projects 1 (Compost) 

and 5 (LEED) have direct impact on the solid waste generation criterion. 

5. Greenhouse gases emissions: Greenhouse gas emissions refer to the amount of 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons 

(HFCs), perfluorocarbons (PFCs), sulpha hexafluoride (SF6), chlorofluorocarbons 

(CFCs) and hydrochlorofluorocarbons (HCFCs), together with the indirect 

greenhouse gas nitrogen oxides (NOx), carbon monoxide (CO) and nonmethane 
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volatile organic compounds (NMVOCs) emitted to the atmosphere. It is 

considered that projects 2 (Alternative Fuel), 3 (RECs), 4 (Transit) and 5 (LEED) 

have direct impact on the greenhouse gas emissions criterion. 

 

 Social Justice 

6. Job creation: Job creation refers to the number of new jobs created. It is 

considered that projects 1 (Compost) and 4 (Transit) have direct impact on the job 

creation criterion. 

7. Cost of living: Cost of living refers to the average cost of basic necessities of life 

such as food, shelter, clothing, transportation, etc. It is considered that projects 3 

(RECs) and 4 (Transit) have direct impact on the cost of living criterion. 

8. Traffic congestion and sufficiency of transportation options: Traffic 

congestion and sufficiency of transportation options is considered as a criterion to 

assess the general condition of traffic in terms of travel times, queues and speed 

of flow, and the availability of sustainable modes of transportation. It is 

considered that project 4 (Transit) has a direct impact on the traffic congestion 

and sufficiency of transportation options criterion. 

 

This set of criteria was confirmed by the Sustainable Pittsburgh experts and Cranberry 

Township management for use in the case study. 
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8.3 MAJOR STAKEHOLDER GROUPS 

For the Cranberry Township case, seven entities were considered as the major stakeholders. 

These major stakeholders were determined by interviewing with the Cranberry Township 

management. Although all of these stakeholder groups were considered in the ANP model 

provided in the next section, only five representatives from these groups were able to participate 

in the ANP study and only two stakeholder groups were represented in the case study. In order to 

determine the potential impact of project alternatives to these stakeholder groups, the roles and 

responsibilities of these stakeholder groups were considered as well as the scope and context of 

the projects. Brief explanations about these seven major stakeholder groups are provided.  

 

 Regulators and Authorities 

1. PA Department of Environmental Protection (DEP) (did not participate in 

case study): The DEP is the state agency largely responsible for administering 

Pennsylvania's environmental laws and regulations. Its responsibilities include 

reducing air pollution, making sure drinking water is safe, protecting water 

quality in rivers and streams, making sure waste is handled properly, supporting 

community renewal and revitalization, promoting advanced energy technology, 

and helping citizens prevent pollution and comply with the commonwealth's 

environmental regulations. DEP is committed to general environmental education 

and encouraging effective public involvement in setting environmental policy. In 

this study, it is assumed that implementation of projects 2 (Alternative Fuel), 3 
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(RECs) and 5 (LEED) will have direct impact on the PA Department of 

Environmental Protection.   

2. PA Department of Transportation (DOT) (did not participate in case study): 

The DOT is the state agency responsible for ensuring a fast, safe, efficient, 

accessible and convenient transportation system that meets citizens’ needs and 

enhances the quality of life. In this study, it is assumed that implementation of 

project 4 (Transit) will have a direct impact on the PA Department of 

Transportation.   

 

 Community and Major Employers 

3. Cranberry Township community (participated in the case study): In addition 

to John Trant - Chief Strategic Planning Officer of Cranberry Township, three 

other representatives from the Cranberry Area Chamber of Commerce, Cranberry 

Township Community Chest (CTCC), and Cranberry Homeowners Association 

participated in the ANP study. It is assumed that implementation of any of the 

five projects will have a direct impact on the Cranberry Township community.   

4. Mine Safety Appliances (did not participate in case study): Mine Safety 

Appliances, headquartered in Pittsburgh, Pennsylvania, is a manufacturer of 

safety products which typically integrate any combination of electronics, 

mechanical systems and advanced materials to protect users against hazardous or 

life-threatening situations. With a division of nearly 500 employees in Cranberry 

Township, it is one of the major employers in the township. In this study, it is 

http://www.cranberrychamber.com/
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assumed that implementation of projects 3 (RECs) and 4 (Transit) will have direct 

impact on Mine Safety Appliances.   

5. UPMC Health System (participated in the case study): UPMC is an integrated 

global health enterprise headquartered in Pittsburgh, Pennsylvania, and one of the 

leading nonprofit health systems in the United States. With a division of over 600 

employees in Cranberry Township, it is one of the major employers in the 

township. In this study, one representative from UPMC Health System 

participated in the ANP study and it is assumed that implementation of projects 3 

(RECs) and 4 (Transit) will have a direct impact on the UPMC Health System. 

6. Westinghouse Electric Company (did not participate in case study): 

Westinghouse Electric Company whose headquarters is located in Cranberry 

Township operates in the worldwide commercial nuclear electric power industry. 

It provides fuel, services, technology, plant design, and equipment to utility and 

industrial customers. In this study, it is assumed that implementation of projects 3 

(RECs) and 4 (Transit) will have a direct impact on Westinghouse Electric 

Company.   

7. TRACO (did not participate in case study): TRACO operates in the building 

products industry by manufacturing windows, doors, storefront and entrances. 

Company headquarters and one of its manufacturing facilities are located in 

Cranberry Township. With well over 900 employees, it is one of the major 

employers in the township. In this study, it is assumed that implementation of 

projects 3 (RECs) and 4 (Transit) will have a direct impact on TRACO.   
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8.4 DEVELOPMENT OF ANP MODEL 

The ANP model built for the Cranberry Township case study is shown in Figure 11. In order to 

minimize the number of pairwise comparisons and hence the load on stakeholder representatives, 

the model is designed as a one layer simple network (i.e., there are no subnetworks, and all the 

clusters and nodes are in a single window).  

 

 

Figure 11: Final ANP model for Cranberry Township sustainability 

 

The objective of the model is to maximize the sustainability of Cranberry Township. The 

model consists of three criteria clusters - economic prosperity, environmental quality and social 

justice. The nodes of criteria clusters are the specific performance criteria which were previously 
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determined by taking into account the impacts of the projects, as well as reviewing the 

sustainability index sets developed by Santa Monica, California (http://www.smgov.net/) 

management and Wang and Lin (2007). 

As depicted in Figure 11, the alternatives cluster appears at the center of the network and 

contains the five investment projects. All of the criteria clusters are connected to the alternatives 

cluster since the five investment projects will be prioritized based on these criteria. The model 

also contains two stakeholder clusters – regulators and authorities, and community and major 

employers. The alternatives cluster is connected to these stakeholder clusters since 

implementation of the projects will affect these stakeholders. Finally, in order to indicate the 

reaction of stakeholders, related stakeholder clusters are connected to the alternatives cluster.  

One major drawback of the ANP methodology is the need for a large number of pairwise 

comparisons.  Thus, if ANP is to be used for a real case, it is important to build the model in a 

way that the number of pairwise comparisons is kept to a minimum so as to reduce the data 

collection time and effort. Therefore, the ANP model shown in Figure 11 involves several 

evolutionary steps to simply the model. Figures provided in Appendix D.2 show the initial (full 

model) and interim (simplified) versions of the model.  

The initial and interim ANP models require 318 and 188 pairwise comparisons 

respectively, which is not practical for this particular case due to time and resource constraints, 

as well as the cognitive burden this places on the stakeholders. For this reason, several pilot 

studies were conducted in order to gain insight in how best to reduce the number of pairwise 

comparisons. Based on these pilot studies, the following actions were taken: 
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1. Reducing the number of investment projects in consideration: 

 Advantage: Since the alternatives cluster is connected to all the other clusters (except 

the goal cluster), reducing the number of investment projects in consideration 

tremendously reduces the number of pairwise comparisons. 

 Disadvantage: Reducing the number of investment projects in consideration narrows 

the scope of the case study and really does not truly reflect the considerations being 

undertaken by the Cranberry Township management. 

 Incorporation into the model: Since the implementation of the projects “Upgrading 

lighting sources of township buildings” and “Implementing a modular green roof on 

Municipal Center” shown in the initial model provides credit for the Municipal Center 

to be LEED certified, these projects were considered as the subprojects under 

“Achieving Gold status of LEED certification for the Municipal Center.”  

 

2. Eliminating the sustainability performance criteria which have less importance 

compared to the others: 

 Advantage: Eliminating the sustainability performance criteria which have less 

importance compared to the others helps in reducing the number of pairwise 

comparisons to some degree. For instance, a criterion which is not affected by any of 

the projects, or does not have a direct impact on the stakeholder groups might be 

considered less important than the others.  

 Disadvantage: The prioritization of sustainability performance criteria is a prerequisite 

for the prioritization of investment projects such that investment projects will be 
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prioritized with respect to the sustainability performance criteria which will also be 

prioritized by the stakeholder representatives. In that sense, without the stakeholders’ 

views, it is difficult to decide for whom which criteria have less importance compared 

to the others. 

 Incorporation into the model: First, “Water use” and “Land use” criteria shown in 

the initial and interim models are combined under one node called “Water and land 

use” in the model shown in Figure 8 since there is no project which has a direct impact 

on only water use criterion or land use criterion. Second, “Urban runoff reduction,” 

“Environmentally preferable purchasing,” “Health of Cranberry Township community” 

and “Image and reputation of Cranberry Township” criteria in the initial and interim 

models are eliminated since none of the projects has a direct impact on these criteria. 

 

3. Eliminating the stakeholders which have less importance compared to the others: 

 Advantage: Eliminating the stakeholders which have less importance compared to the 

others helps in reducing the number of pairwise comparisons to some degree. 

 Disadvantage: Eliminating some of the stakeholders excludes the input from these 

stakeholders potentially resulting in sub-optimization.  

 Incorporation into the model: Since not all the stakeholder groups participated in the 

study, the four stakeholder clusters were categorized under two clusters: 1) Regulators 

and Authorities 2) Community and Major Employers. The second category contains all 

the participative stakeholder groups. In this category, community refers to the township 

employees, Cranberry Area Chamber of Commerce, Cranberry Township Community 

Chest (CTCC), Seneca Valley School District and Cranberry Homeowners 

http://www.cranberrychamber.com/
http://www.svsd.net/
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Association, whereas major employers refer to Mine Safety Appliance, UPMC Health 

Plan System, Westinghouse Electric Company and TRACO.  

 

4. Eliminating some of the feedback connections in the model: 

 Advantage: Eliminating some of the feedback connections in the model helps in 

reducing the number of pairwise comparisons to some degree. 

 Disadvantage: Since implementing any of the investment projects will ultimately 

affect the stakeholders and stakeholders will react to this effect, valuable stakeholder 

reaction information will be lost if the feedback connections are eliminated.  

 Incorporation into the model: In the model shown in Figure 11, only the 

“Community and Major Employers” cluster has a feedback mechanism because the 

“Regulators and Authorities” cluster does not contain any participative stakeholder 

group.  Therefore, no further adjustments will be made to the model. 

 

Overall, the final version of the model shown in Figure 11 is refined, but comprehensive. 

First, it has the main feedback mechanism from participative stakeholder groups. Second, it 

maintains the same scope as previous versions since it takes into account all the investment 

projects and important sustainability performance criteria. Finally, it requires only 50 pairwise 

comparisons substantially less than in the previous versions. All 50 of these pairwise 

comparisons can be seen in the Stakeholder Notification Document provided in Appendix D.3.  
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8.5 STAKEHOLDER MEETINGS 

In order to collect the stakeholder perception data, five separate stakeholder meetings were 

performed over a two-month period. These meetings were held with the following stakeholder 

representatives: 

 

 John Trant – Chief Strategic Planning Officer of Cranberry Township, representing the 

Cranberry Township management   

 Gary Mignogna – VP of Human Resources at UPMC – Passavant, representing a major 

employer in the township  

 Duane McKee, representing the Cranberry Township Homeowners Association 

 Jason Dailey, representing the Cranberry Township community 

 Susan Balla, representing the Cranberry Township Chamber of Commerce  

 

It was assumed that each stakeholder meeting would last 1 hour based on the estimations 

depicted in Table 7.  
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Table 7: Detailed time allocation for a typical stakeholder meeting (See Appendix D.2 for 

comparison sets) 

Activity Sub-Activity 
Duration 
(minutes) 

Explanation of ANP methodology  N/A 5 
Demonstration of car purchase example N/A 5 
Explanation of the purpose of Cranberry 

Township ANP study and related ANP model 
N/A 10 

Performing pairwise comparisons 

Cluster comparison set 1 2.5 
Cluster comparison set 2 1 
Node comparison set 1 4 
Node comparison set 2 2.5 
Node comparison set 3 4 
Node comparison set 4 1 
Node comparison set 5 4 
Node comparison set 6 6 
Node comparison set 7 1 
Node comparison set 8 1 
Node comparison set 9 1 
Node comparison set 10 1 
Node comparison set 11 6 

Inconsistency check 5 

TOTAL DURATION (minutes)  60 

 

To help ensure an effective meeting, stakeholders were briefed in advance about the 

content of the project and ANP methodology via the Stakeholder Notification Document (see 

Appendix D.3) that was sent one week before the meeting. This document provides only a brief 

explanation about each project. It does not give any detailed financial information to the 

stakeholders about the projects. To ensure that the meetings were run consistently, a meeting 

checklist was also developed (see Checklist for Stakeholder Meetings Document in Appendix 

D.4).  

After presenting the pairwise comparisons to the decision makers, instances of 

inconsistency needed to be resolved. As mentioned before an acceptable inconsistency ratio 
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should be less than or equal to 0.1. In cases where the stakeholder did not meet consistency, the 

stakeholder was asked to judge his/her preferences one more time via the SuperDecisions 

software. Table 8 summarizes all the statistics related to the stakeholder meetings. 

 

Table 8: Information related to the stakeholder meetings 

Stakeholder 
Number 

Stakeholder 
Group 

Representative 
Meeting 

Date 

Number of 
inconsistency 

cases 

Duration 
(minutes) 

1 
Cranberry 
Township 

management 
John Trant 

Feb. 25, 
2009 

2 45 

2 
UPMC - 

Passavant 
Gary Mignogna 

Apr. 02, 
2009 

0 25 

3 

Cranberry 
Township 

Homeowner's 
Associations 

Duane McKee 
Apr. 03, 

2009 
2 35 

4 
Cranberry 
Township 
employees 

Jason Dailey 
Apr. 03, 

2009 
2 37 

5 

Cranberry 
Township 

Chamber of 
Commerce 

Susan Balla 
Apr. 03, 

2009 
7 40 

8.6 ANP STUDY RESULTS 

Figures 12-16 show the final results of the ANP study taken with stakeholder 

representatives. As one can see, in 4 of the 5 final results, implementing a public transportation 

system has the highest priority.  
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Figure 12: Final Results of ANP study taken with Cranberry Township management 

 

For the Cranberry Township management, implementing a public transportation system 

has a high priority compared to the other projects. On the other hand, although achieving a Gold 

certification status for the Municipal Center has the lowest priority, the priorities of the three 

remaining projects are not well above its priority. The results can be interpreted in the following 

way. If implementing a public transportation system improves the sustainability of the township 

100%, then building a compost facility improves it by 37%, purchasing alternative fuel vehicles 

improves it by 28%, procurement of RECs improves it by 25%, and achieving Gold status of 

certification improves it by 20%.    
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Figure 13: Final Results of ANP study taken with UPMC-Passavant 

 

For the UPMC-Passavant, as one of the major employers in the township, although 

implementing a public transportation system has a higher priority than the other projects, the 

difference on the priorities of the five projects are not very high which reflects a fairly neutral 

perspective across the projects. The results can be interpreted in the following way. If 

implementing a public transportation system improves the sustainability of the township 100%, 

then building a compost facility improves it by 74%, purchasing alternative fuel vehicles 

improves it by 61%, procurement of RECs improves it by 57%, and achieving Gold status of 

certification improves it by 58%.    
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Figure 14: Final Results of ANP study taken with Cranberry Township Homeowner’s 

Associations 

 

For the Cranberry Township Homeowner’s Associations, implementing a public 

transportation system has the highest priority whereas achieving a Gold certification status for 

the Municipal Center has the lowest priority which reflects a similar perspective with the 

township management. The results can be interpreted in the following way. If implementing a 

public transportation system improves the sustainability of the township 100%, then building a 

compost facility improves it by 52%, purchasing alternative fuel vehicles improves it by 70%, 
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procurement of RECs improves it by 39%, and achieving Gold status of certification improves it 

by 34%.    

 

 

Figure 15: Final Results of ANP study taken with Cranberry Township employees 

 

For the Cranberry Township employees, purchasing alternative fuel vehicles for the 

township fleet has a high priority compared to the other projects, and the priorities of the other 

four projects are low and close to each other. Since the township vehicles are in the usage of the 

township employees, it is reasonable to have a low priority for the implementing a public 

transportation system which is a different perspective than the other stakeholders reflect. The 
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results can be interpreted in the following way. If purchasing alternative fuel vehicles improves 

the sustainability of the township 100%, then building a compost facility improves it by 31%, 

procurement of RECs improves it by 21%, implementing a public transportation system 

improves it by 37%, and achieving Gold status of certification improves it by 34%.    

 

 

Figure 16: Final Results of ANP study taken with Cranberry Township Chamber of Commerce 

 

Finally, for the Cranberry Township Chamber of Commerce, the priority of 

implementing a public transportation system is well above of the priorities of other projects, and 

building a compost facility has a quite low priority. This can interpreted that the Chamber of 
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Commerce gives priority on the projects which will develop the economic activity and improve 

social life while protecting the environment. The results can be interpreted in the following way. 

If implementing a public transportation system improves the sustainability of the township 

100%, then building a compost facility improves it by 7%, purchasing alternative fuel vehicles 

improves it by 21%, procurement of RECs improves it by 13%, and achieving Gold status of 

certification improves it by 25%.     

In sum, in 4 of the 5 final results, implementing a public transportation system has the 

highest priority. This implies that most of the stakeholders perceive that implementing a public 

transportation system in Cranberry Township will improve its overall sustainability much more 

than the other projects. Hence, in the financial planning model provided in the following 

sections, it has the highest sustainability return rate (SRR).    

8.7 FINANCIAL ANALYSIS OF PROJECT ALTERNATIVES 

The following sections provide the financial analyses of the projects that Cranberry Township 

management plans to implement.  This includes the following: (1) building a compost facility 

(Compost), (2) purchasing alternative fuel vehicles for township fleet (Alternative Fuel), (3) 

procurement of renewable energy certificates (RECs), (4) implementation of a public 

transportation system (Transit), and (5) achieving Gold status of LEED certification for the 

Municipal Center (LEED). The financial analysis of the project alternatives are performed after 

the ANP study since the purpose of ANP study is to learn about the perceptions of stakeholders 
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before taking any action or spending any effort related to the projects. These financial analyses 

are based on four assumptions: 

 

1. Analyses do not involve taxation. Based on the U.S. Internal Revenue Services’ (IRS) 

regulations, most state and local government entities are not required to pay federal income 

tax even though such governments all operate revenue producing enterprises. For this reason, 

financial analyses provided in the following sections do not involve taxation. 

2. Analyses do not involve depreciation. Most property decreases in value with use and time; 

hence, it depreciates. Depreciation is used to determine taxable income since the law permits 

deduction of a reasonable allowance for wear and tear, natural decay or decline, exhaustion, 

or obsolescence of property used in a trade or business or of property held for the production 

of income (Bittker and Lokken, 1991). However, since the income is not taxed for state and 

local government entities, financial analyses of the projects do not involve depreciation. 

3. Analyses do not involve inflation. Inflation is a frequently discussed subject in the area of 

economic analysis. Some argue that inflation effects can be ignored, since inflation will 

affect all investments in roughly the same way by considering that the relative differences in 

the alternatives will be approximately the same with or without inflation considered. Others 

argue that the inflation rate during the past few decades has been so dynamic, that an 

accurate prediction of the true inflation rate and its impact on future cash flows is not 

possible or very difficult (White et al., 1998). In that sense, since the projects that Cranberry 

Township management plans to implement are compared with each other in a relative 

manner, financial analyses of the projects do not consider inflation.   
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4. No salvage value is assumed. Although capital assets such as equipment have a salvage 

value at the end of their useful life, in many cases this value is relatively small compared to 

the cost and revenue items related to that asset. For this reason, in the financial analyses of 

the projects, salvage value of the assets are not taken into account. 

 

In addition to these four assumptions, financial analyses of the projects involve several 

other assumptions and estimations based on previous studies, technical reports, literature, and 

current market values. These accompanying assumptions and estimations are specific to the 

analyzed project; and are provided in the context of the related financial analysis. Further, IRR 

values calculated for each project are intended to measure the expected average rate of return of 

the related investment. And, although the provided financial analyses give valuable insight into 

the profitability of considered projects, it should not be forgotten that costs and revenues 

provided in these analyses are not intended to represent actual bids for the related projects and 

are subject to change. 

8.7.1 Project 1 - Building a Compost Facility (Compost) 

Cranberry Township currently accepts yard waste (leaves, lawn cuttings, weeds, non-woody, 

shrubs and tree pruning) as a part of its residential curbside pickup. While these bags of organic 

matter are not discarded, they are taken to an outside facility; and hence, are a loss for the 

township as a resource. Cranberry Township plans to build a compost facility and use its output 

around municipal grounds, or offer it to the community for a fee or as a service.  
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Facility Size 

A basic determinant for the size of the compost facility is the amount of the yard waste collected 

in the township. Cranberry Township management indicates that of the 6,700 tons of waste 

collected in 2007, 1,238 tons were yard waste (around 18.5%) (Wills, 2008). Further, 

determination of the size of the facility should be based on the volume estimate of the yard waste 

collected because the Guidelines for Yard Waste Composting Facilities issued by the 

Pennsylvania Department of Environmental Protection (DEP) (2009) requires that no more than 

3,000 cubic yards of waste shall be placed, stored, or processed on any acre of a facility where 

composting activity occurs or is planned to occur. 

According to the Municipal Yard Waste Composting Reference Manual (1991) and 

Municipal Yard Waste Composting Facility – Operator’s Reference Guide and Handbook 

(1999), the density of mixed yard waste, as collected, can range from 350 to 950 pounds per 

cubic yard. Since 1,238 tons (i.e., yard waste amount collected in 2007) is low compared to the 

amount of yard waste collected in similar sized townships, the lowest level of the range (i.e., 350 

pounds per cubic yard) is used to calculate the size of the active composting area. Under this 

assumption, the compost facility that will be built in Cranberry Township should have an active 

composting area of 2.358 acres. In addition to that, by assuming a staging and buffer area of 3 

acres and a storage area at approximately 50% of the active composting area, the total area 

needed for the compost facility is considered to be 6.537 acres. 

 

Capital Expenditures 

Capital expenditures involve site development, building construction and equipment costs. Site 

development costs are associated with preparing the site for composting. Examples include 
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clearing and grubbing, cutting and filling, storm water management, soil erosion and 

sedimentation control, paving the access road to the facility, building parking lot, developing 

infrastructure for utility services and subdivision planning in the facility. On the other hand, 

equipment costs are related to the machinery and tools that are necessary to operate the facility. 

For the site development and building construction costs, a feasibility report prepared for 

the townships of Dorrance, Fairview, Rice and Wright, and Nuangola Borough in Luzerne 

County (Development of a Multi-Municipal Yard Waste Composting Facility (2002)) provides 

valuable insight since these communities are also located in Pennsylvania. Note that Cranberry 

Township is located in the Southwestern corner of Butler County, Pennsylvania. For the 

proposed total area of 15 acres, the development of Luzerne County yard waste compost facility 

requires an allocation of $556,400 and $138,000 for the site development and building 

construction costs, respectively. Assuming a direct relationship between the size of the facility, 

and site development and building construction costs, Cranberry Township needs a compost 

facility with a total area of 6.537 acres, with estimated costs of $242,279 for site development 

cost and $60,140 for building construction cost. These cost items are shown in Table 9.  

Regarding equipment, a compost facility typically requires a chipper/shredder, tub 

grinder, skid loader, screener, turner and support tools such as thermometers, pH and stability 

kits, etc. Although market values for these equipment may change depending on their brand, age, 

technical aspects, etc., Table 9 provides suitable estimated costs for these equipment based on 

the development of Luzerne County yard waste compost facility.  
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Table 9: Capital expenditures 

Capital expenditures Amount ($) 

Site development cost 242,279 

Building construction cost 60,140 

Equipment cost 

Chipper/Shredder 19,675 

Tub grinder 52,850 

Skid loader 42,150 

Screener 54,000 

Turner 77,000 

Support tools 5,100 

Total 553,194 

 

Operating and Maintenance Costs 

Operating and maintenance costs for a compost facility involve labor, electricity, fuel and 

maintenance costs. Since Cranberry Township currently accepts yard waste (leaves, lawn 

cuttings, weeds, non-woody, shrubs and tree pruning) as a part of its residential curbside pickup, 

cost of collecting yard waste is not considered as an operating cost in this analysis. Estimations 

for the other costs are shown in Table 10. In the calculation of labor cost it is assumed that the 

labor needed to operate the compost facility is 0.18/hours/ton and the labor rate is $60/hour. 

These assumptions are based on a technical report prepared to plan and implement a yard waste 

composting site in the City of Pittsburgh - Yard Waste Facility in Pittsburgh (1999). In a similar 

way, electricity, fuel and maintenance cost values are adapted from a feasibility study prepared 

for building a compost facility for the usage of City of Lebanon and North Lebanon Township 

residents - Compost Site Feasibility and Design (2005), as the size of this facility is 

approximately the same as the one considered for Cranberry Township. 
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Table 10: Operating and maintenance costs 

Operating and maintenance costs Amount ($/year) 

Labor cost 13,370 

Electricity cost 500 

Fuel cost 1,800 

Maintenance cost 400 

Total 16,070 

 

Revenues 

To generate revenue, it is reasonable for Cranberry Township management to request an average 

of $40/ton process fee from the residents and companies that use the facility. (To determine the 

exact amounts of process fee for residents and companies, $40/ton average process fee can be 

split depending on the amount of yard waste collected from residents and companies separately). 

In doing so, township management can generate a revenue of $49,520/year. Further, if they could 

sell the final output of composting process (i.e., mulch) for $12 per cubic yard, additional 

revenue can be created. This additional revenue computes to roughly $35,657/year by assuming 

that the weight of yard waste is reduced by approximately 58% through the composting process 

as mentioned in Waste Reduction Fact Sheet – Yard Waste Management (1996). These revenue 

items are shown in Table 11.  

 

Table 11: Revenues 

Revenues 
Amount 
($/year) 

Revenue by requesting 
process fee  

49,520 

Revenue by selling mulch 35,657 

Total 85,177 
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Calculation of Internal Rate of Return (IRR) 

In calculating internal rate of return (IRR), the following assumptions are made. 

 The compost facility is assumed to have an expected life of nine years since most of the 

equipment purchased have a life span of eight to ten years. 

 Cranberry Township's population grew 34%, to 14,816, between 1980 and 1990. The 2000 

census placed its population at 23,625, up almost 60% from 1990. By considering these 

values, for the following nine years, it is assumed that Cranberry Township’s population will 

increase by 47% (average of 34% and 60%) and the amount of yard waste collected will 

increase to 1,819 tons from 1,238 tons by considering a direct relationship with the 

population increase. Additionally, while calculating the annual increase in operating and 

maintenance costs, and revenues, it is assumed that the increase from 1,238 to 1,819 tons in 

yard waste will be linear over nine years. 

 

Table 12 shows three IRR values calculated for the compost facility. The IRR value for 

the most probable scenario is based on the estimated capital expenditures, operating and 

maintenance costs, and revenues provided in previous sections. The IRR values for the worst 

case and best case scenarios are obtained by making small changes to the assumed parameters 

such as process fees or the selling price of mulch. Specifically, for the worst case scenario, 

capital expenditures, operating and maintenance costs increase by 5%, process fees decrease to 

$35/ton from $40/ton, and mulch prices decrease to $10 per cubic yard from $12 per cubic yard. 

In a similar way, for the best case scenario, capital expenditures, operating and maintenance 

costs decrease by 5%, process fees increase to $45/ton from $40/ton, and mulch prices increase 

to $14 per cubic yard from $12 per cubic yard. 
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The annual average rate of return of building a compost facility in Cranberry Township is 

expected to be 1.38%, 6.64% and 11.78% for the worst case, most probable and the best case, 

respectively. 

 

Table 12: Internal rate of return (IRR) of building a compost facility in Cranberry Township 

(Project 1) for worst case, most probable and best case scenarios 

 

Worst case 
scenario 

Most 
probable scenario 

Best case 
scenario 

Total capital expenditure ($) -580,853 -553,194 -525,534 

Net cash flow in year 1 ($) 56,171 69,107 82,043 

Net cash flow in year 2 ($) 59,471 73,167 86,863 

Net cash flow in year 3 ($) 62,771 77,227 91,683 

Net cash flow in year 4 ($) 66,071 81,287 96,503 

Net cash flow in year 5 ($) 69,371 85,347 101,323 

Net cash flow in year 6 ($) 72,671 89,407 106,143 

Net cash flow in year 7 ($) 75,971 93,467 110,963 

Net cash flow in year 8 ($) 79,271 97,527 115,783 

Net cash flow in year 9 ($) 82,571 101,587 120,603 

Internal rate of return (IRR) 1.38% 6.64% 11.78% 

8.7.2 Project 2 - Purchasing Alternative Fuel Vehicles for Cranberry Township Fleet 

(Alternative Fuel) 

Alternative transportation fuels are the fuels other than gasoline or diesel. Examples of 

alternative transportation fuels include methanol, ethanol, propane or compressed natural gas, 

liquid natural gas, low-sulfur or "clean" diesel and electricity. For municipalities, vehicles that 

use alternative fuels are usually preferred for environmental and efficiency reasons even though 

they have higher purchase prices compared to gasoline or diesel vehicles.  
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This analysis provides a review of the current status of the Cranberry Township fleet. 

Considering the future vehicle replacement needs of the township, the review determines the 

amount of extra investment required beyond the basic vehicle replacement plan to make the 

township’s fleet green and related savings on fuel costs. Although alternative fuel vehicles are 

longer-lasting (since alternative fuel vehicles burn cleaner and do not dirty the motor oil as in a 

gasoline or diesel engine) and have lower maintenance cost, the major benefit of alternative fuel 

vehicles is their fuel efficiency. For this reason, this analysis focuses on the savings on fuel cost 

if the alternative fuel vehicles are preferred for the implementation of the Cranberry Township 

fleet replacement plan. 

 

Scope and Basic Assumptions 

Currently, the Cranberry Township fleet has 122 non-alternative fuel vehicles. Based on the 

Vehicle Replacement Program shown in Appendix E, the township management has a 

replacement plan until 2028. Although this plan is a target to renew the fleet and does not include 

alternative fuel vehicle purchases, the township management mentions that it is subject to change 

depending on several factors such as availability of budget, vehicle depreciation, and changes in 

future demand and technology. Because of uncertainty on these factors, this analysis focuses on 

the vehicle purchases that are planned for the first nine years of the replacement plan (i.e., from 

2009 to 2017). Specifically, it investigates how much extra investment is required and how much 

related savings of fuel costs is obtained if the alternative fuel vehicles are the preferred purchases 

during these nine years.    

The township’s 122 vehicles have a total average annual usage of 798,580 miles/year. 

Since alternative fuel vehicles have a higher initial purchase price and lower operating costs 
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compared to conventional vehicles, they are typically profitable and preferable when the vehicle 

usage and fuel prices are high (Sherman, 2007). For this reason, in order to maximize the 

profitability, this analysis considers only the sedans, SUVs, pick-ups and trucks whose annual 

usage is greater than or equal to 10,000 miles/year (making a total average annual usage of 

468,363 miles/year). It is thought that replacing vehicles whose annual usage is less than 10,000 

miles/year with alternative fuel vehicles will not provide a significant amount of savings on fuel 

cost compared to the extra investment spent to purchase the alternative fuel vehicles.  

For simplification, the analysis assumes that sedans will be replaced (when it is 

appropriate) with the Chevrolet Malibu Hybrid, SUVs will be replaced with the Ford Escape 

Hybrid FWD, and pick-ups and trucks will be replaced with the Chevrolet Silverado 15 Hybrid 

2WD. These models are selected since they are among the most efficient hybrid vehicles that are 

currently available in the market. Purchase prices for these alternative fuel vehicles are obtained 

from NADAguides.com – a comprehensive vehicle information website, and they include tax, 

license, title, registration and documentation fees which are assumed to be 9% of their 

manufacturer suggested retail prices (MSRPs).  

Finally, per mile fuel cost for both gasoline or diesel and alternative fuel vehicles are 

obtained from the website of www.fueleconomy.gov by assuming a 45% highway, 55% city 

driving, and a fuel price of $2.40 per gallon of gasoline. 

 

Capital Expenditures and Savings on Fuel Costs 

Table 13 provides an estimate of how much extra investment is required to purchase alternative 

fuel vehicles and how much related savings on fuel costs is obtained if the alternative fuel 

vehicles are preferred in the vehicle purchases from 2009 to 2017. As mentioned, since 



 

93 

 

alternative fuel vehicles are typically preferred when the vehicle usage and fuel prices are high 

(Sherman, 2007), it is assumed that there will not be significant differences in other operating 

costs such as maintenance.  

For the extra investment in year 2011, a negative value is obtained because the purchase 

prices of the selected alternative fuel vehicles (i.e., the Chevrolet Malibu Hybrid, Ford Escape 

Hybrid FWD and Chevrolet Silverado 15 Hybrid 2WD) are less than the allocated budget for this 

year in the original replacement plan prepared by the township management. In the calculation of 

internal rate of return (IRR), this value is treated as a savings.  

Additionally, throughout the nine-year planning horizon as the vehicles in the township 

fleet are replaced with alternative fuel vehicles, savings on fuel cost increases. This explains the 

savings on fuel cost column of Table 13 has an increasing trend. 

 

Table 13: Extra investment required to purchase alternative fuel vehicles and related savings 

obtained on fuel cost if the alternative fuel vehicles are preferred 

Year 
Extra 

investment 
($) 

Savings on 
fuel cost ($) 

2009 17,289 8,309 
2010 32,776 13,473 
2011 -3,602 14,372 
2012 2,696 15,286 
2013 4,359 17,178 
2014 21,082 18,800 
2015 6,584 18,800 
2016 3,420 18,800 
2017 34,833 18,800 
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Calculation of Internal Rate of Return (IRR) 

Tables 14, 15 and 16 show three IRR values calculated for purchasing alternative fuel vehicles 

for Cranberry Township fleet. The IRR value for the most probable scenario is based on the 

estimated extra investment necessary to purchase alternative fuel vehicles and related savings on 

fuel costs provided in previous sections. Since the profitability of alternative fuel vehicles is very 

sensitive to fuel price, the IRR value for the most probable case is calculated by assuming a fuel 

price of $2.40 per gallon of gasoline whereas the IRR values for the worst case and best case 

scenarios are calculated by assuming a fuel price of $2.80 and $2.00 per gallon of gasoline, 

respectively. Assumptions on the fuel prices are based on the historical fuel prices obtained from 

the website of Energy Information Administration (http://www.eia.doe.gov/). Although there are 

fluctuations in the fuel prices, there is an increasing trend in recent 10 years. For this reason, for 

the most probable case, average of the gasoline prices in last 5 years is assumed. And, for the 

worst case and best case scenarios, average of the gasoline prices in the last 2 years and 10 years 

are assumed.   

Annual average rate of return of purchasing alternative fuel vehicles for Cranberry 

Township fleet is expected to be 1.04%, 28.69% and 49.04% at the worst case, most probably 

and at the best case, respectively.  
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Table 14: Internal rate of return (IRR) of purchasing alternative fuel vehicles for Cranberry 

Township fleet (Project 2) for worst case scenario 

Worst case scenario 

Year 
Extra 

investment 
($) 

Savings on 
fuel cost ($) 

Net cash 
flow ($) 

2009 17,289 6,924 -10,365 
2010 32,776 11,228 -21,548 
2011 -3,602 11,977 15,579 
2012 2,696 12,738 10,042 
2013 4,359 14,315 9,956 
2014 21,082 15,667 -5,415 
2015 6,584 15,667 9,083 
2016 3,420 15,667 12,247 
2017 34,833 15,667 -19,166 

Internal rate of return (IRR) 1.04% 
 

Table 15: Internal rate of return (IRR) of purchasing alternative fuel vehicles for Cranberry 

Township fleet (Project 2) for most probable scenario 

Most probable scenario 

Year 
Extra 

investment ($) 
Savings on 
fuel cost ($) 

Net cash 
flow ($) 

2009 17,289 8,309 -8,980 
2010 32,776 13,473 -19,303 
2011 -3,602 14,372 17,975 
2012 2,696 15,286 12,590 
2013 4,359 17,178 12,819 
2014 21,082 18,800 -2,282 
2015 6,584 18,800 12,216 
2016 3,420 18,800 15,380 
2017 34,833 18,800 -16,033 

Internal rate of return (IRR) 28.69% 
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Table 16: Internal rate of return (IRR) of purchasing alternative fuel vehicles for Cranberry 

Township fleet (Project 2) for best case scenario 

Best case scenario 

Year 
Extra 

investment ($) 
Savings on 
fuel cost ($) 

Net cash 
flow ($) 

2009 17,289 9,694 -7,595 
2010 32,776 15,719 -17,057 
2011 -3,602 16,768 20,370 
2012 2,696 17,834 15,138 
2013 4,359 20,041 15,682 
2014 21,082 21,934 851 
2015 6,584 21,934 15,350 
2016 3,420 21,934 18,514 
2017 34,833 21,934 -12,899 

Internal rate of return (IRR) 49.04% 

8.7.3 Project 3 - Purchasing Renewable Energy Certificates (RECs) 

Although purchasing renewable energy certificates (RECs) provides several intangible benefits 

to Cranberry Township to include: favorable reputation, dedication to sustainability, certification 

by the Environmental Protection Agency (EPA), etc., it is not a direct cash generating investment 

option. For this reason, this analysis focuses only on the required amount of REC purchase and 

its cost to the township management. 

 

Scope and Cost of Purchasing Renewable Energy Certificates (RECs) 

Currently, Cranberry Township consumes approximately 8,552 MWh of electricity on an annual 

basis. The electricity used to power this consumption is produced through a combination of 

agreements with the local utility and a retail electricity supplier. Local renewable energy 

resources including wind, hydro, and solar account for less than one percent of all energy 
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generation in the region. Further, due to the large dependence on coal-fired electricity generation, 

GHG emission rates in the region are well above the national average including carbon dioxide 

emissions, which are approximately 14% higher than the rest of the country (Mehalik et. al, 

2008). 

Cranberry Township can purchase RECs from local or national renewable energy 

resources to offset the electricity consumption from traditional fossil-fuels. By purchasing RECs, 

Cranberry Township can participate in the Green Power Partnership/Leadership Program of the 

U.S. Environmental Protection Agency (EPA). Based on EPA requirements, in order to 

participate to the Green Power Partnership Program, at least 6% of Cranberry Township’s power 

portfolio should come from renewable resources; and in order to participate to the Green Power 

Leadership Program, at least 60% of Cranberry Township’s power portfolio should come from 

renewable resources. Tables 17 and 18 provide the costs of purchasing wind RECs (as of 2008) 

from local and national resources, respectively. Depending on available budget and preference, 

township management can perform the REC purchases either from local or national resources. 

 

Table 17: Cost of purchasing PA wind RECs (Adapted from Mehalik et. al, 2008) 

 

Percentage of 
purchased 

REC 

Annual 
electricity 

usage 
(MWh/year) 

Cost 
($/MWh) 

Total 
cost 

($/year) 

State of 
origination 

EPA Green Power 
Leadership 

Program 

100% PA 
Wind 

8,552 8.5 72,692 Pennsylvania 

EPA Green Power 
Leadership 

Program 
60% PA Wind 5,131 9.0 46,179 Pennsylvania 

EPA Green Power 
Partnership 

Program 
6% PA Wind 513 10.0 5,130 Pennsylvania 
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Table 18: Cost of purchasing national wind RECs (Adapted from Mehalik et. al, 2008) 

 

Percentage of 
purchased REC 

Annual 
electricity 

usage 
(MWh/year) 

Cost 
($/MWh) 

Total 
cost 

($/year) 

State of 
origination 

EPA Green 
Power 

Leadership 
Program 

100% national 
Wind 

8,552 5.35 45,753 Any 

EPA Green 
Power 

Leadership 
Program 

60% national Wind 5,131 5.85 30,016 Any 

EPA Green 
Power 

Partnership 
Program 

6% national Wind 513 6.85 3,514 Any 

 

Calculation of Internal Rate of Return (IRR) 

Since purchasing RECs does not generate revenue or provide direct savings, internal rate of 

return (IRR) calculations are not computed.  

8.7.4 Project 4 - Implementing Public Transportation System (Transit) 

Implementing a public transportation system around Cranberry Township requires a detailed, 

comprehensive financial analysis that involves demographic, geographic and infrastructural 

properties of the area. The township management conducted such a study – Cranberry Area 

Transit (CAT) Study prepared by Michael Baker Corporation (2005); and as a result this analysis 

will utilize the financial aspects recommended in the indicated study.  
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Scope 

The CAT Study includes municipalities in the Southwest corner of Butler County and in the 

Northwest portion of Allegheny County (Beaver County borders the study area to the West). 

Butler County municipalities included are the boroughs of Callery, Evans City, Harmony, Mars, 

Seven Fields, Valencia, and Zelienople, as well as the townships of Adams, Cranberry, Forward, 

Jackson, and Middlesex. Additionally, the study covers the townships of Marshall and Pine, 

located in Allegheny County.  

Based on the current and future transit needs of the region, the CAT Study divides the 

transportation market into three segments: 

 

 Local: Circular services that allow easier access to local jobs and retail centers 

 Study Area: Connections to other activity centers and smaller municipalities such as 

Zelienople, Mars and current terminus of the Port Authority system in the US Route 19 

corridor 

 Regional: Commuting between the Cranberry area and the City of Pittsburgh 

The study included several qualitative and quantitative criteria such as capital and 

operating cost, land use, community input, ridership estimation, quality of pedestrian 

environment, etc., for its analyses.  After evaluating a set of alternative bus routes for each 

segment, the study recommends a bus service for the following routes: 

 

 Local: L6 – Zelienople, L7 – East West and L8 – North South 

 Study Area: S1 – Zelienople/Harmony and S3 – Mars/Evans City 
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 Regional: R1 – Pittsburgh Express, R1A – Seven Fields Express, R3 – Zelienople Express, 

R4 – Butler Express, R5 – North Hills and R6 – Rochester 

 

Detailed information for these routes can be obtained from the Cranberry Area Transit 

Study prepared by Michael Baker Corporation (2005). 

 

Capital Expenditures  

The CAT Study provides not only the appropriate routes for the bus service, but also 

recommends the capital assets required to run the system. These capital assets include a transit 

center (hub), a light-duty maintenance center, a park-and-ride/van pool lot and amenities (i.e., 

shelters, stations, bike paths, etc.). In addition, it is assumed that the system will operate using 

eight 30-foot mid-sized busses and 13 full-sized busses whose unit costs are $200,000 and 

$350,000, respectively. Costs related to these capital assets are shown in Table 19. 

 

Table 19: Capital expenditures (Adapted from the CAT Study) 

Asset description Cost ($) 

Transit center (Hub) 4,000,000 

Light-duty maintenance center 10,000,000 

Park-and-ride/Van pool lot 6,000,000 

Amenities 500,000 

8 30-foot mid-sized busses 1,600,000 

13 full-sized busses 4,550,000 

Total 26,650,000 
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Operating Costs and Revenues 

As in the estimation of capital expenditures, the Cranberry Area Transit Study provides valuable 

information for the operating costs. Table 20 summarizes the route operating costs provided in 

the CAT Study. To calculate the operating cost per service day, an average cost per service hour 

($65) is estimated based on other small transit properties in western Pennsylvania (CAT Study, 

2005). This value is multiplied with the running time and number of trips per day. To obtain the 

annual operating cost, a default value of 300 days is used representing Monday through Saturday 

service with no service on Sundays or holidays. 

Although the CAT Study does not provide any information, to estimate the revenues, it is 

assumed that for each trip on a random day, the average number of passengers in a mid-size bus 

is 20 whereas the average number of passengers in a full-size bus is 35. The average passenger 

fares are assumed to be $2/person/trip, $2.5/person/trip, $3/person/trip for local, study area and 

regional routes, respectively. Exact fares for adults, children, senior citizens, bus-pass users and 

transfer passengers can be determined by splitting the given average passenger fares based on the 

passenger demographics. Under these assumptions, route specific revenues are shown in Table 

20. 
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Table 20: Conceptual bus transportation system around Cranberry Township and related route specific capital cost, operating cost and 

revenue information 

L6 L7 L8 S1 S3 R1A R3 R4 R6

Zel ienople

Loop

East

West

North

South

Zel ienople

/Harmony

Mars/

Evans  Ci ty

Seven 

Fields

Express

Zel ienopl

e

Express

Butler

Express
Rochester

Service

Characteristics

1 30-foot

mid-s ized

bus

1 30-foot

mid-s ized

bus

1 30-foot

mid-s ized

bus

1 30-foot

mid-s ized

bus

2 30-foot

mid-s ized

bus

3 Ful l -

s ized 

busses

4 Ful l -

s ized

busses

3 Ful l -

s ized

busses

1 30-foot

mid-s ized

bus

Route Specific 

Capital Cost ($)
200,000 200,000 200,000 200,000 400,000 1,050,000 1,400,000 1,050,000 200,000

Peak Off Peak Peak Off Peak

Round Trip Route 

Length (Miles)
8.2 14.4 13.6 19.9 27.6 42.8 42.8 44.0 60.2 85.5 19.0 19.0 24.6

Average Speed 

(Miles/Hour)
20 20 20 20 20 35 35 35 35 35 25 25 25

Round Trip Running 

Time (Hours)
0.41 0.72 0.68 1.00 1.38 1.22 1.22 1.26 1.72 2.44 0.76 0.76 0.98

Trips per Hour 1 1 1 1 1 2 2 2 2 1 2 1 1

Service Hours per 

Day
10 10 12 12 12 6 10 6 6 4 4 6 10

Number of Round 

Trips

per Day

10 10 12 12 12 12 20 12 12 4 8 6 10

Average Operating 

Cost per Hour
$65 $65 $65 $65 $65 $65 $65 $65 $65 $65 $65 $65 $65

Average Operating 

Cost per Day
$267 $468 $530 $776 $1,076 $954 $1,590 $981 $1,342 $635 $395 $296 $640

Operating

Cost ($/year)
79,950 140,400 159,120 232,830 322,920 286,149 476,914 294,171 402,480 190,543 118,560 88,920 191,880

Revenue

($/year)
240000 240000 288000 360000 360000 756000 1260000 756000 756000 252000 288000 216000 360000

Regional

3 Ful l -s ized busses

1,050,000

R5

North

Hi l l s

1 30-foot

mid-s ized

bus

200,000

Local Study Area

Route Name

R1

Pittsburgh

Express
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Calculation of Internal Rate of Return (IRR) 

In calculating the internal rate of return (IRR), the following assumptions are made. 

 It is assumed that the implemented bus transportation system will last nine years considering 

that a bus purchased has a useful life of approximately nine years. 

 Cranberry Township's population grew 34%, to 14,816, between 1980 and 1990. The 2000 

census placed its population at 23,625, up almost 60% from 1990. By considering these 

values, for the following nine years, it is assumed that Cranberry Township’s population will 

increase by 47% (average of 34% and 60%) and for each trip on a random day, the average 

number of passengers in a mid-size bus will increase to 30 from 20 whereas average number 

of passengers in a full-size bus will increase to 52 from 35 by considering a direct 

relationship between the population increase and bus ridership. Additionally, it is assumed 

that the increase in the number of passengers will be approximately linear over nine years. 

 

Table 21 shows three IRR values calculated for the bus transportation system. The IRR 

value for the most probable scenario is based on the estimated capital expenditures, operating 

costs and revenues provided in previous sections. The IRR values for the worst case and best 

case scenarios are obtained by making small changes to some of the assumed parameters such as 

the number of passengers or the passenger rates. More specifically, for the worst case scenario, 

capital expenditures are increased by 5% and passenger fares are decreased to $1.75/person/trip, 

$2.25/person/trip, $2.75/person/trip from $2/person/trip, $2.5/person/trip, $3/person/trip for 

local, study area and regional routes, respectively. In a similar way, for the best case scenario, 

capital expenditures are decreased by 5% and passenger fares are increased to $2.25/person/trip, 
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$2.75/person/trip, $3.25/person/trip from $2/person/trip, $2.5/person/trip, $3/person/trip for 

local, study area and regional routes, respectively. 

Annual average rate of return of implementing a bus transportation system in Cranberry 

Township is expected to be 0.55%, 5.43% and 10.21% for the worst case, most probable and best 

case, respectively.  

 

Table 21: Internal rate of return (IRR) of implementing a bus transportation system around 

Cranberry Township (Project 4) for worst case, most probable and best case scenarios 

 
Worst case 

scenario 
Most probable 

scenario 
Best case 
scenario 

Total capital expenditure ($) -27,982,500 -26,650,000 -25,317,500 

Net cash flow in year 1 ($) 2,592,163 3,147,163 3,702,163 

Net cash flow in year 2 ($) 2,744,452 3,332,058 3,919,665 

Net cash flow in year 3 ($) 2,896,741 3,516,953 4,137,167 

Net cash flow in year 4 ($) 3,049,030 3,701,848 4,354,669 

Net cash flow in year 5 ($) 3,201,319 3,886,743 4,572,171 

Net cash flow in year 6 ($) 3,353,608 4,071,638 4,789,673 

Net cash flow in year 7 ($) 3,505,897 4,256,533 5,007,175 

Net cash flow in year 8 ($) 3,658,186 4,441,428 5,224,677 

Net cash flow in year 9 ($) 3,810,475 4,626,323 5,442,179 

Internal rate of return (IRR) 0.55% 5.43% 10.21% 

8.7.5 Project 5 - Achieving Gold status of LEED Certification for Municipal Center 

(LEED) 

The context of this project includes subprojects whose implementation will provide credits for 

the Municipal Center to be certified by the USGBC. Some of these subprojects are implementing 

a modular green roof for the Municipal Center, upgrading lighting sources and improving waste 

management in the Municipal Center, and upgrading the Municipal Center HVAC system. Due 
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to constraints of time and data availability, a separate financial analysis for each of these 

subprojects was not feasible.  As a result, the overall investment is divided by two parts. The first 

part involves the analysis of implementing a modular green roof for the Municipal Center. The 

second part provides an approximate financial analysis for the remaining smaller scale 

subprojects considering the conceptual costs of implementation and LEED certification process 

for existing buildings. 

 

Financial Analysis of Implementing a Modular Green Roof for the Municipal Center 

The financial analysis for implementing a green roof on the Cranberry Township Municipal 

Center is based on several assumptions and estimations made to identify the required capital 

expenditures and subsequent savings. To make these assumptions and estimations, the analysis 

makes use of information specific to the Municipal Center, as well as other types of information 

provided from the literature, green roof companies and non-for-profit organizations. It should be 

noted that it is infeasible to perform an exact financial analysis since the resulting savings from a 

green roof are very sensitive to factors specific to green roofing and building.  

 

Scope and Basic Assumptions 

The roof of Municipal Center has many roof windows, HVAC units, drains, walking pads, 

hoods, exhaust fans, etc. which makes it too cluttered to consider installing a large-scale green 

roof project. However, it is possible to implement a modular green roof system. Modular systems 

are not built into the roof but rather placed on an existing roof. Typically, after plants are grown 

in boxes off site, they are placed adjacent to each other on the existing roof (Dinsdale et al., 

2006). Figure 17 shows a diagram of a modular green roof system.   
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Figure 17: Modular green roof systems (Weston Solutions, Inc., 2009) 

 

There are two types of green roofs: Intensive green roofs and extensive green roofs. Intensive 

green roofs are deeper than the extensive green roofs. This allows for the growth of larger plants 

such as trees and shrubs in intensive roofs. However, they have a higher installation cost and 

require more maintenance, irrigation and feeding. On the other hand, extensive green roofs 

contain smaller plants and are typically self sustaining except for bi-yearly maintenance. 

Compared to intensive green roofs, extensive green roofs have lower construction and 

maintenance costs (Dinsdale et al., 2006). Table 22 provides a comparison of the two green roof 

types by considering their advantages and disadvantages. 
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Table 22: Advantages and disadvantages of intensive and extensive green roofs (Adapted from 

Dinsdale et al., 2006) 

Advantages Disadvantages 

Intensive Extensive Intensive Extensive 

Greater plant 
diversity and 

options 
Lightweight 

High weight 
loading 

Little plant choice 

Visually appealing Low maintenance 
Need 

irrigation/drainage 
systems 

No recreational 
access 

Good insulation Low cost High costs Unattractive 

Used as open space 
Works on older 

roofs 
High maintenance 

Less storm water 
retention 

Potential for higher 
energy savings 

Easier to replace 
High replacement 

cost 
- 

More storm water 
retention 

Often no irrigation 
or drainage 

system 

More expertise 
required 

- 

 

In this analysis, in order to keep the installation and maintenance costs at a minimum 

level, an extensive, inaccessible green roof is considered for the Municipal Center. And, it is 

assumed that 50% of the total roof area of the Municipal Center will be covered with the green 

roof since by covering at least 50% of the total roof area with a green/vegetated roof, the 

Municipal Center can directly obtain one LEED credit under the heat island effect category 

(USGBC, 2009). There is also potential for a green roof to earn credits in other categories with 

extra investment. For instance, Kula (2005) claims that green roofs can earn additional credits 

under the following categories: 

 Reduced site disturbance,  

 Protect or restore open space,  
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 Storm water management,  

 Water efficient landscaping,  

 Innovative wastewater technologies, and   

 Innovation in design. 

 

Except for the innovation in design category, Sustainable Pittsburgh (2008) asserts that 

the Municipal Center can possibly achieve credits in the above categories through modest 

investments. These extra investments are considered under the analysis of smaller scale 

subprojects. 

 

Capital Expenditures 

Compared to conventional roofs, green roofs typically require greater initial investment. 

However, they do provide savings by extending the life of the roof membrane and reducing the 

heating and cooling costs of the building. Boston Metropolitan Area Planning Council (MAPC) 

cites that the cost of green roofs starts at $5 per square foot. Paladino & Company, Inc. (2004), a 

sustainability and green building consulting firm, states that green roofs have a higher initial 

construction cost almost twice that of a conventional roof installation or about $10 to $15 per 

square foot. Green Roofs for Healthy Cities, a non-for-profit industry association, (2009) reports 

that an installed extensive green roof with root repellant/waterproof membranes may be installed 

for $10-$24 per square foot. Since an extensive, inaccessible roof is under consideration for the 

Municipal Center, a relatively low value, $7 per square foot is assumed for the installation cost in 

this analysis. And, by covering the 50% of the total roof area of the Municipal Center (75,511 

square feet), the capital expenditure is estimated to be $264,290. 
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Maintenance Costs 

By choosing the plants that are common to the area and those that can withstand the harsh 

conditions, extensive roofs are built self-sustaining except for bi-yearly maintenance costs. 

Moreover, some reputable green roof companies offer lifetime warranties to repair any damage 

that occurs in the green roof. For instance, in the feasibility study for a green roof application on 

Queen’s University Campus, Dinsdale et al. (2006) assert that the cost of maintaining an 

extensive green roof is negligible compared to its capital investment. In a similar study, Boodram 

et al. (2004) allocates a watering and fertilization cost of $0.25-$4.10 per square foot only for the 

first 2 years of the green roof to ensure its health. Hence, this analysis does not assume that a 

significant amount of maintenance cost will occur beyond the regular maintenance cost of a 

conventional roof.  

 

Energy Savings 

One of the major benefits of green roofs is increasing the energy efficiency of the buildings that 

they cover. Typically, they reduce the energy consumption of the buildings by adding insulation, 

providing shade and/or protecting roofs from wind-chill. Berkshire (2009) notes that a green roof 

can reduce heating and cooling requirements by as much as 20% to 30% percent for a one story 

structure. However, most of the green roof related research indicates that the savings in energy 

resulting from a green roof comes from cooling costs. For example, Liu and Baskaran (2003) 

assert that green roofs are more effective at preventing heat gain in the summer than heat loss in 

the winter. In their feasibility study for the green roof application on Queen’s University 

Campus, Dinsdale et al. (2006) negated the heating energy savings and assumes a 15% reduction 

in cooling costs.  



 

110 

 

In the Sustainability Assessment Report prepared for Cranberry Township, Sustainable 

Pittsburgh specifies that heating, cooling and ventilation costs for the Municipal Center are 

$32,439/year, $18,320/year and $10,486/year, respectively. Using these costs and assuming a 

20% reduction on them, the total energy savings for the Municipal Center resulting from a green 

roof is estimated as $12,249/year. 

 

Financial Analysis of Smaller Scale Subprojects and LEED Certification Process 

The economics of the implementation of LEED for existing building standards and certification 

process varies significantly from building to building. For this analysis, statistical data for the 

costs and savings related to the smaller scale subprojects to make improvements in the building 

and LEED certification process has been used. 

 

Scope and Assumptions 

Although minor updates in the structure and requirements of LEED certification are expected for 

the 2009 version (version 3.0) of the manual for existing buildings, this analysis utilizes version 

2.0 as most of the literature is based on this version.  

In version 2.0, credit requirements for certification are given as the following: 

 

 Certified: 32-39 credits, 

 Silver: 40-47 credits, 

 Gold: 48-63 credits, and  

 Platinum: 64-85 credits. 
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The Sustainability Assessment Report prepared by Sustainable Pittsburgh (2008) 

provides a preliminary study related to the LEED certification of the Municipal Center. 

Specifically, they assess the current status of the Municipal Center to explore the possibility of 

getting LEED certification (version 2.0). A checklist is provided that shows the actions the 

township management should take. And, Sustainable Pittsburgh classifies these action items by 

considering the degree of investment required. Results of this study can be summarized as the 

following.    

 

 The Municipal Center in place practices what would qualify for 3 LEED credits without 

additional investment. However, before additional LEED credits can be granted towards 

certification, five prerequisite conditions (i.e., erosion and sedimentation control, minimum 

water efficiency, waste stream audit, storage and collection, and outside air introduction and 

exhaust systems) should be addressed.   

 With modest investment, the Municipal Center has the potential to obtain credits in the areas 

of energy efficiency, waste management, green purchasing, operational procedures, and 

storm water management.  

 Depending on the amount and degree of investment, the Municipal Center has the possibility 

of achieving Gold certification status. It is highly unlikely that the Municipal Center will be 

able to achieve platinum certification as it requires a higher amount of investment.  

 

In summary, it is expected that at the best case the capital expenditures provided in this 

analysis will result in a Gold certification status.     
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Capital Expenditures 

By performing an empirical study based on 14 LEED certified existing buildings, Leonardo 

Academy, Inc., a nonprofit organization focusing on sustainability, (2008) provides an analysis 

of total costs, costs on square foot basis and costs for the level of LEED-EB (existing buildings) 

certification achieved (i.e., Certified, Gold, Silver, Platinum). They divide the capital 

expenditures needed for LEED implementation for existing building standards and certification 

process into two cost categories: soft and hard. Table 23 summarizes their findings as average 

values for soft and hard costs. Soft costs include labor costs, consulting costs, registration fees, 

and application fees while hard costs include the cost of actual building improvement projects. 

Hence, with a similar approach, in this analysis, the costs of the smaller scale subprojects to 

make improvements in the Municipal Center are categorized as hard costs and the others are 

considered under the soft costs category. 

   

Table 23: Cost statistics of the implementation and certification processes for 14 LEED certified 

existing buildings (Adapted from Leonardo Academy, Inc., 2008)  

 

Mean cost ($/square foot) 

 

Certified  
(n=2) 

Silver 
(n=4) 

Gold 
(n=4) 

Platinum 
(n=4) 

All 
buildings 

(n=14) 

Labor costs 0.82 0.66 0.51 0.73 0.66 

Consulting 
costs 

0.12 0.60 0.22 0.79 0.39 

Registration 
fee 

0.04 0.03 0.01 0.01 0.02 

Application fee 0.00 0.00 0.03 0.02 0.01 

Total soft costs 0.98 1.29 0.77 1.55 1.08 

Total hard 
costs 

0.57 0.11 2.20 1.16 1.35 

Total: All costs 1.55 1.40 2.97 2.71 2.43 
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Although it is a rough estimation, for the purposes of this analysis, total capital 

expenditures needed to make improvements in the Municipal Center and certification process are 

estimated as $141,000. This value is obtained by multiplying the total area of the Municipal 

Center (94,000 square foot) with $1.50/square foot, assumed total cost per square foot. As seen 

from Table 23, the assumed total cost per square foot (i.e., $1.50/square foot) places between the 

mean values of total costs of Silver and Gold certification for existing buildings (i.e., 

$1.40/square foot and $2.97/square foot) by considering that the township management targets 

the Gold certification for the Municipal Center. However, for a better estimation for this cost, 

further, building specific analysis is required.    

 

Savings on Operating Costs 

In addition to certification, implementation and process costs, Leonardo Academy, Inc. (2008) 

provides an analysis that compares the operating costs of 11 LEED certified existing buildings 

with the operating costs in the Building Owners and Managers Association (BOMA) 

International’s 2007 Experience Exchange Report. In their analysis, they compare both the total 

operating costs of the buildings as well as the components of the building operating costs, 

including cleaning expenses, repair and maintenance expenses, roads/grounds expenses, security 

expenses, administrative and utility expenses. They find that the average operating cost of 11 

LEED certified buildings is $0.17/square foot/year less than the BOMA average. Given this, the 

savings on the operating costs for the Municipal Center after certification is estimated to be 

$15,980/year.   
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Calculation of Internal Rate of Return (IRR) 

In the calculation of internal rate of return (IRR), the following assumptions are made: 

 For most extensive green roofs, the expected life span of the roof system is expected to be 25 

years, approximately double that for a conventional roof (Kosareo and Ries, 2007). For this 

reason, it is assumed that implemented green roof and renovations in the Municipal Center 

will last 25 years. 

 Although there will be fluctuations in utility, repair, maintenance, security, administrative 

expenses, etc. during the 25-year planning horizon, it is assumed that there won’t be any 

dramatic change for the amounts of savings on energy and operating costs.  

 

Table 24 provides three IRR values calculated for achieving Gold status of LEED 

certification for the Municipal Center. The IRR value for the most probable scenario is based on 

the estimated capital expenditures and savings on costs provided in previous sections. The IRR 

values for the worst case and best case scenarios are obtained by making small changes to some 

of the assumed parameters such as unit cost of green roofs or amount of savings on energy costs. 

More specifically, for the worst case scenario, unit cost of green roof is increased to $10/square 

foot from $7/square foot, unit cost of implementation and certification processes is increased to 

$1.7/square foot from 1.5/square foot, expected energy savings are decreased to 16% from 20% 

and expected savings on operating costs are decreased to 0.16/square foot/year from 0.17/square 

foot/year. In a similar way, for the best case scenario, unit cost of green roof is decreased to 

$6/square foot from $7/square foot, unit cost of implementation and certification processes is 

decreased to $1.45/square foot from 1.5/square foot, expected energy savings are increased to 
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22% from 20% and expected savings on operating costs are increased to 0.18/square foot/year 

from 0.17/square foot/year. 

Annual average rate of return of achieving Gold status of LEED certification for the 

Municipal Center is expected to be 1.54%, 4.82% and 6.73% at the worst case, most probable 

case and at the best case, respectively.  

 

Table 24: Internal rate of return (IRR) of achieving Gold status of LEED certification for the 

Municipal Center (Project 5) for worst case, most probable and best case scenarios 

 

Worst case 
scenario 

Most probable 
scenario 

Best case 
scenario 

Total capital expenditure ($) -537,357 -405,290 -362,834 

Net cash flow in year 1 ($) 26,064 28,229 30,393 

Net cash flow in year 2 ($) 26,064 28,229 30,393 

Net cash flow in year 3 ($) 26,064 28,229 30,393 

Net cash flow in year 4 ($) 26,064 28,229 30,393 

Net cash flow in year 5 ($) 26,064 28,229 30,393 

: : : : 

: : : : 

: : : : 

Net cash flow in year 25 ($) 26,064 28,229 30,393 

Internal rate of return (IRR) 1.54% 4.82% 6.73% 

8.8 CREATING AN OPTIMAL BALANCED INVESTMENT PORTFOLIO 

Table 25 summarizes the internal rate of returns of the five project alternatives at the worst case, 

most probable case and at the best case. Since purchasing RECs does not generate revenue or 

provide direct savings, internal rate of return (IRR) calculations are not computed. It can be seen 
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that purchasing alternative fuel vehicles has the largest difference between its internal rate or 

return (IRR) values for the worst case and best case scenarios. 

 

Table 25: Annual internal rate of returns (IRRs) of five project alternatives 

 
Annual internal rate of returns (IRRs) 

 

Worst case 
scenario 

Most probable 
scenario 

Best case 
scenario 

Project 1 (Compost) 1.38% 6.64% 11.78% 

Project 2 (Alternative Fuel) 1.04% 28.69% 49.04% 

Project 3 (RECs) NA NA NA 

Project 4 (Transit) 0.55% 5.43% 10.21% 

Project 5 (LEED) 1.54% 4.82% 6.73% 

 

By considering the rapid changes in technology, expected life times of the equipment 

purchased for the projects, and the computational burden of Stochastic Programming, nine years 

of planning horizon is assumed for the financial planning. And, it is divided into three periods 

assuming each of them is composed of three years. With this assumption, although project 5 

(LEED) has a life time of 25 years, it is treated as if a project which has constant internal rate of 

returns throughout the nine years planning horizon. Under these assumptions, a three-stage 

stochastic linear program is developed which makes use of the three-year compounded internal 

rate of returns of the project alternatives as shown in Table 26. For instance, in a three-year 

period, Project 1 (Compost) will return 4% (i.e., (101.38)3-1=4%) at the worst case, 40% (i.e., 

(111.79)3-1=40%) at the best case, and 21% (i.e., (106.64)3-1=21%) most probably.  
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Table 26: Three-years compounded internal rate of returns (IRRs) of five project alternatives 

 
Three-year compounded internal rate of returns (IRRs) 

 

Worst case 
scenario 

Most probable 
scenario 

Best case 
scenario 

Project 1 (Compost) 4% 21% 40% 

Project 2 (Alternative Fuel) 3% 113% 231% 

Project 3 (RECs) NA NA NA 

Project 4 (Transit) 2% 17% 34% 

Project 5 (LEED) 5% 15% 22% 

 

To calculate the sustainability rate of returns of the project alternatives, first, the results 

of ANP study are normalized. Then, these values are scaled with respect to the internal rate of 

return values of the project alternatives shown in Table 26. The results of normalization and 

scaling steps are shown in Tables 27 and 28, respectively. For instance, the overall weight of 

Project 1 (Compost) for Stakeholder 1 is obtained by dividing the priority of Project 1 (Compost) 

determined by Stakeholder 1 (i.e., 0.177928 from Figure 12) with the priority of Project 4 

(Transit), the highest ranked project by Stakeholder 1 (i.e., 0.477274 from Figure 12). And, the 

calculation of the sustainability rate of return (SRR) of Project 1 (Compost) determined by 

Stakeholder 1 is shown below. This calculation is based on Equation 7.2. 

 

(8.1) 

 

As an example, the values shown in Table 28 can be interpreted in the following way. 

The compost facility improves Cranberry Township in the three dimensions of sustainability 

(i.e., economic, environmental and social) by 87%, 177%, 123%, 72% and 13% based on the 

perspectives of stakeholders 1, 2, 3, 4 and 5, respectively. Specific improvement on a specific 

)43.72(
)43.7100(

)2231(
28.3787.0 
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criterion depends on the weight that the stakeholder gives to that criterion with respect to other 

criteria in the ANP study that he/she took.   

 

Table 27: Normalized overall weights (OWs) of the five project alternatives 

 

Normalized OW 

 

Project  1 
(Compost) 

Project  2 
(Alternative 

Fuel) 

Project  3 
(RECs) 

Project  4 
(Transit) 

Project  5 
(LEED) 

Stakeholder 1 37.28% 27.97% 24.71% 100.00% 19.57% 

Stakeholder 2 73.92% 60.94% 57.09% 100.00% 58.22% 

Stakeholder 3 51.86% 69.54% 38.86% 100.00% 33.56% 

Stakeholder 4 31.22% 100.00% 21.11% 36.96% 33.70% 

Stakeholder 5 7.43% 20.88% 13.10% 100.00% 25.45% 

 

Table 28: Sustainability rate of returns (SRRs) of the five project alternatives 

 
Sustainability rate of returns (SRRs) 

 
Project  1 
(Compost) 

Project  2 
(Alternative 

Fuel) 

Project  3 
(RECs) 

Project  4 
(Transit) 

Project  5 
(LEED) 

Stakeholder 1 87% 64% 55% 242% 43% 

Stakeholder 2 177% 145% 136% 242% 139% 

Stakeholder 3 123% 167% 91% 242% 77% 

Stakeholder 4 72% 242% 47% 86% 78% 

Stakeholder 5 13% 46% 27% 242% 57% 

 

Since there are three periods, and there are three possibilities at each period (i.e., best 

case, most probable, and worst case scenarios), there are a total of 27 scenarios for the nine years 

planning horizon. While calculating probabilities of these 27 scenarios, it is assumed that at each 

period the probability of most probable scenario is 0.5 whereas the probabilities of best case and 
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worst case scenarios are the same and 0.25, since most of the time the economy is stable. Based 

on these assumptions, the scenario events and probabilities are shown in Figure 18 and Table 29. 
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Figure 18: Tree of scenarios for the three periods 

(1: Best case scenario, 2: Most probable scenario, 3: Worst case scenario) 
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Table 29: Scenario probabilities 

Scenario 
number 

Scenario 
events* 

Scenario 
probability 

1 WWW 0.015625 

2 WWM 0.031250 

3 WWB 0.015625 

4 WMW 0.031250 

5 WMM 0.062500 

6 WMB 0.031250 

7 WBW 0.015625 

8 WBM 0.031250 

9 WBB 0.015625 

10 MWW 0.031250 

11 MWM 0.062500 

12 MWB 0.031250 

13 MMW 0.062500 

14 MMM 0.125000 

15 MMB 0.062500 

16 MBW 0.031250 

17 MBM 0.062500 

18 MBB 0.031250 

19 BWW 0.015625 

20 BWM 0.031250 

21 BWB 0.015625 

22 BMW 0.031250 

23 BMM 0.062500 

24 BMB 0.031250 

25 BBW 0.015625 

26 BBM 0.031250 

27 BBB 0.015625 

  
1.000000 

*B: Best case scenario, M: Most probable scenario, W: Worst case scenario 

 

Additionally, by interviewing the Cranberry Township management, probabilities of 

experiencing the SRR sets predicted by the stakeholders (i.e., Pj values) are determined. This 

process can be thought of as assigning a weight to the perspective of each stakeholder for the 
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contribution of project alternatives to the sustainability of the township. Table 30 shows the 

values obtained with this process. These values are totally based on the township management’s 

preference and initiative. This enables the township management, as being the actual decision 

maker, to keep their preference, initiative or power in strategic decisions. For instance, the 

township management can ignore the perspective of any stakeholder group in the decision-

making process by assigning a zero coefficient to the related SRR set.   

 

Table 30: Probabilities assigned to each stakeholder perspective (i.e., Pj values) 

 
Pj values 

Stakeholder 1 0.250 

Stakeholder 2 0.125 

Stakeholder 3 0.250 

Stakeholder 4 0.125 

Stakeholder 5 0.250 
 

Finally, by interviewing the township management, initial wealth is assumed to be $7 

million and the target wealth is simply assumed to be zero. While the minimum and maximum 

investment amounts for the projects are determined by considering the investment amounts for 

worst case and best case scenarios. In addition to the trivial constraints, the constraints that the 

model uses related to the minimum and maximum investment amounts for the projects are 

provided below: 

 

 The total investment amount for Project 1 (Compost) must be less than or equal to $580,853 

and greater than or equal to $525,534. $580,853 and $525,534 are the total capital 
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expenditures required for Project 1 (Compost) at the worst case and best case as seen from 

Table 12.  

 The total investment amount for Project 2 (Alternative Fuel) must be less than or equal to 

$126,641, and $126,641 is the total investment amount required for Project 2 (Alternative 

Fuel) (See Table 14). 

 The investment amount for Project 2 (Alternative Fuel) at period 1 must be less than or equal 

to $53,667, and $53,667 is the total investment amount required for Project 2 (Alternative 

Fuel) at period 1 (See Table 14). 

 The investment amount for Project 2 (Alternative Fuel) at period 2 must be less than or equal 

to $28,137, and $28,137 is the total investment amount required for Project 2 (Alternative 

Fuel) at period 2 (See Table 14). 

 The investment amount for Project 2 (Alternative Fuel) at period 3 must be less than or equal 

to $44,837, and $44,837 is the total investment amount required for Project 2 (Alternative 

Fuel) at period 3 (See Table 14). 

 The total investment amount for Project 3 (RECs) at each period must be less than or equal to 

$218,076 and greater than or equal to $10,542. $218,076 is the total investment amount 

required for Project 3 (RECs) if PA wind RECs are purchased (See Table 17), and $10,542 is 

the total investment amount required for Project 3 (RECs) if national wind RECs are 

purchased (See Table 18).   

 The investment amount for Project 3 (RECs) at period 2 must be greater than or equal to the 

investment amount for Project 3 (RECs) at period 1. This constraint guarantees the continuity 

of EPA Partnership at period 2 if it is earned in period 1.  
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 The investment amount for Project 3 (RECs) at period 3 must be greater than or equal to the 

investment amount for Project 3 (RECs) at period 2. This constraint guarantees the continuity 

of EPA Partnership at period 3 if it is earned in period 2.  

 Since Project 4 (Transit) requires relatively huge amount of investment and very high 

sustainability rate of return compared to the other project alternatives, lower limit for the 

amount of investment on this project is simply assumed as zero, and no upper limit is 

considered. 

 The total investment amount for Project 5 (LEED) must be less than or equal to $537,357 

and greater than or equal to $362,834. $537,357 and $362,834 are the total capital 

expenditures required for Project 5 (LEED) at the worst case and best case as seen from 

Table 24. 

The limits on the minimum and maximum investment amounts for the projects are summarized 

in Tables 31 and 32. 

Table 31: Limits on total minimum and maximum investment amounts 

 
Project 1 Project 2 Project 4 Project 5 

Min. investment amount $525,534 0 0 $362,834 

Max. investment amount $580,853 $126,641 No limit $537,357 
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Table 32: Limits on minimum and maximum investment amounts at each period 

 
Project 2 Project 3 

Min. investment amount 
at period 1 

$0 $10,542 

Max. investment amount 
at period 1 

$53,667 $218,076 

Min. investment amount 
at period 2 

$0 $10,542 and investment amount at period 1 

Max. investment amount 
at period 2 

$28,137 $218,076 

Min. investment amount 
at period 3 

$0 $10,542 and investment amount at period 2 

Max. investment amount 
at period 3 

$44,837 $218,076 

 

A copy of the numeric model file where the sustainability coefficient (K) is equal to 1 

(i.e., Financial (F) Value and Sustainability (S) Value have equal importance) created in Notepad 

can be seen in Appendix F.  

8.8.1 Results 

To solve the three-stage stochastic linear program, ILOG Cplex 9.0 was used (ILOG, Cplex 

Documentation, 2008). The results obtained for several sustainability coefficient (K) values are 

shown in Table 33.  

As it is shown in Table 33 and Figure 19, three different investment portfolios are 

obtained after running the three-stage stochastic linear program for several sustainability 

coefficient (K) values. By considering the marginal improvements shown in Table 34, the 

township management can select any one of the investment portfolios depending on the needs of 
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the township and their preferences in pursuing sustainability practices (i.e., determining the value 

of sustainability coefficient (K)).  

 

Table 33: Model results for several K values 

Model 1 Results for b=$7,000,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 11,480,080 79,241,200 Investment Portfolio 1 

0.025 11,480,080 79,241,200 Investment Portfolio 1 

0.05 11,480,080 79,241,200 Investment Portfolio 1 

0.075 11,477,020 79,304,300 Investment Portfolio 2 

0.1 11,477,020 79,304,300 Investment Portfolio 2 

0.5 11,477,020 79,304,300 Investment Portfolio 2 

1 11,433,305 79,348,015 Investment Portfolio 3 

2 11,433,305 79,348,015 Investment Portfolio 3 

3 11,433,305 79,348,015 Investment Portfolio 3 

5 11,433,305 79,348,015 Investment Portfolio 3 

10 11,433,305 79,348,015 Investment Portfolio 3 

100 11,433,305 79,348,015 Investment Portfolio 3 

1000 11,433,305 79,348,015 Investment Portfolio 3 
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Figure 19: Investment portfolios on Financial (F) Value – Sustainability (S) Value graph 

 

Table 34: Analysis of Model 1 results for b=$7,000,000 

Analysis of Model 1 Results for b=$7,000,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement 

(S/F) 

1 and 2 3,060.406 63,100.406 20.618 

2 and 3 43,714.641 43,714.641 1.000 

 

The details of the investment strategy proposed by investment portfolio 2 are provided in 

Table 35. In this context, an investment portfolio represents an investment strategy which states 

how much should be invested in each of the five projects at each of the 3 time periods. For 

example, as seen in Table 35, investment portfolio 2 proposes to invest $525,534, $53,667, 
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$10,542 and $6.410 million on alternative projects 1 (Compost), 2 (Alternative Fuel), 3 (RECs) 

and 4 (Transit), respectively at time period 1; then for time period 2, it suggests to invest 

$28,137, $10,542 and $7.101 million on alternative projects 2 (Alternative Fuel), 3 (RECs) and 4 

(Transit), respectively if scenario 1 happens at the end of time period 1; invest $28,137, $10,542 

and $8.211 million on projects 2 (Alternative Fuel), 3 (RECs) and 4 (Transit), respectively if 

scenario 2 happens at the end of time period 1; and invest $28,137, $10,542 and $9.464 million 

on projects 2 (Alternative Fuel), 3 (RECs) and 4 (Transit), respectively if scenario 3 happens at 

the end of time period 1, so on.  

Investment portfolio 1 provides an investment strategy which considers only the 

economic concerns. For this reason, it provides the minimum sustainability value which is 

$79.241 million. On the other hand, investment portfolio 3 provides an investment strategy 

which takes into account the environmental and social concerns at the maximum level in addition 

to the economic concerns. By investing $46,775 on environment and society, investment 

portfolio 3 improves the sustainability value of the organization from $79.241 million to $79.348 

million. The details of the investment strategy proposed by investment portfolios 1 and 3 are also 

shown in Table 35. 
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Table 35: Investment strategies proposed by investment portfolios 1, 2 and 3 

x(i, 1) = Amount invested on project i in period 1 where 1≤i≤5 

x(i, t, s1,……, sH) = Amount invested on project i in period t of scenario (s1,……, sH) where 

1≤i≤5 and 2≤t≤3 

Model 1 Investment Portfolios for b=$7,000,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

P
er

io
d

 1
 

x(1,1)   580,853 525,534 525,534 

x(2,1)   53,667 53,667 53,667 

x(3,1) 10,542 10,542 10,542 

x(4,1) 6,354,938 6,410,257 6,410,257 

x(5,1)  0 0 0 

P
er

io
d

 2
 

x(1,2,1)  0 0 0 

x(2,2,1)  28,137 28,137 28,137 

x(3,2,1)   10,542 10,542 10,542 

x(4,2,1)  7,102,722 7,101,616 7,101,616 

x(5,2,1)   0 0 0 

x(1,2,2)  0 0 0 

x(2,2,2)   28,137 28,137 28,137 

x(3,2,2)  10,542 10,542 10,542 

 x(4,2,2)  8,211,529 8,211,529 8,211,529 

x(5,2,2) 0 0 0 

x(1,2,3)  0 0 0 

x(2,2,3)   28,137 28,137 28,137 

x(3,2,3) 10,542 10,542 10,542 

x(4,2,3) 9,464,451 9,464,451 9,464,451 

x(5,2,3) 0 0 0 
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Table 35 (continued) 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

P
er

io
d

 3
 

x(1,3,1,1)  0 0 0 

x(2,3,1,1) 44,837 44,837 0 

x(3,3,1,1) 10,542 10,542 10,542 

x(4,3,1,1)  6,854,416 6,854,416 6,899,253 

x(5,3,1,1)  362,834 362,834 362,834 

x(1,3,1,2)  0 0 0 

x(2,3,1,2)  44,837 44,837 0 

x(3,3,1,2) 10,542 10,542 10,542 

x(4,3,1,2) 7,950,609 7,950,609 7,995,446 

x(5,3,1,2) 362,834 362,834 362,834 

x(1,3,1,3) 0 0 0 

x(2,3,1,3)  44,837 44,837 0 

x(3,3,1,3) 10,542 10,542 10,542 

 x(4,3,1,3) 9,191,085 9,191,085 9,235,922 

x(5,3,1,3) 362,834 362,834 362,834 

x(1,3,2,1)  0 0 0 

x(2,3,2,1) 44,837 44,837 0 

x(3,3,2,1) 10,542 10,542 10,542 

x(4,3,2,1)  7,986,527 7,986,527 8,031,364 

x(5,3,2,1) 362,834 362,834 362,834 
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Table 35 (continued) 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 

x(2,3,2,2) 44,837 44,837 0 

x(3,3,2,2) 10,542 10,542 10,542 

x(4,3,2,2) 9,249,207 9,249,207 9,294,044 

x(5,3,2,2) 362,834 362,834 362,834 

x(1,3,2,3) 0 0 0 

x(2,3,2,3) 44,837 44,837 0 

 x(3,3,2,3)  10,542 10,542 10,542 

x(4,3,2,3) 10,678,370 10,678,370 10,723,210 

 x(5,3,2,3) 362,834 362,834 362,834 

x(1,3,3,1)  0 0 0 

x(2,3,3,1)  44,837 44,837 0 

x(3,3,3,1)   10,542 10,542 10,542 

x(4,3,3,1) 9,264,508 9,264,508 9,309,345 

x(5,3,3,1)  362,834 362,834 362,834 

x(1,3,3,2)  0 0 0 

x(2,3,3,2)   44,837 44,837 0 

x(3,3,3,2)  10,542 10,542 10,542 

 x(4,3,3,2)   10,715,130 10,715,130 10,759,960 

x(5,3,3,2)   362,834 362,834 362,834 

x(1,3,3,3) 0 0 0 

x(2,3,3,3)  44,837 44,837 0 

x(3,3,3,3)  10,542 10,542 10,542 

x(4,3,3,3) 12,357,280 12,357,280 12,402,120 

x(5,3,3,3)  362,834 362,834 362,834 

8.8.2 Sensitivity Analysis 

In this section, a sensitivity analysis is performed and the related findings are discussed. 

This analysis is basically designed to deal with the following three concerns:  
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1. The results of the initial model (Model 1) shown in Table 33 and Figure 19 are based on 

several assumptions made on the initial available budget (b), and lower and upper investment 

amounts for the projects (U and L). It is interesting to observe how the results change with 

the changes to these assumptions. 

2. Project 4 (Transit) requires a relatively high amount of investment as compared to the other 

four projects. Hence, it tends to dominate the other projects thereby limiting the investment 

portfolio options for the decision maker. 

3. The percentage change on the Sustainability (S) Value axis in Figure 19 is relatively low as 

the value of Sustainability Coefficient (K) increases from 0 to 1 which may not be an 

interesting finding from the perspective of decision maker.  

 

As a result, three additional models were created to investigate the sensitivity of the model.  Each 

is subsequently described.  For the first two concerns, the following two models are developed 

and they are solved for several different values for the initial investment amount. 

 

Model 2 is similar to Model 1. However, in this model, the lower limit for the investment 

amount of Project 3 (RECs) is set to zero, and a $27,982,500 upper limit constraint is added for 

the investment amount of Project 4 (Transit). 

Model 3 is also similar to Model 1. However, in this model, the lower limit for the investment 

amount of Project 3 (RECs) is set to zero, and a $1,000,000 upper limit constraint is added for 

the investment amount of Project 4 (Transit). 

Model 4 is created to deal with the third concern. Since all of the five projects are actually 

sustainability initiative projects, it was thought that it would be possible to increase the 
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percentage change on the Sustainability (S) Value axis by considering a primarily financial 

investment project (i.e., a project with a relatively high IRR, but a relatively low SRR compared 

to the other projects) with the same size of Project 4 (Transit) as an alternative investment 

project. As a result, Model 4 is similar to Model 3; however, in this model, Project 3 (RECs) is 

replaced with a primarily financial investment project, namely Project 3 (Financial), whose 

characteristics are presented in Tables 36, 37 and 38.  

 

Table 36: Three-year internal rate of return (IRR) values of Project 3 (Financial) assumed for the 

worst case, most probable case and best case scenarios 

 
Three-Year Compounded Internal Rate of Returns (IRRs) 

 
Worst Case 

Scenario 
Most Probable 

Scenario 
Best Case 
Scenario 

Project 3 (Financial) 5% 20% 100% 

 

Table 37: Assumed sustainability rate of return (SRR) values for Project 3 (Financial) 

 
Sustainability Rate of Returns (SRRs) 

 
Project  3 (Financial) 

Stakeholder 1 13% 

Stakeholder 2 13% 

Stakeholder 3 13% 

Stakeholder 4 13% 

Stakeholder 5 13% 

 

Table 38: Limits on minimum and maximum investment amounts on Project 3 (Financial) 

 
Project 3 (Financial) 

Min. investment amount $0 

Max. investment amount $1,000,000 
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Table 36 shows the IRR values assumed for Project 3 (Financial) at the worst case, most 

probable case and best case. These IRR values are selected relatively high compared to the IRR 

values of the other four projects. Similarly, Table 37 shows the assumed SRR values for Project 

3 (Financial). For all of the stakeholder perspectives, the SRR value of Project 3 (Financial) is 

simply set to 13% which is the lowest SRR value among the SRR values of the other four 

projects. Finally, Table 38 presents the lower and upper investment amounts for Project 3 

(Financial). As mentioned before, Project 3 (Financial) is assumed to be the same size as Project 

4 (Transit), and hence similar to Project 4 (Transit), its minimum and maximum investment 

amounts are set to zero and $1,000,000, respectively.  

 

Results of Model 2: 

Table 39 and Figure 20 show the results obtained with Model 2 when the initial wealth is set to 

$283,000. Since the model has lower limit constraints for the investment amounts of Project 1 

(Compost) and Project 5 (LEED), values less than $283,000 for the initial wealth end up being 

infeasible. Here, $283,000 represents the minimum investment amount that is necessary to obtain 

a feasible solution under the given constraints. Model 2 generates only two investment portfolios 

limiting the options for the decision maker since the initial investment amount is very low. To 

compare the two investment portfolios, Table 40 provides the ratio of the change in Financial (F) 

Value ($) to change in Sustainability (S) Value ($) when one shifts from investment portfolio 1 

to investment portfolio 2. The details of the investment portfolios can be seen in Appendix G.1.   
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Table 39: Model 2 results when initial wealth is $283,000 

Model 2 Results for b=$283,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 523,981 2,026,842 Investment Portfolio 1 

0.5 523,981 2,026,842 Investment Portfolio 1 

1 484,344 2,069,476 Investment Portfolio 2 

10 484,344 2,069,476 Investment Portfolio 2 

 

 

Figure 20: Model 2 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $283,000 
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Table 40: Analysis of Model 2 results when initial wealth is $283,000 

Analysis of Model 2 Results for b=$283,000 

Investment 
Portfolios 

Difference in 
Financial (F) Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement 

(S/F) 

1 and 2 39,637 42,634 1.076 

 

Table 41 and Figure 21 show the results obtained with Model 2 when the initial wealth is set to 

$5,000,000. Although the initial wealth is relatively high, Model 2 still generates a limited 

number of options (three investment portfolios) for the decision maker since Project 4 (Transit) 

dominates the other projects. To compare the three investment portfolios, Table 42 provides the 

ratio of the change in Financial (F) Value ($) to change in Sustainability (S) Value ($) when one 

shifts from investment portfolio 1 to investment portfolio 2 and then to investment portfolio 3. 

The details of the investment portfolios can be seen in Appendix G.1.      

 

Table 41: Model 2 results when initial wealth is $5,000,000 

Model 2 Results for b=$5,000,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 8,279,649 56,484,012 Investment Portfolio 1 

0.05 8,279,649 56,484,012 Investment Portfolio 1 

0.1 8,276,594 56,543,511 Investment Portfolio 2 

0.25 8,276,594 56,543,511 Investment Portfolio 2 

0.5 8,276,594 56,543,511 Investment Portfolio 2 

0.75 8,276,594 56,543,511 Investment Portfolio 2 

0.8 8,276,594 56,543,511 Investment Portfolio 2 

0.9 8,276,594 56,543,511 Investment Portfolio 2 

1 8,232,879 56,590,531 Investment Portfolio 3 

10 8,232,879 56,590,531 Investment Portfolio 3 
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Figure 21: Model 2 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $5,000,000 

 

Table 42: Analysis of Model 2 results when initial wealth is $5,000,000 

Analysis of Model 2 Results for b=$5,000,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement 

(S/F) 

1 and 2 3,055 59,499 19.476 

2 and 3 43,716 47,020 1.076 

 

Table 43 and Figure 22 show the results obtained with Model 2 when the initial wealth is set to 

$6,000,000. Similar to the case when the initial wealth is set to 5,000,000, although initial wealth 
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is relatively high, Model 2 generates a limited number of options (three investment portfolios) 

for the decision maker since Project 4 (Transit) dominates the other projects. To compare the 

three investment portfolios, Table 44 provides the ratio of the change in Financial (F) Value ($) 

to change in Sustainability (S) Value ($) when one shifts from investment portfolio 1 to 

investment portfolio 2 and then to investment portfolio 3. The details of the investment portfolios 

can be seen in Appendix G.1.     

 

Table 43: Model 2 results when initial wealth is $6,000,000 

Model 2 Results for b=$6,000,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 9,901,885 67,950,908 Investment Portfolio 1 

0.05 9,901,885 67,950,908 Investment Portfolio 1 

0.1 9,898,829 68,010,401 Investment Portfolio 2 

0.25 9,898,829 68,010,401 Investment Portfolio 2 

0.5 9,898,829 68,010,401 Investment Portfolio 2 

0.75 9,898,829 68,010,401 Investment Portfolio 2 

1 9,855,112 68,057,418 Investment Portfolio 3 

10 9,855,112 68,057,418 Investment Portfolio 3 
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Figure 22: Model 2 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $6,000,000 

 

Table 44: Analysis of Model 2 results when initial wealth is $6,000,000 

Analysis of Model 2 Results for b=$6,000,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 3,055 59,493 19.473 

2 and 3 43,717 47,016 1.075 

 

Table 45 and Figure 23 show the results obtained with Model 2 when the initial wealth is set to 

$7,000,000. In this case, Model 2 generates four investment portfolios providing more options 

for the decision maker compared to the previous cases due to the increase in the initial 
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investment amount. To compare the four investment portfolios, Table 46 provides the ratio of the 

change in Financial (F) Value ($) to change in Sustainability (S) Value ($) when one shifts 

through the four investment portfolios. The details of the investment portfolios can be seen in 

Appendix G.1.   

 

Table 45: Model 2 results when initial wealth is $7,000,000 

Model 2 Results for b=$7,000,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 11,519,095 79,286,188 Investment Portfolio 1 

0.0025 11,519,095 79,286,188 Investment Portfolio 1 

0.05 11,515,987 79,441,247 Investment Portfolio 2 

0.1 11,515,987 79,441,247 Investment Portfolio 2 

0.25 11,515,987 79,441,247 Investment Portfolio 2 

0.5 11,515,987 79,441,247 Investment Portfolio 2 

0.75 11,513,305 79,446,487 Investment Portfolio 3 

0.8 11,513,305 79,446,487 Investment Portfolio 3 

0.9 11,513,305 79,446,487 Investment Portfolio 3 

1 11,472,322 79,490,578 Investment Portfolio 4 

10 11,472,322 79,490,578 Investment Portfolio 4 
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Figure 23: Model 2 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $7,000,000 

 

Table 46: Analysis of Model 2 results when initial wealth is $7,000,000 

Analysis of Model 2 Results for b=$7,000,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 3,108 155,059 49.890 

2 and 3 2,682 5,240 1.954 

3 and 4 40,982 44,091 1.076 

 

Table 47 and Figure 24 show the results obtained with Model 2 when the initial wealth is set to 
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selected.) Similar to the case when the initial wealth is set to $7,000,000, it generates four 

investment portfolios. To compare the four investment portfolios, Table 48 provides the ratio of 

the change in Financial (F) Value ($) to change in Sustainability (S) Value ($) when one shifts 

through the four investment portfolios. The details of the investment portfolios can be seen in 

Appendix G.1.     

 

Table 47: Model 2 results when initial wealth is $7,350,000 

Model 2 Results for b=$7,350,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 11,551,637 80,941,225 Investment Portfolio 1 

0.0025 11,551,637 80,941,225 Investment Portfolio 1 

0.05 11,549,689 80,990,015 Investment Portfolio 2 

0.1 11,549,689 80,990,015 Investment Portfolio 2 

0.2 11,530,345 81,119,330 Investment Portfolio 3 

0.25 11,530,345 81,119,330 Investment Portfolio 3 

0.5 11,530,345 81,119,330 Investment Portfolio 3 

1 11,489,360 81,163,410 Investment Portfolio 4 

10 11,489,360 81,163,410 Investment Portfolio 4 
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Figure 24: Model 2 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $7,350,000 

 

Table 48: Analysis of Model 2 results when initial wealth is $7,350,000 

Analysis of Model 2 Results for b=$7,350,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 1,948 48,790 25.041 

2 and 3 19,344 129,316 6.685 

3 and 4 40,985 44,079 1.076 

 

Table 49 and Figure 25 show the results obtained with Model 2 when the initial wealth is set to 
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model has upper limit constraints for the investment amounts of all projects, values greater than 

$7,478,000 for the initial wealth end up with infeasibility. Here, $7,478,000 represents the 

maximum investment amount that can initially be invested to obtain a feasible solution under the 

given constraints. Similar to the cases when the initial wealth is set to $7,000,000 and 

$7,350,000, it generates four investment portfolios. To compare the four investment portfolios, 

Table 50 provides the ratio of the change in Financial (F) Value ($) to change in Sustainability 

(S) Value ($) when one shifts through the four investment portfolios. The details of the 

investment portfolios can be seen in Appendix G.1.     

 

Table 49: Model 2 results when initial wealth is $7,478,000 

Model 2 Results for b=$7,478,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 11,278,098 80,448,706 Investment Portfolio 1 

0.0025 11,278,098 80,448,706 Investment Portfolio 1 

0.05 11,276,150 80,501,099 Investment Portfolio 2 

0.1 11,276,150 80,501,099 Investment Portfolio 2 

0.2 11,275,688 80,504,203 Investment Portfolio 3 

0.25 11,275,688 80,504,203 Investment Portfolio 3 

0.5 11,275,688 80,504,203 Investment Portfolio 3 

0.75 11,275,688 80,504,203 Investment Portfolio 4 

0.8 11,275,688 80,504,203 Investment Portfolio 4 

0.9 11,275,688 80,504,203 Investment Portfolio 4 

1 11,234,705 80,548,285 Investment Portfolio 4 

10 11,234,705 80,548,285 Investment Portfolio 4 
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Figure 25: Model 2 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $7,478,000 

 

Table 50: Analysis of Model 2 results when initial wealth is $7,478,000 

Analysis of Model 2 Results for b=$7,478,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 1,948 52,393 26.894 

2 and 3 462 3,105 6.723 

3 and 4 40,983 44,081 1.076 
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Results of Model 3: 

Table 51 and Figure 26 show the results obtained with Model 3 when the initial wealth is set to 

$283,000. Since the model has lower limit constraints for the investment amounts of Project 1 

(Compost) and Project 5 (LEED), values less than $283,000 for the initial wealth end up being 

infeasible. Here, $283,000 represents the minimum investment amount that is necessary to obtain 

a feasible solution under the given constraints. Model 2 generates only two investment portfolios 

limiting the options for the decision maker since the initial investment amount is very low. To 

compare the two investment portfolios, Table 52 provides the ratio of the change in Financial (F) 

Value ($) to change in Sustainability (S) Value ($) when one shifts from investment portfolio 1 

to investment portfolio 2. The details of the investment portfolios can be seen in Appendix G.2.     

 

Table 51: Model 3 results when initial wealth is $283,000 

Model 3 Results for b=$283,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 523,981 2,026,842 Investment Portfolio 1 

0.5 523,981 2,026,842 Investment Portfolio 1 

0.75 523,981 2,026,842 Investment Portfolio 1 

0.8 523,981 2,026,842 Investment Portfolio 1 

0.9 523,981 2,026,842 Investment Portfolio 1 

1 484,344 2,069,476 Investment Portfolio 2 

2 484,344 2,069,476 Investment Portfolio 2 

10 484,344 2,069,476 Investment Portfolio 2 

100 484,344 2,069,476 Investment Portfolio 2 
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Figure 26: Model 3 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $283,000 

 

Table 52: Analysis of Model 3 results when initial wealth is $283,000 

Analysis of Model 3 Results for b=$283,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 39,637 42,634 1.076 

 

Table 53 and Figure 27 show the results obtained with Model 3 when the initial wealth is set to 

$500,000. It generates eight investment portfolios providing many options for the decision maker 

compared to the previous cases. There are two reasons for this. First, by limiting the investment 
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amount on Project 4 (Transit) by $1,000,000, dominance of this project over the others is 

alleviated. Second, the $500,000 initial investment is relatively high compared to the minimum 

investment amount needed for feasibility (i.e., $283,000). To compare the eight investment 

portfolios, Table 54 provides the ratio of the change in Financial (F) Value ($) to change in 

Sustainability (S) Value ($) when one shifts through the eight investment portfolios. The details 

of the investment portfolios can be seen in Appendix G.2.       

 

Table 53: Model 3 results when initial wealth is $500,000 

Model 3 Results for b=$500,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 966,449 4,747,718 Investment Portfolio 1 

0.025 966,449 4,747,718 Investment Portfolio 1 

0.05 965,799 4,764,699 Investment Portfolio 2 

0.0625 965,081 4,776,590 Investment Portfolio 3 

0.075 963,570 4,800,710 Investment Portfolio 4 

0.1 963,570 4,800,710 Investment Portfolio 4 

0.2 961,884 4,810,536 Investment Portfolio 5 

0.3 960,657 4,815,009 Investment Portfolio 6 

0.5 960,657 4,815,009 Investment Portfolio 6 

0.75 960,657 4,815,009 Investment Portfolio 6 

0.8 956,248 4,820,763 Investment Portfolio 7 

0.9 956,248 4,820,763 Investment Portfolio 7 

1 928,925 4,850,152 Investment Portfolio 8 

2 928,925 4,850,152 Investment Portfolio 8 

10 928,925 4,850,152 Investment Portfolio 8 

100 928,925 4,850,152 Investment Portfolio 8 
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Figure 27: Model 3 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $500,000 

 

Table 54: Analysis of Model 3 results when initial wealth is $500,000 

Analysis of Model 3 Results for b=$500,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 650 16,981 26.127 

2 and 3 718 11,891 16.563 

3 and 4 1,511 24,121 15.961 

4 and 5 1,686 9,826 5.827 

5 and 6 1,227 4,473 3.645 

6 and 7 4,409 5,754 1.305 

7 and 8 27,322 29,389 1.076 
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Table 55 and Figure 28 show the results obtained with Model 3 when the initial wealth is set to 

$750,000. Similar to the case when the initial wealth is set to $500,000, the model provides many 

options (ten investment portfolios) for the decision maker. In fact, the number of investment 

portfolios increases from eight to ten since there is an increase from $500,000 to $750,000 in 

initial wealth. To compare the ten investment portfolios, Table 56 provides the ratio of the 

change in Financial (F) Value ($) to change in Sustainability (S) Value ($) when one shifts 

through the ten among investment portfolios. The details of the investment portfolios can be seen 

in Appendix G.2.       

 

Table 55: Model 3 results when initial wealth is $750,000 

Model 3 Results for b=$750,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 942,624 5,753,878 Investment Portfolio 1 

0.0025 942,624 5,753,878 Investment Portfolio 1 

0.025 942,390 5,767,661 Investment Portfolio 2 

0.05 942,390 5,767,661 Investment Portfolio 2 

0.1 941,634 5,779,717 Investment Portfolio 3 

0.2 941,574 5,780,256 Investment Portfolio 4 

0.25 940,131 5,786,189 Investment Portfolio 5 

0.3 939,904 5,786,992 Investment Portfolio 6 

0.5 917,066 5,840,763 Investment Portfolio 7 

0.75 917,066 5,840,763 Investment Portfolio 7 

0.8 917,066 5,840,763 Investment Portfolio 7 

0.9 917,066 5,840,763 Investment Portfolio 7 

1 912,234 5,845,962 Investment Portfolio 8 

2 909,631 5,847,770 Investment Portfolio 9 

10 906,362 5,848,615 Investment Portfolio 10 

100 906,362 5,848,615 Investment Portfolio 10 
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Figure 28: Model 3 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $750,000 
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Table 56: Analysis of Model 3 results when initial wealth is $750,000 

Analysis of Model 3 Results for b=$750,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 234 13,784 58.839 

2 and 3 756 12,056 15.954 

3 and 4 60 539 8.909 

4 and 5 1,443 5,933 4.111 

5 and 6 226 803 3.548 

6 and 7 22,838 53,772 2.354 

7 and 8 4,832 5,199 1.076 

8 and 9 2,603 1,808 0.694 

9 and 10 3,269 845 0.259 

 

Table 57 and Figure 29 show the results obtained with Model 3 when the initial wealth is set to 

$953,000. Since the model has upper limit constraints for the investment amounts of all projects, 

values greater than $953,000 for the initial wealth end up being infeasible. Here, $953,000 

represents the maximum investment amount that can initially be invested to obtain a feasible 

solution under the given constraints. In this case, the model generates four investment portfolios. 

The number of investment portfolio options decreases compared to the cases when the initial 

wealth is set to $500,000 and $750,000 because with a high initial investment, the investment 

amounts on the projects easily reach their upper limits. To compare the four investment 

portfolios, Table 58 provides the ratio of the change in Financial (F) Value ($) to change in 

Sustainability (S) Value ($) when one shifts through the four investment portfolios. The details 

of the investment portfolios can be seen in Appendix G.2.      
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Table 57: Model 3 results when initial wealth is $953,000 

Model 3 Results for b=$953,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 691,480 5,646,073 Investment Portfolio 1 

0.025 691,480 5,646,073 Investment Portfolio 1 

0.05 690,180 5,680,017 Investment Portfolio 2 

0.1 690,180 5,680,017 Investment Portfolio 2 

0.2 688,510 5,692,631 Investment Portfolio 3 

0.25 688,510 5,692,631 Investment Portfolio 3 

0.5 688,510 5,692,631 Investment Portfolio 3 

0.75 688,510 5,692,631 Investment Portfolio 3 

0.8 688,510 5,692,631 Investment Portfolio 3 

0.9 688,510 5,692,631 Investment Portfolio 3 

1 650,258 5,733,777 Investment Portfolio 4 

2 650,258 5,733,777 Investment Portfolio 4 

10 650,258 5,733,777 Investment Portfolio 4 
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Figure 29: Model 3 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $953,000 

 

Table 58: Analysis of Model 3 results when initial wealth is $953,000 

Analysis of Model 3 Results for b=$953,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 1,300 33,944 26.111 

2 and 3 1,671 12,614 7.550 

3 and 4 38,252 41,146 1.076 
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Results of Model 4: 

Table 59 and Figure 30 show the results obtained with Model 4 when the initial wealth is set to 

$500,000. The model generates ten investment portfolios. As mentioned before, Model 4 is 

similar to Model 3 except that Project 3 (RECs) is replaced with Project 3 (Financial). By doing 

so, the percentage change on the Sustainability (S) Value axis is highly increased such that while 

in Figure 27 the Sustainability (S) Value increases from $4,747,718 to $4,850,152 (a 2.2% 

change), in Figure 30 it increases from $3,633,601 to $4,842,230 (a 33.3% change). Since 

Project 3 (RECs) is replaced with a primarily financial project, a notable increase is also 

observed on the percentage change of the Financial (F) Value axis. To compare the four 

investment portfolios, Table 60 provides the ratio of the change in Financial (F) Value ($) to the 

change in Sustainability (S) Value ($) when one shifts through the ten investment portfolios. The 

details of the investment portfolios can be seen in Appendix G.3.       
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Table 59: Model 4 results when initial wealth is $500,000 

Model 4 Results for b=$500,000 

Sustainability 
Coefficient K 

Financial  
(F) Value ($) 

Sustainability 
(S) Value ($) 

Investment Strategy 

0 1,172,279 3,633,601 Investment Portfolio 1 

0.025 1,172,279 3,633,601 Investment Portfolio 1 

0.05 1,172,279 3,633,601 Investment Portfolio 1 

0.075 1,171,500 3,646,689 Investment Portfolio 2 

0.1 1,117,984 4,244,148 Investment Portfolio 3 

0.125 1,117,984 4,244,150 Investment Portfolio 3 

0.15 1,107,383 4,315,861 Investment Portfolio 4 

0.2 1,102,059 4,344,388 Investment Portfolio 5 

0.25 1,016,101 4,700,458 Investment Portfolio 6 

0.3 996,153 4,768,307 Investment Portfolio 7 

0.5 980,276 4,811,483 Investment Portfolio 8 

0.75 980,276 4,811,483 Investment Portfolio 8 

0.8 980,276 4,811,483 Investment Portfolio 8 

0.9 980,276 4,811,483 Investment Portfolio 8 

1 952,953 4,840,872 Investment Portfolio 9 

2 951,500 4,842,230 Investment Portfolio 10 

10 951,500 4,842,230 Investment Portfolio 10 

100 951,500 4,842,230 Investment Portfolio 10 
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Figure 30: Model 4 results on Financial (F) Value – Sustainability (S) Value graph when initial 

wealth is $500,000 

 

 

 

 

 

 

 

 

900,000

950,000

1,000,000

1,050,000

1,100,000

1,150,000

1,200,000

3,600,000 3,800,000 4,000,000 4,200,000 4,400,000 4,600,000 4,800,000 5,000,000

F
in

a
n

ci
a

l (
F

) 
V

a
lu

e
 (

$
)

Sustainability (S) Value ( $)

Model 4 Results for b=$500,000

Financial (F) Value - Sustainability (S) Value Graph

Investment Portfolio 1 

Investment Portfolio 4 

Investment Portfolio 2 

Investment Portfolio 3 

Investment Portfolio 5 

Investment Portfolio 6 

Investment Portfolio 7 

Investment Portfolio 8 

Investment Portfolio 9 

Investment Portfolio 10 



 

158 

 

Table 60: Analysis of Model 4 results when initial wealth is $500,000 

Analysis of Model 4 Results for b=$500,000 

Investment 
Portfolios 

Difference in 
Financial (F) 

Values ($) 

Difference in 
Sustainability (S) 

Values ($) 

Marginal 
Improvement (S/F) 

1 and 2 779 13,088 16.809 

2 and 3 53,516 597,459 11.164 

3 and 4 10,601 71,711 6.764 

4 and 5 5,323 28,526 5.359 

5 and 6 85,959 356,070 4.142 

6 and 7 19,948 67,849 3.401 

7 and 8 15,878 43,176 2.719 

8 and 9 27,322 29,389 1.076 

9 and 10 1,453 1,358 0.935 

8.9 IMPLEMENTATION AND VALIDATION 

Since the developed managerial decision-making tool involves both qualitative and quantitative 

aspects, it is difficult to fully validate the tool given one case study. However, experience gained 

with the demonstration and the Cranberry Township case study provides valuable insight on 

whether the developed tool is helpful in making “good/reasonable” decisions. In that sense, the 

objective of this section is to provide the comments and feedback from the experts whom we 

collaborated with for the Cranberry Township case study on the applicability, usefulness, 

helpfulness, and face validity of the developed tool in making “reasonable” decisions.  

 

 Feedback from Cranberry Township management: Since the planning horizon considered 

in this study is nine years, and the organization specific information is confidential, the actual 
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implementation process and outcomes of the Cranberry Township case study has not been 

observed. However, John Trant - the Chief Strategic Planning Officer of the township 

commented that the developed tool added significant value to the management of sustainable 

development practices as a useful decision support tool. He especially mentioned that the tool 

was useful in quantifying the sustainability impacts of organizational initiatives and 

activities. Regarding the applicability and validity of the tool, his major concern was about 

whether it was possible to add other projects in the future to the assessment and investment 

planning process. However, this will not be an issue since the tool is very flexible, and the 

applied process can be repeated at any point in the planning horizon depending on the 

changes in available projects, involved stakeholder groups, and their 

perceptions/expectations. In addition, it is always reasonable to receive the feedback of the 

stakeholder groups periodically throughout the planning horizon even if there is no 

significant change to the conditions since the main objective of the tool is not to put a strict 

plan but to provide valuable insight to make "reasonable" decisions. However, for these 

updates, the township management will need technical assistance since the developed tool 

has not had a user interface yet. 

 Feedback from Sustainable Pittsburgh: As mentioned before, the projects considered in 

the Cranberry Township case study were the recommendations made to the township 

management by Sustainable Pittsburgh experts. For this reason, by providing an 

implementation and investment strategy for the recommended projects, the developed tool 

contributes to the initiatives taken by Sustainable Pittsburgh in the local region. Dr. Matthew 

Mehalik – Program Manager of Sustainable Pittsburgh commented that the developed tool 

was useful and could be applied easily to other similar organizations. For instance, a potential 
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future case study that is of interest to the research team is to apply the developed tool on 

Vandergrift, a town located at approximately 40 miles east of the City of Pittsburgh. He also 

stated that in addition to the governmental organizations, the tool could be applied to private 

companies. Since the primary objective of an enterprise is to make profit, final results 

obtained from a private company will be different than those obtained from a municipality. 

And, finally, he indicated that at the macro level, the developed tool could be used by 

governments while making planning decisions related to their sustainability initiatives.   

 

Although “face validation” provides a noteworthy reference for a methodological 

decision making tool, observation of the implementation process and the actual implementation 

outcomes will strengthen the validity of this tool. Further case studies coupled with 

implementation will ultimately provide proper validation. Additionally, using a good literature 

base for the tool is one form of validation, as well as validation of the developed stochastic linear 

program.  

 

http://en.wikipedia.org/wiki/Pittsburgh
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9.0  LIMITATIONS AND CRITIQUES 

The major limitations and critiques regarding to the developed tool can be summarized as the 

following: 

 

 Difficulty in integrating all of the stakeholder groups into the process: Due to limitations 

in resources such as time, it is difficult to perform the ANP study with all of the stakeholder 

groups. For instance, in the Cranberry Township case study, although all of the major 

stakeholder groups were considered in the ANP model, only five representatives from these 

groups were able to participate in the ANP study and only two stakeholder groups were 

represented in the case study. For this reason, the results of the case study might have been 

somewhat skewed. However, this limitation can easily be avoided in the future by training 

the stakeholders in the process and making use of technology. For instance, it is possible to 

construct a website in which stakeholders can be trained about the process and have the ANP 

study through the Internet. This may improve the quality of final results and provide a more 

“democratic” decision-making environment by integrating many different perspectives into 

the decision-making process and creating a “mind of society” as whole.  

 The burden of a large amount of pairwise comparisons in the AHP/ANP methodology: 

In the literature, there are several criticisms of the AHP and ANP methodologies. For 
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instance, when a new alternative is added to the decision problem, the rankings of the 

existing alternatives can change (Gass, 2005; Goodwin, 2004). In addition, because AHP and 

ANP models often require a large number of pairwise comparisons, the judgments made by 

decision makers can be taxing. In 1995, Olson et al. showed that the requirement to answer a 

large number of questions reduced the attractiveness of AHP in the eyes of decision makers 

although the questions themselves were considered to be easy. However, in this research the 

AHP/ANP model is an appropriate project portfolio management approach for organizational 

sustainability due to several reasons. First, organizational sustainability requires a long-term 

perspective; hence the evaluation and prioritization of potential projects is a strategic 

decision not a periodic tactical or routine operational decision. Further, because of the 

complexity of the organizational sustainability concept AHP/ANP actually allows for a more 

practical approach than other methods. Finally, although there are some literature based 

applications of AHP/ANP on project selection (Lee and Kim, 2000; Meade and Presley, 

2002; Cheng and Li, 2005; Mohanty et al., 2005; Dikmen et al., 2007), an AHP/ANP 

approach to organizational sustainability is relatively new.         

 The effort that is spent to collect quantitative data such as IRR values for the 

alternative projects: To make reasonable decisions, quantitative data is essential, and IRR is 

a popular method that is used in capital budgeting and investment decisions. For the cases 

where there are too many investment projects, it is possible for decision makers to 

collaborate with outside agents such as consulting companies. They can easily ask a 

consulting company to perform feasibility studies for the potential project that they plan to 

invest and determine their IRR values.  
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 The computational burden of solving large scale stochastic linear programs: For the 

cases where the planning horizon consists of too many periods, it may be problematic to 

solve the large scale stochastic linear program. However, the literature provides some 

heuristic methods to solve such problems. Although these methods may not always yield the 

optimal solution, it is relatively easy to obtain near optimal solutions with these heuristic 

methods. 

The balance among these limitations shifts from one to the other depending on the 

number of decision makers, criteria that are used in the AHP/ANP methodology, alternative 

investment projects, etc. 
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10.0  SUMMARY OF MAJOR RESEARCH FINDINGS 

10.1 SUMMARY 

In this research, a comprehensive, new managerial decision-making tool for organizational 

sustainability was developed by examining the research questions and related considerations 

stated in Chapter 4. This section summarizes how and to what extent these research questions are 

answered and the related considerations are handled throughout the research. Basically, for the 

research questions, a multi-stage stochastic linear program was developed to be used to create an 

optimal balanced investment plan for a set of alternative projects. This program uses not only the 

financial measures that are traditionally used in investment planning and capital budgeting 

decisions, but also the non-financial ones related to sustainability issues by considering the 

perspectives of stakeholder groups. Perspectives of stakeholder groups on sustainability issues 

are integrated into the multi-stage stochastic linear program by utilizing the previous related 

management tools, group decision making and decision analysis techniques found in the 

literature or used in practice. The following discussion provides detailed explanation about how 

these tools and techniques are utilized and the research questions are answered.    

First, Chapter 5 provides an extensive literature review and discussion on the formation 

and development of management tools for organizational sustainability from an evolutionary 

perspective. It first focuses on non-financial performance measures that of the Balanced 
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Scorecard (BSC) and the Triple Bottom Line (TBL) accounting system as the tools and methods 

developed for performance management and cost management. Then, it discusses the 

Sustainability Balanced Scorecard (SBSC) and Wang and Lin’s (2007) sustainability 

optimization model as the tools developed to manage organizational sustainability.   

As mentioned, most traditional management practices focus on shareholder-centered 

performance. Although they seem to provide successful results in the short-term, they potentially 

end up with failures in the long-run as they do not take into account the impacts of their 

organization’s activities to their stakeholders (beyond just the shareholders). The tool developed 

in this research focuses on stakeholder-centered performance, and targets success not only in the 

short-term, but also in the long-term by enabling decision makers to understand the perceptions, 

views and expectations of their stakeholders with respect to their organization’s activities, and 

the related economic, environmental and social issues. The developed tool provides a platform to 

integrate not only the shareholders, but also the suppliers, employees, customers, NGOs, 

financial partners (banks, insurance companies, etc.), regulators and public authorities, and local, 

national and international communities into the decision making process. By targeting success in 

the long-term in addition to success in the short-term, and considering the economic, 

environmental and social issues, it implicitly considers new generations as a stakeholder group. 

The ANP methodology is used to quantify the perspectives, views and expectations of 

stakeholder groups with respect to organizational activities, and related economic, environmental 

and social issues. By using the results of the ANP study while making investment and capital 

budgeting decisions, the developed tool enables an organization to be perceived as sustainable 

from those different perspectives. Further, by assigning a specific weight to the perspective of 

each stakeholder group, decision makers can keep their preference, initiative, or power in 
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strategic decisions, and determine the degree of sustainability perceived by each stakeholder 

group at the end of the planning horizon since they formally take into account each stakeholder’s 

opinion in their sustainability related decisions. The higher the weight given to the perspective of 

a specific stakeholder group, the closer the final investment plan to that specific stakeholder 

group’s perspective. As a result, this indirectly enables decision makers to determine the degree 

of satisfaction of each stakeholder group at the end of the planning horizon.   

Although the primary objective of this research is not to develop sustainability 

performance criteria, it extensively makes use of the related literature. For instance, for the 

generic ANP sustainability model provided in Section 7.1.1, it makes use of the sustainability 

criteria set developed by Wang and Lin (2007). For the Cranberry Township case study, in 

addition to the Wang and Lin (2007) criteria set, it makes use of the Santa Monica sustainability 

criteria set. While categorizing these sustainability criteria, it accepts the TBL framework as a 

basis (i.e., economic, environmental, and social sustainability criteria). The ANP methodology 

also helps to quantify these criteria and to determine their importance with respect to stakeholder 

perceptions which enables the decision makers to improve their organization’s stakeholder-

centered performance.   

The main model of the generic ANP model provided in Section 7.1.1 is a benefits, 

opportunities, costs, risks (BOCR) model. While evaluating and prioritizing the project 

alternatives, it makes use of the TBL sustainability criteria set and perceptions of stakeholder 

groups. Hence, the developed tool naturally deals with the trade-offs and risks among the 

financial, environmental and social impacts of organizational activities and projects on different 

stakeholder groups. 
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With an optimization model that considers the uncertainty of the future, the developed 

tool assists decision makers in improving or even maximizing the sustainability of their 

organization by answering the question “Which projects should be selected, at what point should 

these projects be selected, and to what level should an organization invest in these projects to 

improve or even maximize its sustainability?" 

The objective function of the developed multi-stage stochastic linear program is a multi-

objective function whose dimensions are financial (F) value and sustainability (S) value. By 

determining the magnitude of the sustainability coefficient (K), decision makers have the ability 

to deal with the trade-off between the financial (F) value and sustainability (S) value.  

Lastly, the final output of the research enables decision makers to assess different 

investment portfolios with respect to multiple characteristics of the organization (i.e., economic, 

environmental and social). For instance, as the final output, alternative investment portfolios are 

mapped on the financial value-sustainability value (F-S) graph so that decision makers can select 

the investment portfolio that matches with their strategy on each of these characteristics. 

10.2 CONTRIBUTION FROM AN ACADEMIC PERSPECTIVE 

This research has several important contributions from an academic perspective. First, 

sustainability is a relatively new and emerging research field. Due to global economic, 

environmental and social problems, scientists’ focus on it has tremendously increased in recent 

years. However, the literature still provides very limited information about it. Moreover, there 

are just a few quantitative approaches to managing sustainability practices and related issues. In 
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that sense, by providing one of the first sustainability optimization models in the literature, this 

research has a unique contribution from an academic perspective. The developed multi-stage 

stochastic linear program integrates the qualitative information (i.e., contribution of alternative 

projects to organizational sustainability) into the decision-making process in addition to 

quantitative information (i.e., internal rate of returns of alternative projects). More importantly, it 

explicitly considers uncertainty in the model which is not an aspect of the optimization model 

developed by Wang and Lin (2007).  

Second, by involving many different fields such as engineering management and 

economics, finance, environmental and social sciences, and making use of a variety of tools 

including stakeholder theory, AHP/ANP methodology and stochastic linear programming, it is a 

demonstration of interdisciplinary research. 

Third, it minimizes the gap between the theory and practice by providing a systematic 

methodology to solve a complex decision making problem which involves both qualitative and 

quantitative aspects, and a high amount of uncertainty. It is thought that the developed tool can 

assist decision makers with developing and making proactive decisions which support the 

strategy of their organization with respect to economic, environmental and social issues, ensuring 

the sustainability of their organization in the future. 

10.3 CONTRIBUTION FROM DECISION MAKER’S PERSPECTIVE 

In addition to the contributions from an academic perspective, this research also provides 

important contributions from a decision maker’s perspective. For instance, it supplies the need 
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for a single, overarching management tool that will combine the three dimensions of 

sustainability – economic, environmental and social – with the organization’s overall strategy. 

Moreover, it enables policy makers, and corporate and engineering managers to deal with the 

trade-offs and risks among the financial, environmental and social impacts of their investment 

and capital budgeting decisions. 

Finally, as a whole, it contributes to the creation of a sustainability culture both in 

academic world and business environment, and encourages other communities for sustainable 

development through the Cranberry Township case study.   
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11.0  FUTURE RESEARCH DIRECTIONS 

This research provides several future research directions. Depending on the future needs and 

conditions, one can focus on one or more of the following possible future research directions:   

 

 Applying the developed tool on other real life cases: Based on the needs and requirements 

of the participating organization and decision makers, it can be extended in several ways. 

First, although for a governmental organization such as Cranberry Township management, 

environmental and social sustainability are as important as financial sustainability, for a 

private profit seeking company, financial sustainability has the priority. For this reason, 

applying the tool to a private profit-seeking company may result in quite different results. 

Besides that, the attitude of the decision makers toward risk plays an important role on the 

results. For instance, if the decision maker is risk-seeking, the priorities associated with the 

benefits and opportunities subnetworks of the ANP model provided in Section 7.1 can be of 

primary interest. On the other hand, if the decision maker is risk-averse, attention may be 

given to the priorities obtained from the costs and risks subnetworks.  

 Applying the Delphi method in cases where conflict occurs: The decision making process 

for a single decision maker is relatively simple as compared to the process for a complicated 

problem containing multiple criteria and requiring the collaborative work of a group of 
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experts. Without a systematic group decision making process, it may be difficult to arrive at a 

final decision (or even it is possible to commit an error) due to certain barriers such as 

nonconformity on the principle of anonymity and domination of the whole group by 

dominant individuals. In order to overcome these typical problems, in 1959, Olaf Helmer, 

Nicholas Rescher and Morman Dalkey developed the Delphi method as a group decision 

making tool (Helmer and Rescher, 1959). Then, Linstone and Turoff (1975) provided a 

comprehensive study about the Delphi method including its philosophy, applications, 

limitations and future in their book The Delphi Method: Techniques and Applications. The 

method has two basic elements: anonymity which means that no one knows anything about 

the others who are participating in the study and feedback which is feeding back the reasons 

of extreme opinions to the group for further analysis (Gordon, 1994). It is an iterative 

process, and consists of a series of questionnaires that are sent to the pre-determined group of 

experts and after each questionnaire round, the experts are asked to reassess their responses 

based on the feedback of the previous round which is summarized and given by the 

researcher. In general, this feedback consists of the range of opinions and reasons for extreme 

views. In that sense, the Delphi method can be considered as a controlled debate (Gordon, 

1994) and can be used while determining the several coefficients used in the tool such as 

sustainability coefficient (K) if any conflict occurs. However, before applying the Delphi 

method, its drawbacks should be considered. For instance, its major drawback is the time that 

it takes such that a single round can easily require three weeks and a three-round Delphi can 

take at least three or four months, including the preparation and analysis time (Gordon, 

1994).   
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 Updating and/or making changes on the TBL sustainability index system: As the world 

and business environment change, sustainability performance criteria change. For this reason, 

they need to be reviewed periodically and updated as required. Possible changes include 

eliminating some of the criteria, adding industry/organization specific criteria or changing the 

hierarchy and category of some criteria. 

 Performing sensitivity analysis: To arrive at a good decision, it is necessary to perform 

sensitivity analysis. In this research, the stochastic linear program already takes into account 

the uncertainty; and some sensitivity analysis is already provided. However, it is possible to 

perform further sensitivity analysis on the AHP/ANP study results, coefficients used in the 

tool, and financial analyses of the alternative projects.  

 Using other multicriteria decision making (MCDM) tools instead of AHP/ANP 

methodology: Instead of AHP/ANP methodology, several other MCDM tools such as utility 

theory and non-traditional capital investment criteria (NCIC) methodology can be used. 

However, before using them one should carefully judge their advantages and disadvantages 

by considering the requirements and nature of the specific application case.   

 Varying certain assumptions: The demonstration and Cranberry Township case study 

provided in Chapters 8 and 9, respectively have several assumptions related to the number of 

alternative projects, number of possible economic scenarios, number of periods for the 

planning horizon, etc. By eliminating some of these assumptions, a large scale multi-stage 

stochastic linear program can be developed and solution methodologies such as heuristic 

methods can be investigated.    
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 Developing software with a user-friendly interface: It is desirable for decision makers to 

be able to use the tool independently, without outside assistance as needed. For this reason, a 

possible future extension would be to develop a user-friendly software interface.  
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APPENDIX A 

TRIPLE BOTTOM LINE SUSTAINABILITY INDEX SYSTEM 
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Triple bottom line sustainability index system (Wang and Lin, 2007)  
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APPENDIX B 

THREE-STAGE STOCHASTIC LINEAR PROGRAM – NUMERIC MODEL 

Objective function: 

Max Z = 

0.125 y111 + 0.125 y112 + 0.125 y121 + 0.125 y122 + 0.125 y211 + 0.125 y212 + 0.125 y221 + 0.125 y222 

- 0.5 w111 - 0.5 w112 - 0.5 w121 - 0.5 w122 - 0.5 w211 - 0.5 w212 - 0.5 w221 - 0.5 w222  

 

+ K (0.333334) (1.2 x11 + 1.15 x21 + 1.15 x31 + 1.1 x41 + 1.4 x51 + 0.6 x121 + 0.575 x221 + 0.575 

x321 + 0.55 x421 + 0.7 x521 + 0.6 x122 + 0.575 x222 + 0.575 x322 + 0.55 x422 + 0.7 x522 + 0.3 x1311 + 

0.2875 x2311 + 0.2875 x3311 + 0.275 x4311 + 0.35 x5311 + 0.3 x1312 + 0.2875 x2312 + 0.2875 x3312 + 

0.275 x4312 + 0.35 x5312 + 0.3 x1321 + 0.2875 x2321 + 0.2875 x3321 + 0.275 x4321 + 0.35 x5321 + 0.3 

x1322 + 0.2875 x2322 + 0.2875 x3322 + 0.275 x4322 + 0.35 x5322 

 

+ K (0.333334) (1.4 x11 + 1.1 x21 + 1.05 x31 + 1.3 x41 + 1.15 x51 + 0.7 x121 + 0.55 x221 + 0.525 x321 

+ 0.65 x421 + 0.575 x521 + 0.7 x122 + 0.55 x222 + 0.525 x322 + 0.65 x422 + 0.575 x522 + 0.35 x1311 + 

0.275 x2311 + 0.2625 x3311 + 0.325 x4311 + 0.2875 x5311 + 0.35 x1312 + 0.275 x2312 + 0.2625 x3312 + 
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0.325 x4312 + 0.2875 x5312 + 0.35 x1321 + 0.275 x2321 + 0.2625 x3321 + 0.325 x4321 + 0.2875 x5321 + 

0.35 x1322 + 0.275 x2322 + 0.2625 x3322 + 0.325 x4322 + 0.2875 x5322 

 

+ K (0.333334) (1.15 x11 + 1.4 x21 + 1.1 x31 + 1.2 x41 + 1.15 x51 + 0.575 x121 + 0.7 x221 + 0.55 x321 

+ 0.6 x421 + 0.575 x521 + 0.575 x122 + 0.7 x222 + 0.55 x322 + 0.6 x422 + 0.575 x522 + 0.2875 x1311 + 

0.35 x2311 + 0.275 x3311 + 0.3 x4311 + 0.2875 x5311 + 0.2875 x1312 + 0.35 x2312 + 0.275 x3312 + 0.3 

x4312 + 0.2875 x5312 + 0.2875 x1321 + 0.35 x2321 + 0.275 x3321 + 0.3 x4321 + 0.2875 x5321 + 0.2875 

x1322 + 0.35 x2322 + 0.275 x3322 + 0.3 x4322 + 0.2875 x5322 

S. t. 

First constraint is to invest the initial wealth on M projects: 

x11 + x21 + x31 + x41 + x51 = 55 

Constraints for period 2:  

-1.14 x11 - 1.09 x21 - 1.08 x31 - 1.11 x41 - 1.25 x51 + x121 + x221 + x321 + x421 + x521 = 0 

-1.12 x11 - 1.01 x21 - 1.07 x31 - 1.06 x41 - 1.06 x51 + x122 + x222 + x322 + x422 + x522 = 0 

Constraints for period 3: 

-1.14 x121 - 1.09 x221 - 1.08 x321 - 1.11 x421 - 1.25 x521 + x1311 + x2311 + x3311 + x4311 + x5311 = 0 

-1.12 x121 - 1.01 x221 - 1.07 x321 - 1.06 x421 - 1.06 x521 + x1312 + x2312 + x3312 + x4312 + x5312 = 0 

-1.14 x122 - 1.09 x222 - 1.08 x322 - 1.11 x422 - 1.25 x522 + x1321 + x2321 + x3321 + x4321 + x5321 = 0 

-1.12 x122 - 1.01 x222 - 1.07 x322 - 1.06 x422 - 1.06 x522 + x1322 + x2322 + x3322 + x4322 + x5322 = 0 

Shortage and surplus constraints: 

1.14 x1311 + 1.09 x2311 + 1.08 x3311 + 1.11 x4311 + 1.25 x5311 - y111 + w111 = 80 

1.12 x1311 + 1.01 x2311 + 1.07 x3311 + 1.06 x4311 + 1.06 x5311 - y112 + w112 = 80 

1.14 x1312 + 1.09 x2312 + 1.08 x3312 + 1.11 x4312 + 1.25 x5312 - y121 + w121 = 80 
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1.12 x1312 + 1.01 x2312 + 1.07 x3312 + 1.06 x4312 + 1.06 x5312 - y122 + w122 = 80 

1.14 x1321 + 1.09 x2321 + 1.08 x3321 + 1.11 x4321 + 1.25 x5321 - y211 + w211 = 80 

1.12 x1321 + 1.01 x2321 + 1.07 x3321 + 1.06 x4321 + 1.06 x5321 - y212 + w212 = 80 

1.14 x1322 + 1.09 x2322 + 1.08 x3322 + 1.11 x4322 + 1.25 x5322 - y221 + w221 = 80 

1.12 x1322 + 1.01 x2322 + 1.07 x3322 + 1.06 x4322 + 1.06 x5322 - y222 + w222 = 80 

Trivial constraints: 

x11 >= 0 x422 >= 0 x3321 >= 0 y212 >= 0 

x21 >= 0 x522 >= 0 x4321 >= 0 y221 >= 0 

x31 >= 0 x1311 >= 0 x5321 >= 0 y222 >= 0 

x41 >= 0 x2311 >= 0 x1322 >= 0 w111 >= 0 

x51 >= 0 x3311 >= 0 x2322 >= 0 w112 >= 0 

x121 >= 0 x4311 >= 0 x3322 >= 0 w121 >= 0 

x221 >= 0 x5311 >= 0 x4322 >= 0 w221 >= 0 

x321 >= 0 x1312 >= 0 x5322 >= 0 w222 >= 0 

x421 >= 0 x2312 >= 0 y111 >= 0 w122 >= 0 

x521 >= 0 x3312 >= 0  y211 >= 0 w211 >= 0 

x122 >= 0 x4312 >= 0 y122 >= 0 w212 >= 0 

x222 >= 0 x1321 >= 0 y121 >= 0  

x322 >= 0 x2321 >= 0 y112 >= 0  
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APPENDIX C 

INVESTMENT STRATEGIES PROPOSED BY PORTFOLIOS 1, 3 AND 5 

Investment strategies proposed by investment portfolios 1, 3 and 5 

Planning 
horizon 

Investment 
amount ($) 

Investment 
portfolio 1 

Investment 
portfolio 3 

Investment 
portfolio 5 

P
er

io
d

 1
 

x(1,1) 13.520 0.000 0.000 

x(2,1) 0.000 0.000 0.000 

x(3,2) 0.000 0.000 0.000 

x(4,1) 0.000 0.000 0.000 

x(5,1) 41.479 55.000 55.000 

P
er

io
d

 2
 

x(1,2,1) 2.168 0.000 0.000 

x(2,2,1) 0.000 0.000 0.000 

x(3,2,1) 0.000 0.000 0.000 

x(4,2,1) 0.000 0.000 0.000 

x(5,2,1) 65.094 68.750 68.750 

x(1,2,2) 22.368 13.149 0.000 

x(2,2,2) 0.000 0.000 0.000 

x(3,2,2) 0.000 0.000 0.000 

x(4,2,2) 0.000 0.000 0.000 

x(5,2,2) 36.743 45.150 58.300 
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Planning 
horizon 

Investment 
amount ($) 

Investment 
portfolio 1 

Investment 
portfolio 3 

Investment 
portfolio 5 

P
er

io
d

 3
 

x(1,3,1,1) 0.000 85.937 85.937 

x(2,3,1,1) 0.000 0.000 0.000 

x(3,3,1,1) 0.000 0.000 0.000 

x(4,3,1,1) 0.000 0.000 0.000 

x(5,3,1,1) 83.839 0.000 0.000 

x(1,3,1,2) 71.428 72.875 72.875 

x(2,3,1,2) 0.000 0.000 0.000 

x(3,3,1,2) 0.000 0.000 0.000 

x(4,3,1,2) 0.000 0.000 0.000 

x(5,3,1,2) 0.000 0.000 0.000 

 

x(1,3,2,1) 71.428 71.428 72.875 

x(2,3,2,1) 0.000 0.000 0.000 

x(3,3,2,1) 0.000 0.000 0.000 

x(4,3,2,1) 0.000 0.000 0.000 

x(5,3,2,1) 0.000 0.000 0.000 

x(1,3,2,2) 0.000 0.000 61.798 

x(2,3,2,2) 0.000 0.000 0.000 

x(3,3,2,2) 0.000 0.000 0.000 

x(4,3,2,2) 0.000 0.000 0.000 

x(5,3,2,2) 64.000 71.428 0.000 
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APPENDIX D 

DOCUMENTS USED FOR THE CASE STUDY 

Appendix D provides the copies of the documents that were used for the Cranberry Township 

case study. These documents include Case Study Request Document, Stakeholder Notification 

Document, and Checklist for Stakeholder Meetings Document. 

D.1 CASE STUDY REQUEST DOCUMENT 

Case Study Request Document was used for the initial contact with the potential case study 

organizations to ask whether they are interested in the research and developed tool.    

 

Copy of Case Study Request Document 

Project/Research title: Integration of Financial and Non-financial Performance Measures into 

the Process of Project Portfolio Management, Investment Planning and Budgeting Decisions 

under Uncertainty - A Multi-Stage Stochastic Linear Program that can be used to Improve 

Organizational Sustainability 
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Project/Research description: In today’s rapidly changing global world, the sustainability of an 

organization depends not only upon its financial performance, but also upon its environmental 

and social performance. It is suggested that policy makers, and corporate and engineering 

managers integrate economic, environmental and social objectives (i.e., the triple bottom line 

(TBL)) into their overall strategic plan and consider these objectives in their decision making. 

Investment planning and capital budgeting decisions play a critical role in aligning an 

organization with its economic, environmental and social strategic objectives. This research 

introduces a new decision making tool that integrates both financial and non-financial 

performance measures into the process of investment planning and capital budgeting via the 

TBL. It makes use of stakeholder theory for group decision making, analytic hierarchy process 

(AHP) and/or analytic network process (ANP) as a decision support tool, and stochastic linear 

programming to create an optimal investment portfolio. This new tool evaluates and prioritizes a 

set of projects and creates a long-term balanced investment portfolio based upon the perspectives 

and priorities of the stakeholder groups and decision makers. It can assist decision makers with 

developing and making proactive decisions which support the strategy of their organization with 

respect to economic, environmental and social issues, ensuring the sustainability of their 

organization in the future.  

 

Aim of the effort: It is thought that applying and validating the developed tool on a real life case 

will be not only an interesting case study, but also quite beneficial for both the researchers and 

related organization’s management. In that sense, the aim of this effort is to discuss the details of 

the case study request among the researchers and organization’s management. This includes how 
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the organization and researchers will benefit from the collaboration, how the process would 

proceed and what the expected time frame for the study.  

 

Contact information: 

Kim L. Needy, Ph.D., P.E., CFPIM  

Professor and Department Head 

Department of Industrial Engineering  

University of Arkansas 

4207 Bell Engineering Center 

Fayetteville, AR  72701 

Tel: (479) 575-6029 (office)  

Fax: (479) 575-8431  

kneedy@uark.edu  

 

Fikret K. Turan, M.S. 

Ph.D. Student 

Department of Industrial Engineering  

University of Pittsburgh 

1048 Benedum Hall  

Pittsburgh, PA 15261  

Tel: (412) 715-5105 (mobile) 

Fax: (412) 624-9831 

fkt1@pitt.edu  
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What are the potential benefits to the case study organization? 

 The study will closely match the organization’s strategic objectives and sustainability culture. 

 It will enable the organization’s management to create an investment planning strategy for a 

predetermined planning horizon through the evaluation of a set of potential investment 

projects by considering their impacts on the organization’s major stakeholders such as 

shareholders, NGO's, employees, customers, suppliers, etc.  

 It will assist the organization’s management in answering "In which projects, when and how 

much should they invest to improve or even maximize the sustainability of their 

organization?"  

 

What are the benefits to the researchers? 

 The study will be an interesting real life application since it will allow the researchers to test 

and validate the management tool that is developed as a doctoral dissertation thesis and can 

be used to improve organizational sustainability. 

 The study can be published in the future as a conference/journal paper while maintaining 

strict confidentiality on all sensitive organizational data.   

 It is an opportunity to minimize the gap between the theory and practice in sustainability 

related research and create a sustainability culture. 

 

How will the study unfold? 

 Review of the organization’s performance measurement system: The similarity of the 

organization’s performance measurement system and Wang and Lin’s TBL sustainability 

index system will be checked and the preplanning values of the performance measures that 
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are currently used in the organization will be saved. If necessary, new performance measures 

including the organization and/or industry specific ones will be added. 

 Data collection:  

i. Quantitative data  

1. A reasonable planning horizon and an investment budget will be determined. 

2. A set of potential investment projects that are planned to be invested during the 

planning horizon are identified including their internal rate of return (IRR), and 

minimum and maximum investment requirements. 

ii. Qualitative data 

1. An AHP/ANP study will be performed by meeting with the organization’s 

management and representatives of the major stakeholder groups. 

 Validation: By face validity and/or comparing the preplanning values of the performance 

measures with their values at the end of the planning horizon, the developed management 

tool will be validated.  

 

What is the expected time frame for the whole process? 

 Review of the organization’s performance measurement system: 1 month 

 Data collection: 2 months 

 Model run: 2 months 

 Reporting: 2 months 

 Validation: 1 month 
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What will be the final result or output of the study? 

By evaluating each potential investment project based on its contribution to not only the financial 

performance but also the environmental and social performance of the organization, the study 

aims to assist the organization’s management in creating the optimal investment portfolio which 

will improve or even maximize the sustainability of their organization. For example, the graph 

shown below contains numeric output from an illustrative case: 

 

 

The graph shows five different investment portfolios obtained after running the model on 

this test case. Among these five, investment portfolio 3 is the optimal one since it provides the 

maximum (F+S) value which is around $235.1037 million, or alternatively since it provides the 

maximum marginal benefit in terms of environmental and social sustainability.  
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On the other hand, investment portfolio 1 provides an investment strategy which 

considers only the economic concerns. For this reason, it provides the minimum sustainability 

value which is $236.4187 million. And, investment portfolio 5 provides an investment strategy 

which takes into account the environmental and social concerns at the maximum level in addition 

to the economic concerns. By investing $3.2025 million (i.e., (-1.5140) - (-4.7165) = 3.2025) on 

the environment and society, investment portfolio 5 improves the sustainability value of the 

organization from $236.4187 million to ≈$237.89 million.  Sensitivity analysis can also be 

performed in this type of analysis to account for the uncertainty associated with the estimation of 

project costs and benefits. 
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D.2 INITIAL AND INTERIM VERSIONS OF THE ANP MODEL FOR CRANBERRY 

TOWNSHIP CASE STUDY 

 

Initial version of the ANP model for Cranberry Township sustainability 

 



 

189 

 

 

Interim version of the ANP model for Cranberry Township sustainability 
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D.3 STAKEHOLDER NOTIFICATION DOCUMENT 

Stakeholder Notification Document was provided to the stakeholder representatives of the 

Cranberry Township who participated to the ANP study to inform them in advance about the 

project objectives and the ANP study meetings. 

 

Copy of Stakeholder Notification Document 

Objective of case study 

Working together with Sustainable Pittsburgh and University of Pittsburgh, Cranberry Township 

management plans to implement a set of investment projects that will potentially improve the 

sustainability of township. The objective of case study is to prioritize these investment projects 

based on their contribution to the sustainability of township by considering the perspectives of 

major stakeholder groups. In the study, the following 5 investment projects will be considered: 

 

 Waste and Recycling 

1. Building a compost facility: Cranberry Township currently accepts yard waste 

(leaves, lawn cuttings, weeds, non-woody, shrubs and tree prunings) as a part of its 

residential curbside pickup. While these bags of organic matter are not discarded, 

they are taken to an outside facility and lost for the township as a resource. Leaf and 

grass clippings from the various municipal facilities could also be composted to 

generate valuable leaf mulch. With this project, Cranberry Township plans to build a 

compost facility and use its output around municipal grounds, or offer it to the 

community for a fee or as a service.  
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 Environmentally Preferable Purchasing (EPP) 

2. Purchasing alternative fuel vehicles for township fleet: Alternative transportation 

fuels are the fuels other than gasoline or diesel. Examples of alternative 

transportation fuels include methanol, ethanol, propane or compressed natural gas, 

liquid natural gas, low-sulfur or "clean" diesel and electricity. With this project, 

Cranberry Township plans to reduce pollution, eliminate greenhouse gas emissions, 

minimize dependence on traditional fuels, and increase energy efficiency by 

purchasing alternative fuel vehicles for the township fleet. 

 

 Renewable Energy and Carbon Dioxide Mitigation Strategies 

3. Procurement of Renewable Energy Certificates (RECs): With this project, 

Cranberry Township plans to offset electricity consumption supplied from the 

traditional fossil-fuels and participate in the EPA Green Power Partnership Program 

by procuring RECs from local or national renewable energy resources. Procurement 

of RECs provides the most simple and cost effective means to demonstrate 

environmental responsibility within the township and become a carbon neutral 

community, although the procurement of RECs will be an incremental cost to the 

current electricity spend in the township. 

 

 Municipal Center Parking 

4. Implementation of a public transportation system: Currently, Butler Transit 

Authority (BTA) does not provide bus service to Cranberry area. With this project, 

Cranberry Township and BTA plans to work together to examine opportunities to 
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implement bus service in and around Cranberry Township and find ways to fund 

capital and operating expenses. Although it is a capital intensive project, it will 

enable to improve air quality, alleviate traffic congestion, and travel inexpensively 

and conveniently in and around Cranberry Township.  

 

 LEED Certification 

5. Achieving Gold status of LEED certification for the Municipal Center: The 

Leadership in Energy and Environmental Design (LEED) certification is a road map 

for delivering economically profitable, environmentally responsible, healthy, 

productive places to live and work. It is provided by the U.S. Green Building 

Council (USGBC) for the buildings which have sustainable green building and 

development practices. The context of this project includes subprojects whose 

implementation will provide credit for the Municipal Center to be certified. Some of 

these subprojects are upgrading lighting sources and improving waste management 

in the Municipal Center, implementing a modular green roof for the Municipal 

Center, and upgrading the Municipal Center HVAC system.  

 

How will the study unfold? 

It is planned that representatives from major stakeholder groups of Cranberry Township will 

participate to the study. With each of the stakeholder representatives, a separate meeting which 

will approximately take 1 hr. will be held. During a stakeholder meeting, an Analytic Network 

Process (ANP) study will be performed to prioritize the 5 investment projects.  
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What is Analytic Network Process (ANP)? 

Analytic Network Process (ANP) is a multicriteria decision making (MCDM) technique that 

enables to prioritize a set of alternatives depending on the preferences of decision maker. It is 

based on relative comparisons of the alternatives with respect to a certain goal and criteria set 

which are in a network (or hierarchical in special cases) structure. The final product of an ANP 

study is the prioritization of the alternatives according to their contributions to the goal. Figure 1 

shows a simple ANP model that can be used when selecting a car for purchase. The goal of the 

model is to select the car that maximizes benefits and minimizes costs; decision criteria set 

includes price, fuel consumption, prestige and comfort; and alternative cars are Toyota Corolla, 

Mazda 3, Ford Focus and Dodge Neon. Figure 2 provides an example pairwise comparison 

performed by decision maker by using the fundamental scale shown in Table 1. For instance, as 

seen in Figure 2, with respect to the price criterion, Mazda 3 is equally to moderately more 

important (or cheaper, or preferable) than Toyota Corolla. Final priorities of the alternative cars 

obtained at the end of the study are shown on the normals column of Figure 3. 
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Figure 1: ANP model for selecting a car 

 

 

Figure 2: An example pairwise comparison screen 

 

 

 



 

195 

 

Table 1: Fundamental scale used in pairwise comparisons 

1 Equal 
2 Between Equal and Moderate 
3 Moderate 
4 Between Moderate and Strong 
5 Strong 
6 Between Strong and Very Strong 
7 Very Strong 
8 Between Very Strong and Extreme 
9 Extreme 

 

 

 

Figure 3: Final priorities screen 

 

ANP model for Cranberry Township sustainability  

The ANP model that will be used in Cranberry Township case is shown in Figure 4.  
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Figure 4: ANP model for Cranberry Township sustainability 

 

The objective of the model is to maximize the sustainability of Cranberry Township. It 

makes use of the following decision criteria set to prioritize the investment projects with respect 

to their contribution to the sustainability of township:  

 

 Economic Prosperity 

1. Debt-equity ratio: Debt-equity ratio is a measure of the long-term debt of the 

township relative to its equity. It is considered that all of the 5 projects have direct 

impact on debt-equity ratio criterion.    
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 Environmental Quality 

2. Energy consumption: Energy consumption is considered as a criterion to assess not 

only the energy efficiency but also the quality of energy resource – sustainable vs. 

unsustainable. It is considered that projects 2, 3, 4 and 5 have direct impact on energy 

consumption criterion.    

3. Water and land use: Water and land use is added as a criterion to assess amount and 

efficiency of water used, and land use quality. It is considered that project 5 has a 

direct impact on water and land use criterion. 

4. Solid waste generation: Solid waste generation refers to the weight or volume of 

materials and products that enter the waste stream before recycling, composting, 

landfilling or combustion takes place. It is considered that projects 1 and 5 have direct 

impact on solid waste generation criterion. 

5. Greenhouse gases emissions: Greenhouse gases emissions refer to the amount of 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons 

(HFCs), perfluorocarbons (PFCs), sulpha hexafluoride (SF6), chlorofluorocarbons 

(CFCs) and hydrochlorofluorocarbons (HCFCs), together with the indirect 

greenhouse gases nitrogen oxides (NOx), carbon monoxide (CO) and nonmethane 

volatile organic compounds (NMVOCs) emitted to the atmosphere. It is considered 

that projects 2, 3, 4 and 5 have direct impact on greenhouse gases emissions criterion. 

 

 Social Justice 

6. Job creation: Job creation refers to the number of new jobs created. It is considered 

that projects 1 and 4 have direct impact on job creation criterion. 



 

198 

 

7. Cost of living: Cost of living refers to average cost of basic necessities of life such as 

food, shelter, clothing, transportation, etc. It is considered that projects 3 and 4 have 

direct impact on cost of living criterion. 

8. Traffic congestion and sufficiency of transportation options: Traffic congestion 

and sufficiency of transportation options is considered as a criterion to assess the 

general condition of traffic in terms of travel times, queues and speed of flow, and the 

availability of sustainable modes of transportation. It is considered that project 4 has a 

direct impact on traffic congestion and sufficiency of transportation options criterion. 

 

Additionally, the model involves the following 7 major stakeholder groups. It is planned 

that 5 to 8 representatives from these stakeholder groups will participate to the ANP study. 

 

 Regulators and Authorities 

1. PA Department of Environmental Protection (DEP): DEP is the state agency 

largely responsible for administering Pennsylvania's environmental laws and 

regulations. Its responsibilities include reducing air pollution, making sure 

drinking water is safe, protecting water quality in rivers and streams, making sure 

waste is handled properly, supporting community renewal and revitalization, 

promoting advanced energy technology, and helping citizens prevent pollution 

and comply with the commonwealth's environmental regulations. DEP is 

committed to general environmental education and encouraging effective public 

involvement in setting environmental policy. In this study, it is considered that 
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implementation of projects 2, 3 and 5 will have direct impact on PA Department 

of Environmental Protection.   

2. PA Department of Transportation (DOT): DOT is the state agency responsible 

for ensuring a fast, safe, efficient, accessible and convenient transportation system 

that meets citizens’ vital national interests and enhances the quality of life. In this 

study, it is considered that implementation of project 4 will have a direct impact 

on PA Department of Transportation.   

 

 Community and Major Employers 

3. Cranberry Township community: In addition to John Trant - Chief Strategic 

Planning Officer of Cranberry Township, it is expected that 2 to 5 representatives 

from Cranberry Area Chamber of Commerce, Cranberry Township Community 

Chest (CTCC), Seneca Valley School District and Cranberry Homeowners 

Association will participate to the ANP study. It is considered that 

implementation of any of the 5 projects will have a direct impact on Cranberry 

Township community.   

 

 Community and Major Employers 

4. Mine Safety Appliance: Mine Safety Appliance, headquartered in Pittsburgh, 

Pennsylvania, is a manufacturer of sophisticated safety products which typically 

integrate any combination of electronics, mechanical systems and advanced 

materials to protect users against hazardous or life-threatening situations. Having 

a division of 469 employees in Cranberry Township, it is one of the major 

http://www.cranberrychamber.com/
http://www.svsd.net/
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employers in the township. In this study, it is expected that one representative 

from Mine Safety Appliance will participate to the ANP study and it is considered 

that implementation of projects 3 and 4 will have direct impact on Mine Safety 

Appliance.   

5. UPMC Health System: UPMC is an integrated global health enterprise 

headquartered in Pittsburgh, Pennsylvania, and one of the leading nonprofit health 

systems in the United States. Having a division of 642 employees in Cranberry 

Township, it is one of the major employers in the township. In this study, it is 

expected that one representative from UPMC Health System will participate to 

the ANP study and it is considered that implementation of projects 3 and 4 will 

have a direct impact on UPMC Health System. 

6. Westinghouse Electric Company: Westinghouse Electric Company whose 

headquarters is located in Cranberry Township operates in the worldwide 

commercial nuclear electric power industry. It provides fuel, services, technology, 

plant design, and equipment to utility and industrial customers. In this study, it is 

considered that implementation of projects 3 and 4 will have a direct impact on 

Westinghouse Electric Company.   

7. TRACO: TRACO operates in building products industry by manufacturing 

windows, doors, storefront and entrances. Headquarters of the company and one 

of its manufacturing facilities are located in Cranberry Township. With 958 

employees, it is one of the major employers in the township. In this study, it is 

considered that implementation of projects 3 and 4 will have a direct impact on 

TRACO.   
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How will the stakeholder meetings be held? 

Pairwise comparisons related to the model shown in Figure 4 are given in Appendix section on 

page 8. There are totally 50 pairwise comparisons composed of 11 sets. In a stakeholder meeting, 

stakeholder representative will be asked to perform these pairwise comparison based on his/her 

perspective. It is expected that the allocated 1 hr. duration will be spent as shown in Table 2. 

 

Table 2: Detailed time allocation for a typical stakeholder meeting (See Appendix for 

comparison sets) 

Activity Sub-Activity 
Duration 
(minute) 

Explanation of ANP methodology  N/A 5 
Demonstration of car purchase example N/A 5 

Explanation of the purpose of Cranberry Township 
ANP study and related ANP model 

N/A 10 

Performing pairwise comparisons 

Cluster comparison set 1 2.5 
Cluster comparison set 2 1 
Node comparison set 1 4 
Node comparison set 2 2.5 
Node comparison set 3 4 
Node comparison set 4 1 
Node comparison set 5 4 
Node comparison set 6 6 
Node comparison set 7 1 
Node comparison set 8 1 
Node comparison set 9 1 
Node comparison set 10 1 
Node comparison set 11 6 

Inconsistency check 5 

TOTAL DURATION (minute)  60 
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Project team 

Kim L. Needy, Ph.D., P.E., CFPIM  

Professor and Department Head 

Department of Industrial Engineering  

University of Arkansas 

4207 Bell Engineering Center 

Fayetteville, AR  72701 

Tel: (479) 575-6029 (office)  

Fax: (479) 575-8431  

E-mail: kneedy@uark.edu 

 

Mary E. Besterfield-Sacre, Ph.D.  

Associate Professor 

Dept. of Industrial Engineering 

University of Pittsburgh 

1048 Benedum Hall  

Pittsburgh, PA, 15261 

Tel: (412) 624-9836 (office)  

Fax: (412) 624-9831 

E-mail: mbsacre@pitt.edu 

 

Matt Mehalik, Ph.D.  

Program Manager 

mailto:kneedy@uark.edu
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Sustainable Pittsburgh 

425 Sixth Avenue, Suite 1335 

Pittsburgh, PA 15219 

Tel: (412) 258-6642 (office)  

Fax: (412) 258-6645 

E-mail: mmehalik@pitt.edu 

 

Fikret K. Turan, M.S. 

Ph.D. Candidate 

Dept. of Industrial Engineering  

University of Pittsburgh 

1048 Benedum Hall  

Pittsburgh, PA 15261  

Tel: (412) 715-5105 (mobile) 

Fax: (412) 624-9831 

E-mail: fkt1@pitt.edu  

 

John K. Trant Jr.  

Chief Strategic Planning Officer 

Cranberry Township 

2525 Rochester Road, Suite 400 

Cranberry Township, PA 16066 

Tel: (724) 776-4806 Extension: 1114 (office) 

mailto:fkt1@pitt.edu
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Fax: (724) 776-5488 

E-mail: John.TrantJr@cranberrytownship.org 

 

Pairwise Comparisons Used in Stakeholder Meetings 

Cluster comparison Set 1 (Allocated time = 2.5 minutes): 

1. For the sustainability of Cranberry Township, how much more important are economic 

prosperity criteria than environmental quality criteria? (Or, vice versa)  

2. For the sustainability of Cranberry Township, how much more important are economic 

prosperity criteria than social justice criteria? (Or, vice versa)  

3. For the sustainability of Cranberry Township, how much more important are environmental 

quality criteria than social justice criteria? (Or, vice versa)  

 

 

 

Cluster comparison set 2 (Allocated time = 1 minute): 

1. For the sustainability of Cranberry Township, how much more important are regulators and 

authorities than community and major employers? (Or, vice versa)  
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Node comparison set 1 (Allocated time = 4 minutes): 

1. For the sustainability of Cranberry Township, how much more important is energy 

consumption criterion than water and land use criterion? (Or, vice versa)  

2. For the sustainability of Cranberry Township, how much more important is energy 

consumption criterion than solid waste generation criterion? (Or, vice versa)  

3. For the sustainability of Cranberry Township, how much more important is energy 

consumption criterion than greenhouse gases emissions criterion? (Or, vice versa)  

4. For the sustainability of Cranberry Township, how much more important is water and land 

use criterion than solid waste generation criterion? (Or, vice versa)  

5. For the sustainability of Cranberry Township, how much more important is water and land 

use criterion than greenhouse gases emissions criterion? (Or, vice versa)  

6. For the sustainability of Cranberry Township, how much more important is solid waste 

generation criterion than greenhouse gases emissions criterion? (Or, vice versa)  
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Node comparison set 2 (Allocated time = 2.5 minutes): 

1. For the sustainability of Cranberry Township, how much more important is job creation 

criterion than cost of living criterion? (Or, vice versa)  

2. For the sustainability of Cranberry Township, how much more important is job creation 

criterion than traffic congestion and sufficiency of transportation options criterion? (Or, vice 

versa) 

3. For the sustainability of Cranberry Township, how much more important is cost of living 

criterion than traffic congestion and sufficiency of transportation options criterion? (Or, vice 

versa) 
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Node comparison set 3 (Allocated time = 4 minutes): 

1. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the energy consumption criterion than procurement of renewable energy 

certificates (RECs)? (Or, vice versa)  

2. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the energy consumption criterion than implementing a public 

transportation system? (Or, vice versa)  

3. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the energy consumption criterion than achieving gold status of 

certification for Municipal Center? (Or, vice versa)  

4. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the energy consumption criterion than implementing a public 

transportation system? (Or, vice versa)  

5. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the energy consumption criterion than achieving gold status of 

certification for Municipal Center? (Or, vice versa)  
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6. How much more contribution does implementing a public transportation system make to 

improving the energy consumption criterion than achieving gold status of certification for 

Municipal Center? (Or, vice versa) 

 

 

 

Node comparison set 4 (Allocated time = 1 minute): 

1. How much more contribution does building a compost facility make to improving the solid 

waste generation criterion than achieving gold status of certification for Municipal Center? 

(Or, vice versa)  
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Node comparison set 5 (Allocated time = 4 minutes): 

1. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the greenhouse gases emissions criterion than procurement of renewable 

energy certificates (RECs)? (Or, vice versa)  

2. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the greenhouse gases emissions criterion than implementing a public 

transportation? (Or, vice versa) 

3. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the greenhouse gases emissions criterion than achieving gold status of 

certification for Municipal Center? (Or, vice versa) 

4. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the greenhouse gases emissions criterion than implementing a public 

transportation system? (Or, vice versa) 

5. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the greenhouse gases emissions criterion than achieving gold status of 

certification for Municipal Center? (Or, vice versa) 

6. How much more contribution does implementing a public transportation system make to 

improving the greenhouse gases emissions criterion than achieving gold status of 

certification for Municipal Center? (Or, vice versa) 
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Node comparison set 6 (Allocated time = 6 minutes): 

1. How much more contribution does building a compost facility make to improving the debt-

equity ratio criterion than purchasing alternative fuel vehicles for township fleet? (Or, vice 

versa)  

2. How much more contribution does building a compost facility make to improving the debt-

equity ratio criterion than procurement of renewable energy certificates (RECs)? (Or, vice 

versa) 

3. How much more contribution does building a compost facility make to improving the debt-

equity ratio criterion than implementing a public transportation system? (Or, vice versa) 

4. How much more contribution does building a compost facility make to improving the debt-

equity ratio criterion than achieving gold status of certification for Municipal Center? (Or, 

vice versa) 
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5. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the debt-equity ratio criterion than procurement of renewable energy 

certificates (RECs)? (Or, vice versa) 

6. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the debt-equity ratio criterion than implementing a public transportation 

system? (Or, vice versa) 

7. How much more contribution does purchasing alternative fuel vehicles for township fleet 

make to improving the debt-equity ratio criterion than achieving gold status of certification 

for Municipal Center? (Or, vice versa) 

8. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the debt-equity ratio criterion than implementing a public transportation 

system? (Or, vice versa) 

9. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the debt-equity ratio criterion than achieving gold status of certification 

for Municipal Center? (Or, vice versa) 

10. How much more contribution does implementing a public transportation system make to 

improving the debt-equity ratio criterion than achieving gold status of certification for 

Municipal Center? (Or, vice versa) 
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Node comparison set 7 (Allocated time = 1 minute): 

1. How much more contribution does building a compost facility make to improving the job 

creation criterion than implementing a public transportation system? (Or, vice versa)  
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Node comparison set 8 (Allocated time = 1 minute): 

1. How much more contribution does procurement of renewable energy certificates (RECs) 

make to improving the cost of living criterion than implementing a public transportation 

system? (Or, vice versa)  

 

 

 

Node comparison set 9 (Allocated time = 1 minute): 

1. How much more impact does procurement of renewable energy certificates (RECs) have on 

Cranberry Township community than major employers? (Or, vice versa)  

 

 

 

Node comparison set 10 (Allocated time = 1 minute): 

1. How much more impact does implementing a public transportation system have on 

Cranberry Township community than major employers? (Or, vice versa) 
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Node comparison set 11 (For Cranberry Township community representatives, allocated 

time = 6 minutes): 

1. For Cranberry Township community, how much more important is building a compost 

facility than purchasing alternative fuel vehicles for township fleet? (Or, vice versa)  

2. For Cranberry Township community, how much more important is building a compost 

facility than procurement of renewable energy certificates (RECs)? (Or, vice versa) 

3. For Cranberry Township community, how much more important is building a compost 

facility than implementing a public transportation system? (Or, vice versa) 

4. For Cranberry Township community, how much more important is building a compost 

facility than achieving gold status of certification for Municipal Center? (Or, vice versa) 

5. For Cranberry Township community, how much more important purchasing alternative fuel 

vehicles for township fleet than procurement of renewable energy certificates (RECs)? (Or, 

vice versa) 

6. For Cranberry Township community, how much more important purchasing alternative fuel 

vehicles for township fleet than implementing a public transportation system? (Or, vice 

versa) 
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7. For Cranberry Township community, how much more important purchasing alternative fuel 

vehicles for township fleet than achieving gold status of certification for Municipal Center? 

(Or, vice versa) 

8. For Cranberry Township community, how much more important procurement of renewable 

energy certificates (RECs) than implementing a public transportation system? (Or, vice 

versa) 

9. For Cranberry Township community, how much more important procurement of renewable 

energy certificates (RECs) than achieving gold status of certification for Municipal Center? 

(Or, vice versa) 

10. For Cranberry Township community, how much more important implementing a public 

transportation system than achieving gold status of certification for Municipal Center? (Or, 

vice versa) 
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Node comparison set 11 (For major employers’ representatives, allocated time = 6 

minutes): 

1. For major employers in Cranberry Township, how much more important is building a 

compost facility than purchasing alternative fuel vehicles for township fleet? (Or, vice versa)  

2. For major employers in Cranberry Township, how much more important is building a 

compost facility than procurement of renewable energy certificates (RECs)? (Or, vice versa) 

3. For major employers in Cranberry Township, how much more important is building a 

compost facility than implementing a public transportation system? (Or, vice versa) 

4. For major employers in Cranberry Township, how much more important is building a 

compost facility than achieving gold status of certification for Municipal Center? (Or, vice 

versa) 

5. For major employers in Cranberry Township, how much more important purchasing 

alternative fuel vehicles for township fleet than procurement of renewable energy certificates 

(RECs)? (Or, vice versa) 

6. For major employers in Cranberry Township, how much more important purchasing 

alternative fuel vehicles for township fleet than implementing a public transportation system? 

(Or, vice versa) 

7. For major employers in Cranberry Township, how much more important purchasing 

alternative fuel vehicles for township fleet than achieving gold status of certification for 

Municipal Center? (Or, vice versa) 

8. For major employers in Cranberry Township, how much more important procurement of 

renewable energy certificates (RECs) than implementing a public transportation system? (Or, 

vice versa) 
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9. For major employers in Cranberry Township, how much more important procurement of 

renewable energy certificates (RECs) than achieving gold status of certification for 

Municipal Center? (Or, vice versa) 

10. For major employers in Cranberry Township, how much more important implementing a 

public transportation system than achieving gold status of certification for Municipal Center? 

(Or, vice versa) 

 

D.4 CHECKLIST FOR STAKEHOLDER MEETINGS DOCUMENT 

In order to spend the allocated time efficiently and get rid of possible mistakes/problems during 

the stakeholder meetings, a checklist document was prepared and used. 
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Copy of Checklist for Stakeholder Meetings Document 

1. Give a piece of paper, pen/pencil and rubber to the stakeholder representative ___________ 

 

2. Make sure that all the pairwise comparisons have an inconsistency less than 0.1 __________  

 

3. Make sure to save the prioritized ANP file in a secure place __________________________ 

   

4. Make sure to give a business card to the stakeholder representative _____________________ 

  

5. Make sure to receive a business card from the stakeholder representative ________________  

 

6. After meeting, send a thank you e-mail to the stakeholder representative ________________                           
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APPENDIX E 

VEHICLE REPLACEMENT PROGRAM 

Vehicle Replacement Program provides the guidelines that are currently used by the Cranberry 

Township management while making decisions related to the replacement of the vehicles in the 

township fleet. 
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APPENDIX F 

THREE-STAGE STOCHASTIC LINEAR PROGRAM FOR K=1 
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APPENDIX G 

G.1 DETAILS OF MODEL 2 RESULTS 

Model 2 Investment Portfolios for b=$283,000 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

x(1,1)   155,417 155,417 

x(2,1)   0 0 

x(3,1) 0 0 

x(4,1) 0 0 

x(5,1)  127,583 127,583 

x(1,2,1)  60,345 60,345 

x(2,2,1)  0 0 

x(3,2,1)   0 0 

x(4,2,1)  0 0 

x(5,2,1)   235,251 235,251 

x(1,2,2)  306,638 306,638 

x(2,2,2)   28,137 28,137 

x(3,2,2)  0 0 

 x(4,2,2)  0 0 

x(5,2,2) 0 0 

x(1,2,3)  345,098 345,098 

x(2,2,3)   28,137 28,137 

x(3,2,3) 0 0 

x(4,2,3) 0 0 

x(5,2,3) 0 0 
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Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

x(1,3,1,1)  309,772 309,772 

x(2,3,1,1) 0 0 

x(3,3,1,1) 0 0 

x(4,3,1,1)  0 0 

x(5,3,1,1)  0 0 

x(1,3,1,2)  309,772 309,772 

x(2,3,1,2)  33,784 0 

x(3,3,1,2) 0 0 

x(4,3,1,2) 0 33,784 

x(5,3,1,2) 0 0 

x(1,3,1,3) 309,772 309,772 

x(2,3,1,3)  44,837 0 

x(3,3,1,3) 0 0 

 x(4,3,1,3) 16,880 61,717 

x(5,3,1,3) 0 0 

x(1,3,2,1)  63,479 63,479 

x(2,3,2,1) 44,837 0 

x(3,3,2,1) 0 0 

x(4,3,2,1)  4,318 49,155 

x(5,3,2,1) 235,251 235,251 
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Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

x(1,3,2,2) 63,479 63,479 

x(2,3,2,2) 44,837 0 

x(3,3,2,2) 0 0 

x(4,3,2,2) 87,397 132,234 

x(5,3,2,2) 235,251 235,251 

x(1,3,2,3) 63,479 63,479 

x(2,3,2,3) 44,837 0 

 x(3,3,2,3)  0 0 

x(4,3,2,3) 178,860 223,697 

 x(5,3,2,3) 235,251 235,251 

x(1,3,3,1)  25,019 25,019 

x(2,3,3,1)  44,837 0 

x(3,3,3,1)   0 0 

x(4,3,3,1) 82,776 127,613 

x(5,3,3,1)  235,251 235,251 

x(1,3,3,2)  25,019 25,019 

x(2,3,3,2)   44,837 0 

x(3,3,3,2)  0 0 

 x(4,3,3,2)   172,394 217,231 

x(5,3,3,2)   235,251 235,251 

x(1,3,3,3) 25,019 25,019 

x(2,3,3,3)  44,837 0 

x(3,3,3,3)  0 0 

x(4,3,3,3) 271,164 316,001 

x(5,3,3,3)  235,251 235,251 
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Model 2 Investment Portfolios for b=$5,000,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

P
er

io
d

 1
 

x(1,1)   580,853 525,534 525,534 

x(2,1)   53,667 53,667 53,667 

x(3,1) 0 0 0 

x(4,1) 4,365,480 4,420,799 4,420,799 

x(5,1)  0 0 0 

P
er

io
d

 2
 

x(1,2,1)  0 0 0 

x(2,2,1)  28,137 28,137 28,137 

x(3,2,1)   0 0 0 

x(4,2,1)  5,084,017 5,082,910 5,082,910 

x(5,2,1)   0 0 0 

x(1,2,2)  0 0 0 

x(2,2,2)   28,137 28,137 28,137 

x(3,2,2)  0 0 0 

 x(4,2,2)  5,896,617 5,894,405 5,894,405 

x(5,2,2) 0 0 0 

x(1,2,3)  0 0 0 

x(2,2,3)   28,137 28,137 28,137 

x(3,2,3) 0 0 0 

x(4,2,3) 6,812,438 6,809,119 6,809,119 

x(5,2,3) 0 0 0 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,1,1)  0 0 0 

x(2,3,1,1) 44,837 44,837 0 

x(3,3,1,1) 0 0 0 

x(4,3,1,1)  4,807,007 4,805,879 4,850,716 

x(5,3,1,1)  362,834 362,834 362,834 

x(1,3,1,2)  0 0 0 

x(2,3,1,2)  44,837 44,837 0 

x(3,3,1,2) 0 0 0 

x(4,3,1,2) 5,600,560 5,599,266 5,644,103 

x(5,3,1,2) 362,834 362,834 362,834 

x(1,3,1,3) 0 0 0 

x(2,3,1,3)  44,837 44,837 0 

x(3,3,1,3) 0 0 0 

 x(4,3,1,3) 6,498,045 6,496,562 6,541,399 

x(5,3,1,3) 362,834 362,834 362,834 

x(1,3,2,1)  0 0 0 

x(2,3,2,1) 44,837 44,837 0 

x(3,3,2,1) 0 0 0 

x(4,3,2,1)  5,635,860 5,633,603 5,678,440 

x(5,3,2,1) 362,834 362,834 362,834 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 

x(2,3,2,2) 44,837 44,837 0 

x(3,3,2,2) 0 0 0 

x(4,3,2,2) 6,551,303 6,548,714 6,593,551 

x(5,3,2,2) 362,834 362,834 362,834 

x(1,3,2,3) 0 0 0 

x(2,3,2,3) 44,837 44,837 0 

 x(3,3,2,3)  0 0 0 

x(4,3,2,3) 7,586,930 7,583,965 7,628,802 

 x(5,3,2,3) 362,834 362,834 362,834 

x(1,3,3,1)  0 0 0 

x(2,3,3,1)  44,837 44,837 0 

x(3,3,3,1)   0 0 0 

x(4,3,3,1) 6,569,997 6,566,612 6,611,449 

x(5,3,3,1)  362,834 362,834 362,834 

x(1,3,3,2)  0 0 0 

x(2,3,3,2)   44,837 44,837 0 

x(3,3,3,2)  0 0 0 

 x(4,3,3,2)   7,622,813 7,618,930 7,663,767 

x(5,3,3,2)   362,834 362,834 362,834 

x(1,3,3,3) 0 0 0 

x(2,3,3,3)  44,837 44,837 0 

x(3,3,3,3)  0 0 0 

x(4,3,3,3) 8,814,130 8,809,682 8,854,519 

x(5,3,3,3)  362,834 362,834 362,834 
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Model 2 Investment Portfolios for b=$6,000,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

P
er

io
d

 1
 

x(1,1)   580,853 525,534 525,534 

x(2,1)   53,667 53,667 53,667 

x(3,1) 0 0 0 

x(4,1) 5,365,480 5,420,799 5,420,799 

x(5,1)  0 0 0 

P
er

io
d

 2
 

x(1,2,1)  0 0 0 

x(2,2,1)  28,137 28,137 28,137 

x(3,2,1)   0 0 0 

x(4,2,1)  6,104,017 6,102,910 6,102,910 

x(5,2,1)   0 0 0 

x(1,2,2)  0 0 0 

x(2,2,2)   28,137 28,137 28,137 

x(3,2,2)  0 0 0 

 x(4,2,2)  7,066,617 7,064,405 7,064,405 

x(5,2,2) 0 0 0 

x(1,2,3)  0 0 0 

x(2,2,3)   28,137 28,137 28,137 

x(3,2,3) 0 0 0 

x(4,2,3) 8,152,438 8,149,119 8,149,119 

x(5,2,3) 0 0 0 
 

 

 

 

 

 

 

 

 

 



 

235 

 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,1,1)  0 0 0 

x(2,3,1,1) 44,837 44,837 0 

x(3,3,1,1) 0 0 0 

x(4,3,1,1)  5,847,407 5,846,279 5,891,116 

x(5,3,1,1)  362,834 362,834 362,834 

x(1,3,1,2)  0 0 0 

x(2,3,1,2)  44,837 44,837 0 

x(3,3,1,2) 0 0 0 

x(4,3,1,2) 6,793,960 6,792,666 6,837,503 

x(5,3,1,2) 362,834 362,834 362,834 

x(1,3,1,3) 0 0 0 

x(2,3,1,3)  44,837 44,837 0 

x(3,3,1,3) 0 0 0 

 x(4,3,1,3) 7,864,845 7,863,362 7,908,199 

x(5,3,1,3) 362,834 362,834 362,834 

x(1,3,2,1)  0 0 0 

x(2,3,2,1) 44,837 44,837 0 

x(3,3,2,1) 0 0 0 

x(4,3,2,1)  6,829,260 6,827,003 6,871,840 

x(5,3,2,1) 362,834 362,834 362,834 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 

x(2,3,2,2) 44,837 44,837 0 

x(3,3,2,2) 0 0 0 

x(4,3,2,2) 7,920,203 7,917,614 7,962,451 

x(5,3,2,2) 362,834 362,834 362,834 

x(1,3,2,3) 0 0 0 

x(2,3,2,3) 44,837 44,837 0 

 x(3,3,2,3)  0 0 0 

x(4,3,2,3) 9,154,730 9,151,765 9,196,602 

 x(5,3,2,3) 362,834 362,834 362,834 

x(1,3,3,1)  0 0 0 

x(2,3,3,1)  44,837 44,837 0 

x(3,3,3,1)   0 0 0 

x(4,3,3,1) 7,936,797 7,933,412 7,978,249 

x(5,3,3,1)  362,834 362,834 362,834 

x(1,3,3,2)  0 0 0 

x(2,3,3,2)   44,837 44,837 0 

x(3,3,3,2)  0 0 0 

 x(4,3,3,2)   9,190,613 9,186,730 9,231,567 

x(5,3,3,2)   362,834 362,834 362,834 

x(1,3,3,3) 0 0 0 

x(2,3,3,3)  44,837 44,837 0 

x(3,3,3,3)  0 0 0 

x(4,3,3,3) 10,609,730 10,605,280 10,650,120 

x(5,3,3,3)  362,834 362,834 362,834 
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Model 2 Investment Portfolios for b=$7,000,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

P
er

io
d

 1
 

x(1,1)   580,853 525,534 525,534 525,534 

x(2,1)   53,667 53,667 53,667 53,667 

x(3,1) 0 0 0 0 

x(4,1) 6,105,891 6,420,799 6,420,799 6,420,799 

x(5,1)  259,589 0 0 0 

P
er

io
d

 2
 

x(1,2,1)  0 0 0 0 

x(2,2,1)  28,137 28,137 28,137 28,137 

x(3,2,1)   0 0 0 0 

x(4,2,1)  7,131,804 7,122,910 7,122,910 7,122,910 

x(5,2,1)   0 0 0 0 

x(1,2,2)  0 0 0 0 

x(2,2,2)   28,137 28,137 28,137 28,137 

x(3,2,2)  0 0 0 0 

 x(4,2,2)  8,231,426 8,234,405 8,234,405 8,234,405 

x(5,2,2) 0 0 0 0 

x(1,2,3)  0 0 0 0 

x(2,2,3)   28,137 28,137 28,137 28,137 

x(3,2,3) 0 0 0 0 

x(4,2,3) 9,183,520 9,126,285 9,489,119 9,489,119 

x(5,2,3) 277,768 362,834 0 0 
 

 

 

 

 

 

 

 

 

 



 

238 

 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,1,1)  0 0 0 0 

x(2,3,1,1) 44,837 44,837 44,837 0 

x(3,3,1,1) 0 0 0 0 

x(4,3,1,1)  7,155,340 6,886,679 6,886,679 6,931,516 

x(5,3,1,1)  103,245 362,834 362,834 362,834 

x(1,3,1,2)  0 0 0 0 

x(2,3,1,2)  44,837 44,837 44,837 0 

x(3,3,1,2) 0 0 0 0 

x(4,3,1,2) 8,256,061 7,986,066 7,986,066 8,030,903 

x(5,3,1,2) 103,245 362,834 362,834 362,834 

x(1,3,1,3) 0 0 0 0 

x(2,3,1,3)  44,837 44,837 44,837 0 

x(3,3,1,3) 0 0 0 0 

 x(4,3,1,3) 9,501,670 9,230,162 9,230,162 9,274,999 

x(5,3,1,3) 103,245 362,834 362,834 362,834 

x(1,3,2,1)  0 0 0 0 

x(2,3,2,1) 44,837 44,837 44,837 0 

x(3,3,2,1) 0 0 0 0 

x(4,3,2,1)  8,276,954 8,020,403 8,020,403 8,065,240 

x(5,3,2,1) 103,245 362,834 362,834 362,834 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 0 

x(2,3,2,2) 44,837 44,837 44,837 0 

x(3,3,2,2) 0 0 0 0 

x(4,3,2,2) 9,542,618 9,286,514 9,286,514 9,331,351 

x(5,3,2,2) 103,245 362,834 362,834 362,834 

x(1,3,2,3) 0 0 0 0 

x(2,3,2,3) 44,837 44,837 44,837 0 

 x(3,3,2,3)  0 0 0 0 

x(4,3,2,3) 10,975,160 10,719,560 10,719,560 10,764,400 

 x(5,3,2,3) 103,245 362,834 362,834 362,834 

x(1,3,3,1)  0 0 0 0 

x(2,3,3,1)  44,837 44,837 44,837 0 

x(3,3,3,1)   0 0 0 0 

x(4,3,3,1) 9,642,990 9,673,931 9,300,212 9,345,049 

x(5,3,3,1)  0 0 362,834 362,834 

x(1,3,3,2)  0 0 0 0 

x(2,3,3,2)   44,837 44,837 44,837 0 

x(3,3,3,2)  0 0 0 0 

 x(4,3,3,2)   11,079,250 11,110,110 10,754,530 10,799,370 

x(5,3,3,2)   0 0 362,834 362,834 

x(1,3,3,3) 0 55,319 55,319 55,319 

x(2,3,3,3)  44,837 44,837 44,837 44,837 

x(3,3,3,3)  0 54,918 98,458 98,458 

x(4,3,3,3) 12,693,090 12,435,420 12,072,580 12,072,580 

x(5,3,3,3)  0 174,523 537,357 537,357 
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Model 2 Investment Portfolios for b=$7,350,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

P
er

io
d

 1
 

x(1,1)   0 0 0 0 

x(2,1)   0 0 0 0 

x(3,1) 89,914 89,914 96,700 96,700 

x(4,1) 6,722,729 6,722,729 6,890,466 6,890,466 

x(5,1)  537,357 537,357 362,834 362,834 

P
er

io
d

 2
 

x(1,2,1)  580,853 525,534 525,534 525,534 

x(2,2,1)  28,137 28,137 28,137 28,137 

x(3,2,1)   89,914 89,914 96,700 96,700 

x(4,2,1)  6,722,504 6,777,823 6,758,880 6,758,880 

x(5,2,1)   0 0 0 0 

x(1,2,2)  580,853 525,534 525,534 525,534 

x(2,2,2)   28,137 28,137 28,137 28,137 

x(3,2,2)  89,914 89,914 96,700 96,700 

 x(4,2,2)  7,784,649 7,839,968 7,828,733 7,828,733 

x(5,2,2) 0 0 0 0 

x(1,2,3)  0 0 0 0 

x(2,2,3)   0 0 0 0 

x(3,2,3) 218,076 218,076 218,076 218,076 

x(4,2,3) 9,445,956 9,445,956 9,283,283 9,283,283 

x(5,2,3) 0 0 174,523 174,523 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,1,1)  0 0 0 0 

x(2,3,1,1) 44,837 44,837 44,837 0 

x(3,3,1,1) 89,914 89,914 96,700 96,700 

x(4,3,1,1)  7,355,271 7,354,165 7,328,057 7,372,894 

x(5,3,1,1)  0 0 0 0 

x(1,3,1,2)  0 0 0 0 

x(2,3,1,2)  44,837 44,837 44,837 0 

x(3,3,1,2) 89,914 89,914 96,700 96,700 

x(4,3,1,2) 8,493,342 8,491,130 8,462,180 8,507,017 

x(5,3,1,2) 0 0 0 0 

x(1,3,1,3) 0 0 0 0 

x(2,3,1,3)  44,837 44,837 44,837 0 

x(3,3,1,3) 89,914 89,914 96,700 96,700 

 x(4,3,1,3) 9,779,732 9,776,413 9,744,243 9,789,080 

x(5,3,1,3) 0 0 0 0 

x(1,3,2,1)  0 0 0 0 

x(2,3,2,1) 44,837 44,837 44,837 0 

x(3,3,2,1) 89,914 89,914 96,700 96,700 

x(4,3,2,1)  8,438,659 8,437,553 8,419,307 8,464,144 

x(5,3,2,1) 0 0 0 0 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 0 

x(2,3,2,2) 44,837 44,837 44,837 0 

x(3,3,2,2) 89,914 89,914 96,700 96,700 

x(4,3,2,2) 9,736,052 9,733,839 9,713,909 9,758,746 

x(5,3,2,2) 0 0 0 0 

x(1,3,2,3) 0 0 0 0 

x(2,3,2,3) 44,837 44,837 44,837 0 

 x(3,3,2,3)  89,914 89,914 96,700 96,700 

x(4,3,2,3) 11,203,010 11,199,690 11,177,850 11,222,680 

 x(5,3,2,3) 0 0 0 0 

x(1,3,3,1)  525,534 525,534 525,534 525,534 

x(2,3,3,1)  44,837 44,837 44,837 0 

x(3,3,3,1)   89,914 89,914 96,700 96,700 

x(4,3,3,1) 8,974,590 8,974,590 8,985,127 9,029,964 

x(5,3,3,1)  0 0 0 0 

x(1,3,3,2)  525,534 525,534 525,534 525,534 

x(2,3,3,2)   44,837 44,837 44,837 0 

x(3,3,3,2)  89,914 89,914 96,700 96,700 

 x(4,3,3,2)   10,391,480 10,391,480 10,395,070 10,439,910 

x(5,3,3,2)   0 0 0 0 

x(1,3,3,3) 580,853 580,853 580,853 580,853 

x(2,3,3,3)  44,837 44,837 44,837 44,837 

x(3,3,3,3)  218,076 218,076 218,076 218,076 

x(4,3,3,3) 11,813,820 11,813,820 11,808,750 11,808,750 

x(5,3,3,3)  0 0 0 0 
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Model 2 Investment Portfolios for b=$7,478,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

P
er

io
d

 1
 

x(1,1)   0 0 0 0 

x(2,1)   0 0 0 0 

x(3,1) 217,914 217,914 218,076 218,076 

x(4,1) 6,722,729 6,722,729 6,726,727 6,726,727 

x(5,1)  537,357 537,357 533,197 533,197 

P
er

io
d

 2
 

x(1,2,1)  580,853 525,534 525,534 525,534 

x(2,2,1)  28,137 28,137 28,137 28,137 

x(3,2,1)   217,914 217,914 218,076 218,076 

x(4,2,1)  6,594,504 6,649,823 6,649,371 6,649,371 

x(5,2,1)   0 0 0 0 

x(1,2,2)  580,853 525,534 525,534 525,534 

x(2,2,2)   28,137 28,137 28,137 28,137 

x(3,2,2)  217,914 217,914 218,076 218,076 

 x(4,2,2)  7,656,649 7,711,968 7,711,700 7,711,700 

x(5,2,2) 0 0 0 0 

x(1,2,3)  0 0 0 0 

x(2,2,3)   0 0 0 0 

x(3,2,3) 218,076 218,076 218,076 218,076 

x(4,2,3) 9,445,956 9,445,956 9,442,078 9,442,078 

x(5,2,3) 0 0 4,160 4,160 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,1,1)  0 0 0 0 

x(2,3,1,1) 44,837 44,837 44,837 44,837 

x(3,3,1,1) 217,914 217,914 218,076 218,076 

x(4,3,1,1)  7,096,711 7,095,605 7,094,982 7,094,982 

x(5,3,1,1)  0 0 0 0 

x(1,3,1,2)  0 0 0 0 

x(2,3,1,2)  44,837 44,837 44,837 44,837 

x(3,3,1,2) 217,914 217,914 218,076 218,076 

x(4,3,1,2) 8,215,582 8,213,370 8,212,679 8,212,679 

x(5,3,1,2) 0 0 0 0 

x(1,3,1,3) 0 0 0 0 

x(2,3,1,3)  44,837 44,837 44,837 44,837 

x(3,3,1,3) 217,914 217,914 218,076 218,076 

 x(4,3,1,3) 9,480,212 9,476,893 9,476,126 9,476,126 

x(5,3,1,3) 0 0 0 0 

x(1,3,2,1)  0 0 0 0 

x(2,3,2,1) 44,837 44,837 44,837 44,837 

x(3,3,2,1) 217,914 217,914 218,076 218,076 

x(4,3,2,1)  8,180,099 8,178,993 8,178,558 8,178,558 

x(5,3,2,1) 0 0 0 0 
 

 

 

 

 

 

 

 

 

 

 



 

245 

 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 0 

x(2,3,2,2) 44,837 44,837 44,837 44,837 

x(3,3,2,2) 217,914 217,914 218,076 218,076 

x(4,3,2,2) 9,458,292 9,456,079 9,455,604 9,455,604 

x(5,3,2,2) 0 0 0 0 

x(1,3,2,3) 0 0 0 0 

x(2,3,2,3) 44,837 44,837 44,837 44,837 

 x(3,3,2,3)  217,914 217,914 218,076 218,076 

x(4,3,2,3) 10,903,490 10,900,170 10,899,650 10,899,650 

 x(5,3,2,3) 0 0 0 0 

x(1,3,3,1)  525,534 525,534 525,534 525,534 

x(2,3,3,1)  44,837 44,837 44,837 44,837 

x(3,3,3,1)   217,914 217,914 218,076 218,076 

x(4,3,3,1) 8,846,590 8,846,590 8,846,841 8,846,841 

x(5,3,3,1)  0 0 0 0 

x(1,3,3,2)  525,534 525,534 525,534 525,534 

x(2,3,3,2)   44,837 44,837 44,837 44,837 

x(3,3,3,2)  217,914 217,914 218,076 218,076 

 x(4,3,3,2)   10,263,480 10,263,480 10,263,570 10,263,570 

x(5,3,3,2)   0 0 0 0 

x(1,3,3,3) 580,853 580,853 580,853 580,853 

x(2,3,3,3)  44,837 44,837 44,837 44,837 

x(3,3,3,3)  218,076 218,076 218,076 218,076 

x(4,3,3,3) 11,813,820 11,813,820 11,813,690 11,813,690 

x(5,3,3,3)  0 0 0 0 
 

 

 

 

 

 

 



 

246 

 

G.2 DETAILS OF MODEL 3 RESULTS 

Model 3 Investment Portfolios for b=$283,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

P
er

io
d

 1
 

x(1,1)   155,417 155,417 

x(2,1)   0 0 

x(3,1) 0 0 

x(4,1) 0 0 

x(5,1)  127,583 127,583 

P
er

io
d

 2
 

x(1,2,1)  60,345 60,345 

x(2,2,1)  0 0 

x(3,2,1)   0 0 

x(4,2,1)  0 0 

x(5,2,1)   235,251 235,251 

x(1,2,2)  306,638 306,638 

x(2,2,2)   28,137 28,137 

x(3,2,2)  0 0 

 x(4,2,2)  0 0 

x(5,2,2) 0 0 

x(1,2,3)  345,098 345,098 

x(2,2,3)   28,137 28,137 

x(3,2,3) 0 0 

x(4,2,3) 0 0 

x(5,2,3) 0 0 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,1,1)  309,772 309,772 

x(2,3,1,1) 0 0 

x(3,3,1,1) 0 0 

x(4,3,1,1)  0 0 

x(5,3,1,1)  0 0 

x(1,3,1,2)  309,772 309,772 

x(2,3,1,2)  33,784 0 

x(3,3,1,2) 0 0 

x(4,3,1,2) 0 33,784 

x(5,3,1,2) 0 0 

x(1,3,1,3) 309,772 309,772 

x(2,3,1,3)  44,837 0 

x(3,3,1,3) 0 0 

 x(4,3,1,3) 16,880 61,717 

x(5,3,1,3) 0 0 

x(1,3,2,1)  63,479 63,479 

x(2,3,2,1) 44,837 0 

x(3,3,2,1) 0 0 

x(4,3,2,1)  4,318 49,155 

x(5,3,2,1) 235,251 235,251 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

P
er

io
d

 3
 

x(1,3,2,2) 63,479 63,479 

x(2,3,2,2) 44,837 0 

x(3,3,2,2) 0 0 

x(4,3,2,2) 87,397 132,234 

x(5,3,2,2) 235,251 235,251 

x(1,3,2,3) 63,479 63,479 

x(2,3,2,3) 44,837 0 

 x(3,3,2,3)  0 0 

x(4,3,2,3) 178,860 223,697 

 x(5,3,2,3) 235,251 235,251 

x(1,3,3,1)  25,019 25,019 

x(2,3,3,1)  44,837 0 

x(3,3,3,1)   0 0 

x(4,3,3,1) 82,776 127,613 

x(5,3,3,1)  235,251 235,251 

x(1,3,3,2)  25,019 25,019 

x(2,3,3,2)   44,837 0 

x(3,3,3,2)  0 0 

 x(4,3,3,2)   172,394 217,231 

x(5,3,3,2)   235,251 235,251 

x(1,3,3,3) 25,019 25,019 

x(2,3,3,3)  44,837 0 

x(3,3,3,3)  0 0 

x(4,3,3,3) 271,164 316,001 

x(5,3,3,3)  235,251 235,251 
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Model 3 Investment Portfolios for b=$500,000 

Investment 
Amount  

($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

Investment 
Portfolio 5 

Investment 
Portfolio 6 

Investment 
Portfolio 7 

Investment 
Portfolio 8 

x(1,1)   391,198 391,198 383,197 383,197 446,333 446,333 446,333 446,333 

x(2,1)   53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667 

x(3,1) 0 0 0 0 0 0 0 0 

x(4,1) 0 0 0 0 0 0 0 0 

x(5,1)  55,136 55,136 63,136 63,136 0 0 0 0 

x(1,2,1)  189,656 134,337 142,338 142,338 79,201 79,201 79,201 79,201 

x(2,2,1)  28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 

x(3,2,1)   0 0 0 0 0 0 0 0 

x(4,2,1)  302,222 357,541 349,620 349,620 412,125 412,125 412,125 412,125 

x(5,2,1)   0 0 0 0 0 0 0 0 

x(1,2,2)  189,656 189,656 197,657 142,338 79,201 79,201 79,201 79,201 

x(2,2,2)   28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,130 

x(3,2,2)  0 0 0 0 0 0 0 0 

 x(4,2,2)  433,273 433,273 424,792 480,111 547,036 547,036 547,036 547,036 

x(5,2,2) 0 0 0 0 0 0 0 0 

x(1,2,3)  189,656 189,656 197,657 197,657 134,520 134,520 134,520 134,520 

x(2,2,3)   28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 

x(3,2,3) 0 0 0 0 9,579 0 0 0 

x(4,2,3) 92,566 92,566 223,381 223,381 220,797 210,429 639,847 639,847 

x(5,2,3) 482,222 482,222 341,965 341,965 409,471 429,418 0 0 
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Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

Investment 
Portfolio 5 

Investment 
Portfolio 6 

Investment 
Portfolio 7 

Investment 
Portfolio 8 

x(1,3,1,1)  0 0 0 0 0 0 0 0 

x(2,3,1,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 

x(3,3,1,1) 0 0 0 0 0 0 0 0 

x(4,3,1,1)  181,954 180,848 189,090 189,090 124,047 124,047 124,047 168,884 

x(5,3,1,1)  307,699 307,699 299,698 299,698 362,834 362,834 362,834 362,834 

x(1,3,1,2)  0 0 0 0 0 0 0 0 

x(2,3,1,2)  44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 

x(3,3,1,2) 0 0 0 0 0 0 0 0 

x(4,3,1,2) 290,479 288,267 296,681 296,681 230,281 230,281 230,281 275,118 

x(5,3,1,2) 307,699 307,699 299,698 299,698 362,834 362,834 362,834 362,834 

x(1,3,1,3) 0 0 0 0 0 0 0 0 

x(2,3,1,3)  44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 

x(3,3,1,3) 0 0 0 0 0 0 0 0 

 x(4,3,1,3) 411,093 407,774 416,363 416,363 348,592 348,592 348,592 393,429 

x(5,3,1,3) 307,699 307,699 299,698 299,698 362,834 362,834 362,834 362,834 

x(1,3,2,1)  0 0 0 0 0 0 0 0 

x(2,3,2,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 

x(3,3,2,1) 0 0 0 0 0 0 0 0 

x(4,3,2,1)  315,626 315,626 323,297 322,191 261,656 261,656 261,656 306,493 

x(5,3,2,1) 307,699 307,699 299,698 299,698 362,834 362,834 362,834 362,834 
 

 

 

 



 

251 

 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

Investment 
Portfolio 5 

Investment 
Portfolio 6 

Investment 
Portfolio 7 

Investment 
Portfolio 8 

x(1,3,2,2) 0 0 0 0 0 0 0 0 

x(2,3,2,2) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 

x(3,3,2,2) 0 0 0 0 0 0 0 0 

x(4,3,2,2) 443,809 443,809 451,568 449,356 388,126 388,126 388,126 432,963 

x(5,3,2,2) 307,699 307,699 299,698 299,698 362,834 362,834 362,834 362,834 

x(1,3,2,3) 0 0 0 0 55,319 55,319 55,319 55,319 

x(2,3,2,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 

 x(3,3,2,3)  0 0 0 0 0 0 0 0 

x(4,3,2,3) 566,727 566,727 575,208 519,889 452,964 452,964 452,964 452,964 

 x(5,3,2,3) 327,673 327,673 319,029 371,029 383,922 383,922 383,922 383,922 

x(1,3,3,1)  0 0 0 0 0 0 0 0 

x(2,3,3,1)  44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 

x(3,3,3,1)   0 0 0 0 0 0 0 0 

x(4,3,3,1) 782,135 782,135 776,619 776,619 779,203 789,571 360,153 360,153 

x(5,3,3,1)  0 0 0 0 0 0 416,536 416,536 

x(1,3,3,2)  0 0 0 0 0 0 0 0 

x(2,3,3,2)   44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 

x(3,3,3,2)  0 0 0 0 0 20,387 28,975 28,975 

 x(4,3,3,2)   907,434 907,434 776,619 776,619 779,203 789,571 360,153 360,153 

x(5,3,3,2)   0 0 132,256 132,256 127,886 107,939 537,357 537,357 

x(1,3,3,3) 0 0 0 0 0 0 0 0 

x(2,3,3,3)  44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 

x(3,3,3,3)  118,728 118,728 132,669 132,669 124,959 144,979 196,509 196,509 

x(4,3,3,3) 907,434 907,434 776,619 776,619 779,203 789,571 360,153 360,153 

x(5,3,3,3)  0 0 132,256 132,256 127,886 107,939 537,357 537,357 
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Planning

Horizon

Investment

Amount ($)

Investment 

Portfolio 1

Investment

Portfolio 2

Investment

Portfolio 3

Investment

Portfolio 4

Investment

Portfolio 5

Investment

Portfolio 6

Investment

Portfolio 7

Investment

Portfolio 8

Investment

Portfolio 9

Investment

Portfolio 10

x( 1,1)  47,230 15,820 15,820 15,820 0 0 0 0 0 0

x( 2,1)  53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667

x( 3,1) 84,404 83,652 83,652 83,652 82,703 82,813 72,191 72,191 70,028 68,302

x( 4,1) 218,420 263,105 263,105 263,105 313,006 315,625 369,355 369,355 315,892 265,197

x( 5,1) 346,279 333,755 333,755 333,755 300,624 297,895 254,787 254,787 310,413 362,834

x( 1,2,1) 533,623 565,033 509,714 509,714 525,534 525,534 525,534 525,534 525,534 525,534

x( 2,2,1) 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137

x( 3,2,1)  84,404 83,652 83,652 83,652 82,703 82,813 72,191 72,191 70,028 68,302

x( 4,2,1) 44,613 13,718 69,037 69,037 53,824 53,520 73,683 73,683 79,721 84,781

x( 5,2,1)  0 0 0 0 0 0 0 0 0 0

x( 1,2,2) 521,611 509,714 509,714 509,714 478,672 481,550 525,534 525,534 525,534 525,534

x( 2,2,2)  28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137

x( 3,2,2) 84,404 83,652 83,652 83,652 82,703 82,813 105,334 105,334 111,305 116,405

 x( 4,2,2) 0 0 0 0 0 0 16,290 16,290 82,491 144,480

x( 5,2,2) 191,078 203,602 203,602 203,602 236,733 233,672 164,165 164,165 93,412 27,295

x( 1,2,3) 521,611 509,714 509,714 509,714 486,707 483,973 0 0 0 0

x( 2,2,3)  28,137 28,137 28,137 28,137 22,311 22,496 0 0 0 0

x( 3,2,3) 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076

x( 4,2,3) 0 0 0 0 0 0 482,767 482,767 534,617 593,801

x( 5,2,3) 191,078 203,602 203,602 203,602 236,733 239,462 282,570 282,570 226,944 163,783
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Model 3 Investment Portfolios for b=$750,000
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Planning

Horizon

Investment

Amount ($)

Investment 

Portfolio 1

Investment

Portfolio 2

Investment

Portfolio 3

Investment

Portfolio 4

Investment

Portfolio 5

Investment

Portfolio 6

Investment

Portfolio 7

Investment

Portfolio 8

Investment

Portfolio 8

Investment

Portfolio 8

x( 1,3,1,1) 0 0 0 0 0 0 0 0 0 0

x( 2,3,1,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 0 0

x( 3,3,1,1) 84,404 83,652 83,652 83,652 82,703 82,813 72,191 72,191 70,028 68,302

x( 4,3,1,1) 483,658 473,040 471,933 471,933 440,687 437,538 425,618 470,455 534,403 593,712

x( 5,3,1,1) 16,555 29,079 29,079 29,079 62,210 64,939 108,047 108,047 52,421 0

x( 1,3,1,2) 0 0 0 0 0 0 0 0 17,428 31,862

x( 2,3,1,2) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,1,2) 84,404 83,652 83,652 83,652 82,703 82,813 72,191 72,191 70,028 68,302

x( 4,3,1,2) 612,016 602,104 599,891 599,891 569,052 565,858 556,962 556,962 604,388 650,022

x( 5,3,1,2) 16,555 29,079 29,079 29,079 62,210 64,939 108,047 108,047 52,421 0

x( 1,3,1,3) 0 0 0 55,319 55,319 55,319 55,319 55,319 55,319 55,319

x( 2,3,1,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,1,3) 84,404 83,652 83,652 83,652 82,703 82,813 72,191 72,191 70,028 68,302

 x( 4,3,1,3) 736,967 723,176 667,857 667,857 633,170 630,855 556,962 556,962 604,388 650,022

x( 5,3,1,3) 33,779 50,896 102,896 47,577 84,976 86,774 198,308 198,308 161,135 124,009

x( 1,3,2,1) 0 0 0 0 46,862 43,984 0 0 0 0

x( 2,3,2,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,2,1) 84,404 83,652 83,652 83,652 82,703 82,813 105,334 105,334 111,305 116,405

x( 4,3,2,1) 642,848 644,376 644,376 644,376 600,967 603,513 614,355 614,355 601,618 590,323

x( 5,3,2,1) 0 0 0 0 0 0 0 0 0 0
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Planning

Horizon

Investment

Amount ($)

Investment 

Portfolio 1

Investment

Portfolio 2

Investment

Portfolio 3

Investment

Portfolio 4

Investment

Portfolio 5

Investment

Portfolio 6

Investment

Portfolio 7

Investment

Portfolio 8

Investment

Portfolio 8

Investment

Portfolio 8

x( 1,3,2,2) 0 45,443 45,443 45,443 96,833 99,303 55,319 55,319 55,319 55,319

x( 2,3,2,2) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,2,2) 84,404 83,652 83,652 83,652 82,703 82,813 105,334 105,334 111,305 116,405

x( 4,3,2,2) 781,580 736,895 736,895 736,895 686,994 684,375 614,355 614,355 601,618 590,323

x( 5,3,2,2) 0 0 0 0 0 0 83,833 83,833 86,687 89,374

x( 1,3,2,3) 12,012 55,319 55,319 55,319 102,181 99,303 55,319 55,319 55,319 55,319

x( 2,3,2,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

 x( 3,3,2,3) 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076

x( 4,3,2,3) 781,580 736,895 736,895 736,895 686,994 684,375 614,355 614,355 601,618 590,323

 x( 5,3,2,3) 0 0 0 0 0 5,790 118,405 118,405 133,532 147,229

x( 1,3,3,1) 0 0 0 0 38,827 41,561 525,534 525,534 525,534 525,534

x( 2,3,3,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 10,375 0 0

x( 3,3,3,1)  84,404 83,652 83,652 83,652 82,703 82,813 105,334 105,334 111,305 116,405

x( 4,3,3,1) 642,848 644,376 644,376 644,376 611,357 608,727 113,416 147,878 146,761 135,710

x( 5,3,3,1) 0 0 0 0 0 0 0 0 0 0

x( 1,3,3,2) 0 45,443 45,443 45,443 94,146 96,880 580,853 580,853 580,853 580,853

x( 2,3,3,2)  44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,3,2) 84,404 83,652 83,652 83,652 82,703 82,813 116,226 116,226 111,305 116,405

 x( 4,3,3,2)  781,580 736,895 736,895 736,895 686,994 684,375 147,878 147,878 149,492 141,002

x( 5,3,3,2)  0 0 0 0 0 0 0 0 0 0

x( 1,3,3,3) 12,012 55,319 55,319 55,319 94,146 96,880 580,853 580,853 580,853 580,853

x( 2,3,3,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,3,3) 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076 218,076

x( 4,3,3,3) 781,580 736,895 736,895 736,895 686,994 684,375 147,878 147,878 149,492 141,002

x( 5,3,3,3) 0 0 0 0 0 0 0 0 0 10,740
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Model 3 Investment Portfolios for b=$953,000 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

P
er

io
d

 1
 

x(1,1)   0 0 0 0 

x(2,1)   0 0 0 0 

x(3,1) 218,076 218,076 218,076 218,076 

x(4,1) 197,567 197,567 206,469 206,469 

x(5,1)  537,357 537,357 528,455 528,455 

P
er
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x(1,2,1)  519,530 519,530 519,263 519,263 

x(2,2,1)  28,137 28,137 28,137 28,137 

x(3,2,1)   218,076 218,076 218,076 218,076 

x(4,2,1)  0 0 0 0 

x(5,2,1)   0 0 0 0 

x(1,2,2)  580,853 525,534 525,534 525,534 

x(2,2,2)   28,137 28,137 28,137 28,137 

x(3,2,2)  218,076 218,076 218,076 218,076 

 x(4,2,2)  22,048 77,367 77,545 77,545 

x(5,2,2) 0 0 0 0 

x(1,2,3)  49,317 49,317 25,460 25,460 

x(2,2,3)   0 0 0 0 

x(3,2,3) 218,076 218,076 218,076 218,076 

x(4,2,3) 652,923 652,923 668,946 668,946 

x(5,2,3) 0 0 8,902 8,902 
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Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

P
er
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d

 3
 

x(1,3,1,1)  6,004 6,004 6,271 6,271 

x(2,3,1,1) 44,837 44,837 44,837 0 

x(3,3,1,1) 218,076 218,076 218,076 218,076 

x(4,3,1,1)  300,376 300,376 299,831 344,668 

x(5,3,1,1)  0 0 0 0 

x(1,3,1,2)  6,004 6,004 6,271 6,271 

x(2,3,1,2)  44,837 44,837 44,837 0 

x(3,3,1,2) 218,076 218,076 218,076 218,076 

x(4,3,1,2) 419,647 419,647 419,056 463,893 

x(5,3,1,2) 0 0 0 0 

x(1,3,1,3) 6,004 6,004 6,271 6,271 

x(2,3,1,3)  44,837 44,837 44,837 0 

x(3,3,1,3) 218,076 218,076 218,076 218,076 

 x(4,3,1,3) 551,559 551,559 550,918 595,755 

x(5,3,1,3) 0 0 0 0 

x(1,3,2,1)  0 0 0 0 

x(2,3,2,1) 44,837 44,837 44,837 0 

x(3,3,2,1) 218,076 218,076 218,076 218,076 

x(4,3,2,1)  392,644 391,538 391,719 436,556 

x(5,3,2,1) 0 0 0 0 
 

 

 

 

 

 

 

 

 

 

 



 

257 

 

Planning 
Horizon 

Investment 
Amount ($) 

Investment 
Portfolio 1 

Investment 
Portfolio 2 

Investment 
Portfolio 3 

Investment 
Portfolio 4 

P
er

io
d

 3
 

x(1,3,2,2) 0 0 0 0 

x(2,3,2,2) 44,837 44,837 44,837 0 

x(3,3,2,2) 218,076 218,076 218,076 218,076 

x(4,3,2,2) 525,647 523,434 523,643 568,480 

x(5,3,2,2) 0 0 0 0 

x(1,3,2,3) 0 0 0 0 

x(2,3,2,3) 44,837 44,837 44,837 0 

 x(3,3,2,3)  218,076 218,076 218,076 218,076 

x(4,3,2,3) 672,959 669,640 669,878 714,715 

 x(5,3,2,3) 0 0 0 0 

x(1,3,3,1)  476,218 476,218 500,074 500,074 

x(2,3,3,1)  22,977 22,977 0 0 

x(3,3,3,1)   218,076 218,076 218,076 218,076 

x(4,3,3,1) 0 0 0 0 

x(5,3,3,1)  0 0 0 0 

x(1,3,3,2)  476,218 476,218 500,074 500,074 

x(2,3,3,2)   44,837 44,837 44,837 0 

x(3,3,3,2)  218,076 218,076 218,076 218,076 

 x(4,3,3,2)   84,462 84,462 60,723 105,560 

x(5,3,3,2)   0 0 0 0 

x(1,3,3,3) 531,537 531,537 555,393 555,393 

x(2,3,3,3)  44,837 44,837 44,837 44,837 

x(3,3,3,3)  218,076 218,076 218,076 218,076 

x(4,3,3,3) 149,510 149,510 124,586 124,586 

x(5,3,3,3)  0 0 0 0 
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G.3 DETAILS OF MODEL 4 RESULTS 

 

 

Planning

Horizon

Investment

Amount ($)

Investment 

Portfolio 1

Investment

Portfolio 2

Investment

Portfolio 3

Investment

Portfolio 4

Investment

Portfolio 5

Investment

Portfolio 6

Investment

Portfolio 7

Investment

Portfolio 8

Investment

Portfolio 9

Investment

Portfolio 10

x( 1,1)  0 0 0 0 30,045 367,023 446,333 446,333 446,333 446,333

x( 2,1)  53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667 53,667

x( 3,1) 446,333 446,333 446,333 446,333 416,288 79,310 0 0 0 0

x( 4,1) 0 0 0 0 0 0 0 0 0 0

x( 5,1) 0 0 0 0 0 0 0 0 0 0

x( 1,2,1) 495,790 495,790 495,790 495,790 495,489 158,511 79,201 79,201 79,201 79,201

x( 2,2,1) 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137

x( 3,2,1)  0 0 0 0 0 0 0 0 0 0

x( 4,2,1) 0 0 0 0 0 333,608 412,125 412,125 412,125 412,125

x( 5,2,1)  0 0 0 0 0 0 0 0 0 0

x( 1,2,2) 525,534 525,534 525,534 525,534 495,489 158,511 79,201 79,201 79,201 79,201

x( 2,2,2)  28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137

x( 3,2,2) 96,239 96,239 96,239 0 0 0 0 0 0 0

 x( 4,2,2) 0 0 0 96,239 126,585 466,933 547,036 547,036 547,036 547,036

x( 5,2,2) 0 0 0 0 0 0 0 0 0 0

x( 1,2,3) 580,853 525,534 525,534 525,534 495,489 158,511 79,201 134,520 134,520 134,520

x( 2,2,3)  28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137 28,137

x( 3,2,3) 263,355 276,121 232,391 232,391 299,036 292,503 264,540 55,363 55,363 29,871

x( 4,2,3) 0 0 284,242 284,242 229,615 370,939 430,626 584,484 584,484 609,976

x( 5,2,3) 197,959 240,512 0 0 0 0 0 0 0 0

Model 4 Investment Portfolios for b=$500,000
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Planning

Horizon

Investment

Amount ($)

Investment 

Portfolio 1

Investment

Portfolio 2

Investment

Portfolio 3

Investment

Portfolio 4

Investment

Portfolio 5

Investment

Portfolio 6

Investment

Portfolio 7

Investment

Portfolio 8

Investment

Portfolio 8

Investment

Portfolio 8

x( 1,3,1,1) 29,744 29,744 29,744 29,744 0 0 0 0 0 0

x( 2,3,1,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 0

x( 3,3,1,1) 107,187 107,187 0 0 0 0 0 0 0 0

x( 4,3,1,1) 0 0 107,187 107,187 136,619 126,442 124,047 124,047 168,884 168,884

x( 5,3,1,1) 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834

x( 1,3,1,2) 29,744 29,744 29,744 29,744 0 0 0 0 0 0

x( 2,3,1,2) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 0

x( 3,3,1,2) 222,422 222,422 0 0 0 0 0 0 0 0

x( 4,3,1,2) 0 0 222,422 222,422 251,803 234,381 230,281 230,281 275,118 275,118

x( 5,3,1,2) 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834

x( 1,3,1,3) 29,744 29,744 29,744 29,744 0 0 0 0 0 0

x( 2,3,1,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 0

x( 3,3,1,3) 349,824 349,824 0 0 0 0 0 0 0 0

 x( 4,3,1,3) 0 0 349,824 349,824 379,147 354,413 348,592 348,592 393,429 393,429

x( 5,3,1,3) 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834

x( 1,3,2,1) 0 0 0 0 0 0 0 0 0 0

x( 2,3,2,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 0

x( 3,3,2,1) 268,917 268,917 0 0 0 0 0 0 0 0

x( 4,3,2,1) 0 0 268,917 266,030 265,735 262,433 261,656 261,656 306,493 306,493

x( 5,3,2,1) 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834
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Planning

Horizon

Investment

Amount ($)

Investment 

Portfolio 1

Investment

Portfolio 2

Investment

Portfolio 3

Investment

Portfolio 4

Investment

Portfolio 5

Investment

Portfolio 6

Investment

Portfolio 7

Investment

Portfolio 8

Investment

Portfolio 8

Investment

Portfolio 8

x( 1,3,2,2) 0 0 0 0 0 0 0 0 0 0

x( 2,3,2,2) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 0 0

x( 3,3,2,2) 403,644 403,644 0 0 0 0 0 0 0 0

x( 4,3,2,2) 0 0 403,644 400,757 399,907 390,370 388,126 388,126 432,963 432,963

x( 5,3,2,2) 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834 362,834

x( 1,3,2,3) 0 0 0 0 0 0 0 55,319 55,319 55,319

x( 2,3,2,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

 x( 3,3,2,3) 457,428 457,428 0 0 0 0 76,407 0 0 0

x( 4,3,2,3) 156,261 156,261 613,689 550,171 548,771 533,068 452,964 452,964 452,964 452,964

 x( 5,3,2,3) 362,834 362,834 362,834 362,834 362,834 362,834 362,834 383,922 383,922 383,922

x( 1,3,3,1) 0 0 0 0 0 0 0 0 0 0

x( 2,3,3,1) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,3,1)  290,312 277,546 0 0 0 0 0 0 0 0

x( 4,3,3,1) 617,424 673,296 701,803 701,803 684,814 471,648 420,685 415,516 415,516 390,024

x( 5,3,3,1) 164,875 122,322 362,834 362,834 362,834 362,834 362,834 362,834 362,834 387,561

x( 1,3,3,2) 0 0 0 0 0 0 0 0 0 0

x( 2,3,3,2)  44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,3,2) 290,312 277,546 183,831 183,831 108,910 0 0 0 0 0

 x( 4,3,3,2)  806,418 859,056 715,759 715,759 770,385 629,061 569,374 415,516 415,516 390,024

x( 5,3,3,2)  164,875 122,322 362,834 362,834 362,834 362,834 362,834 512,630 512,630 537,357

x( 1,3,3,3) 0 55,319 55,319 55,319 55,319 0 0 0 0 0

x( 2,3,3,3) 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837 44,837

x( 3,3,3,3) 290,312 277,546 321,276 321,276 284,676 360,381 333,089 177,686 177,686 186,353

x( 4,3,3,3) 1,000,000 1,000,000 715,759 715,759 770,385 629,061 569,374 415,516 415,516 390,024

x( 5,3,3,3) 339,398 296,845 537,357 537,357 537,357 362,834 362,834 537,357 537,357 537,357
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